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ABSTRACT 

 

HIV/AIDS mortality is caused by opportunistic illnesses/infections that take advantage of 

the weakened immune system in infected individuals. In Africa, the most common of these 

opportunistic illnesses include infection by Mycobacterium tuberculosis (M.tb) responsible 

for tuberculosis (TB). HIV co-infection with M.tb has negative implications for disease 

management given that each pathogen accelerates the morbidity caused by the other. 

The effective management of patients infected with both pathogens is restricted by the 

fact that their diagnosis is done separately. The situation is more difficult in remote areas 

where patients must wait for much longer to obtain their TB diagnostic results. In addition, 

the current diagnostic tests for the detection of TB such as chest X-ray and bacterial 

culture have a long turnaround time, are expensive to perform, and require sophisticated 

equipment and trained personnel. It is in this context that this project sought to develop 

an HIV and TB multiplex microarray-based assay for the detection of the two diseases 

using one test. The project used a 2.5 x 7.6 cm epoxy-coated glass slide as well as high-

binding 96 well plates to which HIV-1 p24 and M.tb CFP10, ESAT6 and pstS1 antigens, 

known to be markers of active TB, were immobilized. The immobilized antigens were then 

incubated with anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 primary antibodies 

diluted in human serum to mimic physiological conditions where the antibodies would 

exist in the presence of other proteins. Detection of binding between the antigens and 

primary antibodies was achieved by means of secondary antibodies conjugated to either 

a fluorescence dye or horseradish peroxidase (HRP). In chapter two of the study, the 

immobilization of the HIV and TB antigens on the epoxy-coated glass slides as capture 

molecules of the HIV and TB antibodies diluted in human serum was performed. The 

antigen-antibody reactions detection were achieved by means of fluorescence dye 

conjugated secondary antibodies. This chapter also covered the sensitivity and specificity 

of the technology where the epoxy-coated glass slides were compared to the gold 

standard 96 well high-binding plates. Data showed that the HIV and TB antigen-antibody 

reactions were specific, and the slides were more sensitive relative to the 96 well high-
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binding plates with limits of detection many folds lower. To be specific, the limit of 

detection from the slides averaged 0.954 ng/ml compared to 4474.6 ng/ml for the plates. 

The detection limit concentrations of the slides were lower than the reported physiological 

concentrations of HIV and TB antibodies in infected individuals. Chapter two also focused 

on the evaluation of the antigens’ stability on the epoxy-coated glass slides by 

determining the optimal experimental pH buffer, temperature, storage condition (dry or 

wet), as well as the shelf-life. Data showed that the optimal pH and temperature for the 

HIV and TB antigens immobilized on the slides were pH 7.4 and 25 ˚C. Moreover, the 

antigens could be stored dry for at least 90 days without losing their function. Overall, this 

chapter showed that the epoxy-coated microarray slides performed better than the gold 

standard 96 well high-binding plates in terms of sensitivity; and that the immobilized 

antigens could remain stable for a long period, and do not require specialized storage 

conditions; thus, making the microarray technology a potential diagnostic tool for the 

multiplex detection of HIV and TB in the case of co-infection. Chapter three of the study 

focused on the proof-of-concept of the technology using human serum samples infected 

with HIV. The chapter showed that the technology could detect p24 antibodies in six out 

of seven samples infected with HIV, i.e., it detected p24 antibodies in 85.7% of samples 

known to be HIV positive. Furthermore, HIV negative samples also proved to be negative 

with this technology, thus no false positives were observed. Moreover, the technology 

was specific for HIV detection as no binding was observed on TB antigens. Therefore, 

these data support what was observed in the previous chapter when the HIV antibodies 

were spiked in normal human serum. Chapter four explored the application of the 

diagnostic technology for the point-of-care (POC) detection of HIV and TB antigen-

antibody reaction, using HRP conjugated secondary antibodies, as well as the 2,2′-azino-

bis(3-ethylbenzothiazoline-6-sulfonicacid) (ABTS) and 3,3',5,5'-tetramethyl Benzidine 

(TMB) substrates for colour change based endpoint. This chapter also covered the 

sensitivity and specificity of the immunoassay in the high-binding 96 well plates and on 

epoxy-coated glass slides. Similar to what was observed in the previous chapter, the HIV 

and TB antigen-antibody interactions were specific, and the epoxy-coated microarray 

slides were more sensitive than the 96 well high-binding plates with limits of detection 

averaging 815-folds lower than the plates.  Nevertheless, both platforms were found to 
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be sensitive enough to be used for the POC detection of HIV and TB co-infection using 

visual inspection. Furthermore, the stability of the antigens in the 96 well high-binding 

plates using colour change detection was also evaluated. The antigens were found to be 

stable in the high-binding plates at different pH and temperature conditions; however, pH 

7.4 and 25 ˚C were optimal. In addition, the antigens were stable when stored dry in the 

plates for a period of three months. In addition, between the two HRP substrates used, 

TMB was faster and more sensitive to the HIV and TB antigen-antibody reactions than 

the ABTS substrate, and the difference was statistically significant (p<0.05). The 

importance of this chapter is that it eliminated the need for sophisticated equipment to 

detect the presence of HIV and TB antibodies, as the detection could be achieved by 

visual inspection. Overall, data in this chapter supported further development of the 

microarray technology for the POC HIV and TB co-infection diagnosis.  Chapter five 

attempted to produce the CFP10, ESAT6, and pstS1 TB antigens in plants to reduce the 

cost associated with the current commercially available bacteria-produced antigens. 

These antigens were destined for use in the multiplex microarray-based HIV and TB 

diagnostic technology. Nicotiana benthamiana (N. benthamiana) was employed to 

express the proteins and the process involved techniques such as cloning, polymerase 

chain reaction (PCR), restriction digest, ligation, agroinfiltration, protein extraction, SDS-

PAGE as well as Western blotting. The constructs were successfully cloned, PCR 

amplified, digested from the pUC57 vector, and ligated into the pEAQ expression vector, 

and agroinfiltrated into the leaves of the N. benthamiana plant. However, all the antigens 

were not successfully expressed in the plants. This may have been due to several 

reasons associated with the agroinfiltration process such as the agrobacteria and plant 

used, as well as factors such as pH and temperature employed during the expression. In 

chapter six, the implications of these findings, as well as future work that can complement 

the work reported in this thesis, are discussed. Overall, the data showed that the 

developed HIV and TB multiplex microarray-based technology can potentially be used for 

the detection of the two pathogens simultaneously and at POC without the need for 

sophisticated equipment. This is very important given that HIV and TB are diseases 

affecting mostly poor and developing countries in the world.  
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Abstract 
 

Microarrays are currently important tools in the high throughput profiling and characterization of 

different types of molecules particularly DNA, proteins, and carbohydrates. In many cases, this 

technology has allowed scientists to extract large amounts of data from small sample volumes. 

Furthermore, the microarray technology has advantages such as high sensitivity and specificity, they 

are inexpensive and have a short turnaround time. Multiplex microarray continues to develop with 

several different modifications being applied to enhance its performance in different applications. For 

example, it is currently being used in applications such as identifying underlying mechanism of drug 

responses, clinical diagnosis of bacteria such as meningitis, profiling mycotoxins, glycosidase activities 

as well as polysaccharide composition of plant species to name a few. In this review we give an 

overview of multiplex microarray technology and its applications in different fields. We also compare 

the different functionalized groups used in microarrays for screening, characterization, and profiling of 

different biomolecules.  
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1. Introduction 
 

1.1. Microarrays origin and potential impact in diagnostics   

Microarrays stem from a concept called ambient analyte immunoassay which was established by Roger 

Ekins (Ekins, 1989) and was later transformed into DNA microarray, a technology that determines the 

mRNA expression levels of thousands of genes in parallel (Chen et al., 2021a, Medina-Bastidas et al., 

2020, Wu et al., 2021). The microarray technology usually involves the conventional immunoassay 

principles in which high affinity capture ligands are immobilized in parallel arrays in either a planar 

format or on a microsphere in suspension (Medina-Bastidas et al., 2020, Wang et al., 2022, Zhang et 

al., 2020a, Zhao et al., 2022a). The protein microarrays predominantly use antibodies, proteins, or 

peptides as binder molecules to capture circulating target proteins during incubation with biological 

specimens. The unbound proteins are washed off while the captured ones are detected by using 

several labeled reporter ligands such as dye conjugated secondary antibodies because of their 

sensitivity and selectivity (Gao et al., 2021, Khan et al., 2019, Ma et al., 2021, Thao et al., 2021). Though 

reporter proteins are the most used detection systems in microarrays, other label free methods have 

been applied to identify target molecules of interest. These include techniques such as quartz crystal 

microbalances, molecular imprinted polymer beads (Yarman et al., 2021, Bokeloh et al., 2022, Vaughan 

et al., 2018), spinning-disk microinterferometry (Varma et al., 2004), as well as  plasmon resonance 

(Malinick et al., 2020, Pipatpanukul et al., 2018). However, these methods are expensive to perform, 

require sophisticated equipment and trained personnel.  

Multiplex microarray refers to the miniaturization of different assays on one small plate or slide (Brittain 

et al., 2019, Liu et al., 2019a, Sauer, 2017, Sutandy et al., 2013). Microarray technologies are routinely 

applied in fields such as clinical diagnostics, environmental monitoring and food safety assessments; 

and offer advantages such as low probe consumption, low cost, short analysis time, increase in sample 

throughput, and the generation of high amounts of qualitative and/or quantitative information with a 

single test (Betancor et al., 2019, Brittain et al., 2019, Dincer et al., 2017, Klupfel et al., 2021, 

Savvateeva et al., 2021). Current immunoassay techniques based on single protein measurement can 

be financially and timewise costly. Therefore, it is of no surprise that multiplexing gained traction in the 

field of molecular biology and diagnostics. Since multiplex array is a fast-developing diagnostic 

technique that allows for the detection of multiple analytes in biological samples within a single 

experiment, they are an attractive solution for the analysis of biological responses in normal and 

diseased states (Charlermroj et al., 2021, Khan et al., 2019, Zhang et al., 2021b). The success of a 

multiplex microarray depends on the efficient immobilization of different types of small molecules on a 
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solid support (Jorgensen et al., 2021, Zhu et al., 2016a), and the immobilization can either be through 

covalent or non-covalent interactions on functionalized surfaces (Li et al., 2021a, Yousefi et al., 2018).  

Multiplex microarray can potentially have an immense impact on diagnostics for the development of 

inexpensive diagnostic tools. For example, Fan et al. reported the development of a surface plasmon 

resonance imaging (SPRi) biosensing assay for multiplex characterization of non-small cell lung cancer 

(NSCLC)-derived exosomes, using bioaffinity interaction of antibodies at different recognition sites (Fan 

et al., 2020). The SPRi array enabled the differentiation between normal lung and NSCLC cell-derived 

exosomes through precise identification of the exosomal protein pattern. In addition, the technique has 

been used for the simultaneous diagnosis of diseases such as HIV/AIDS, hepatitis C and A (Kranz et 

al., 2019). Moreover, it was also applied in the detection of multidrug resistance genes using 

recombinase polymerase amplification and microarrays (Warmt et al., 2021). Though multiplex assays 

require extensive validation when applied in diagnostic laboratories, they can be employed in early and 

differential diagnosis, disease staging as well as determination of disease prognosis (Tikhonov et al., 

2020, Liu et al., 2019b, Liu et al., 2018a, Kumar et al., 2020). 

2. Types of multiplex microarray assays 
 

The most employed multiplex microarray system detects macromolecules, nucleic acids, proteins, or 

carbohydrates in biological samples (Zhou et al., 2019, Soares et al., 2021, Holz et al., 2018). Below, 

three forms of multiplex microarray assays and their application are discussed.  

2.1. Nucleic acid Microarray 

 

Nucleic acid microarray can be a collection of DNA molecules bound to a solid substrate used to 

measure the expression levels of a large number of genes as well as genotyping multiple regions of a 

genome (Oudeng et al., 2020, Wimmer et al., 2018, Zhang et al., 2020b). DNA microarrays enable the 

generation of a large quantity of genomic data with a single experiment (Alonso et al., 2018, Ma et al., 

2020, Song et al., 2019, Stolpovsky et al., 2022). Nucleic acid microarray also has other use in 

research. For example, they are ideal tools for a wide range of diagnostic testing because of their 

stability, ease of synthesis, and high specificity for the target of interest (Yousefi et al., 2018). Their 

application in molecular and clinical biology include genetic mutational scanning and polymorphism 

detection, screening of disease and selection of antisense reagents and monitoring of gene expression 

to name only a few (Almugren and Alshamlan, 2019, Jia et al., 2022, Michalak et al., 2019, Petralia et 

al., 2021). Furthermore, they have been used in monitoring cancer therapy where the technology 

detects noncoding RNA for regulation of several disease related compounds (Zhao et al., 2022b). 
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Oligonucleotide microarray is the preferred form of nucleic acid microarray as they are inexpensive and 

have high specificity compared to long DNA molecules or cDNA microarrays (Figure 1) (Holz et al., 

2018, Kappel et al., 2020, Lietard et al., 2018a). Another advantage of using oligonucleotides is that 

captured molecules can be amplified to facilitate quantification (Schaudy et al., 2023, Lietard et al., 

2018b). Since oligonucleotides immobilization happens from an aqueous environment, a balance in the 

hydrophilic and hydrophobic characteristics of the solution is required in order to prevent a lower than 

needed number of probe sites per unit which can be caused by excessive droplet spreading (Qi et al., 

2021, Sinyakov et al., 2021, Pirrung, 2002). The technique of immobilizing DNA on solid surfaces ought 

to be fast, covalent and reproducible in order to be compatible with automatic spotting instruments 

dispensing small drops of liquid on the surface (Alonso et al., 2018, Behzadi and Ranjbar, 2019, Chen 

et al., 2021a, Govarthanan et al., 2020). Nucleic acids can be immobilized on solid surfaces using 

physical adsorption or covalent linkage; however, with the former method, oligonucleotides tend to be 

unstable and liable to removal from the solid surface (Ventimiglia et al., 2022, Shi et al., 2015, Kunze 

et al., 2016). Thus, the latter is often preferred. The covalent linkage methods employ aldehyde coated 

slides as well as epoxy, amine, carboxyl, and N-hydroxysuccinimide-coated substrates (Cimaglia et al., 

2018, Diaz-Betancor et al., 2019, Lietard and Somoza, 2019, Sinyakov et al., 2021, Yousefi et al., 

2018). Moreover, the chemistry of covalent binding of DNA molecules on functionalized glass surfaces 

for the purpose of array formation must meet the following criteria: the coupling should involve one 

extremity of the DNA molecule and be long enough to eliminate unwanted steric interferences from the 

support (Bannister et al., 2018, Sinyakov et al., 2021, Zammatteo et al., 2000). To augment the DNA 

density and fluorescence signal and thus amplify the sensitivity of detection, dendrimeric structures that 

prevent steric hindrances and highly hydrophilic polyacrylamide gels which enable solution phase-type 

hybridization behaviour have been applied (Le Berre et al., 2003, Suriano et al., 2006). In recent 

studies, the most commonly used method of hybridization detection in DNA microarray is that which 

employs the use of fluorescence confocal microscopy because it offers high sensitivity and low 

background noise (Bannister et al., 2018, Lietard et al., 2018a, Qi et al., 2021, Stolpovsky et al., 2022). 
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Figure 1: An illustration of nucleic acid microarray (DNA). The process starts with the culturing and 

isolation of nucleic acid molecules of interest from diseased or healthy cells. The isolated molecules 

are then subsequently labelled with a fluorescence dye (green or red symbols in the depiction) and 

immobilized on solid substrates for characterization and profiling. This immobilization commonly occurs 

through covalent binding. 
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2.2. Protein microarray  

Protein microarrays are high-throughput methods that can be used to detect protein activities, 

interactions, and functions on a large scale (de Assis et al., 2021, Doskaya et al., 2018, Kim et al., 

2021). These microarrays can be useful for screening antibody responses against large panels of 

antigens and protein fragments to identify biomarkers (Berube et al., 2022, Du et al., 2021, Markwalter 

et al., 2021). In protein microarray, proteins of interest are immobilized on a solid surface while 

preserving their three-dimensional confirmation (Du et al., 2021, Ho et al., 2022, Rusmini et al., 2007, 

Sutandy et al., 2013). Since microarray individual spots comprise a large number of molecules within 

a very small surface area, the density of the active surface groups is the key factor allowing for the 

reduction of the amount of samples used and affecting the sensitivity of the array (Rusmini et al., 2007, 

Chiodi et al., 2021). Self-assembled monolayers of organosilicon are often used for coating glass slides, 

as they enhance the biocompatibility of the surface and shield proteins from denaturation during the 

immobilization step (Rusmini et al., 2007, Huang and Zheng, 2019, Lee et al., 2020). Glass slides 

coated with organosilanes, or nitrocellulose are also considered suitable for immobilization of proteins 

(Khan et al., 2019, Markwalter et al., 2021, Rusmini et al., 2007, Tulin et al., 2021). The most used form 

of protein microarrays involves planar surfaces. The power of protein microarrays instigates from the 

substantial specificity of antibodies for antigens and the current availability of polyclonal or monoclonal 

antibodies for different proteins (Gahoi et al., 2020, Ren et al., 2022). 

Unlike the immunoassays or ELISA commonly performed in 96 well plates, which consume relatively 

large amounts of samples (Ellington et al., 2010), the protein microarray-based assays employ many 

folds smaller amounts of sample and usually have higher sensitivity (Brittain et al., 2019, Dincer et al., 

2017, Klupfel et al., 2021). Several techniques have been employed to augment the sensitivity of 

multiplexed protein microarray including a rolling circle amplification (RCA) method. The technique uses 

the 5’ end of an oligonucleotide primer attached to an antibody where the antibody-DNA conjugate 

binds to its target molecule and RCA occurs when a circular DNA interacts with the complementary 

primer. This is followed by the products detection with multiple fluorescent oligonucleotide probes. The 

result is a significant increase in sensitivity as this RCA enhanced signals remain localized at the 

microarray spot (Gao et al., 2019, Soares et al., 2021, Zhou et al., 2019). 

2.3. Carbohydrate microarray 

The commonly used carbohydrate microarray is one which employs glycans. These microarrays 

provide valuable information on immunological studies and have allowed for the discovery of novel 

binding epitopes of known endogenous immune receptors and enabled the discovery of natural ligands 
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that carry glycans (Gao t al., 2019, McQuillan et al., 2019). The printing efficiency of glycans on the 

microarray depends on the type of active slides, printing buffer and time used (Ruphecht et al., 2019).  

The carbohydrate microarray has been employed for example, to evaluate carbohydrate-protein 

interactions (Laigre et al., 2018, Ruphecht et al., 2019). They have also been used for the detection of 

bacterial pathogens exhibiting different mannose binding affinities such as E.coli and Salmonella; here 

particular mannose coated microarrays were used (Jing et al., 2020, Gao et al., 2019, Campanero-

Rhodes et al., 2020). Furthermore, Kim et al., reported the development of a multivalent carbohydrate 

microarray using glycans immobilized on hydrazide-derivatized glass surfaces without the use of 

glycoconjugates and showed that the binding affinities of toxins and pathogens such as uropathogenic 

E.coli were dependent on the density of these glycans (Kim et al., 2018). Recently microarray consisting 

of glycans have been used for the label-free multiplex detection and discrimination between human 

and avian influenza viruses using Arrayed Imaging Reflectometry (AIR) (Zhang et al., 2021). 

Carbohydrate microarrays containing glycosylated fluorescence probes have been developed in an N-

hydroxysuccinimide (NHS) ester-conjugated modified surfaces and have been reported to be highly 

useful for profiling glycosidase activities as well as for the determination of IC50 values of glycosidase 

inhibition (Hyun et al., 2018). Lastly, carbohydrate antigen microarray comprising of greater than 400 

glycoconjugates has been employed to determine IgM and IgG antibody specificities and 

concentrations as well as to profile anti-carbohydrate antibody repertoires (Luetscher et al., 2020, 

Nanno et al., 2021). For efficient analysis of carbohydrate microarray, a software has recently been 

developed called Carbohydrate microarray Analysis and Reporting Tool (CarbArrayART); this can be 

used for recording and storage of quantified array data and management of different types of slide-

based glycan microarray experiments (Akune et al., 2022).  

3. Three dimensional and planar microarray systems  

Multiplex microarray immunoassays can be divided into two systems namely three-dimensional 

suspension microsphere and planar assays (Dincer et al., 2017, Medina-Bastidas et al., 2020, Wang 

et al., 2022). The three-dimensional suspension multiplex assay utilizes microspheres as the solid 

support to which different captured ligands are coupled covalently using reactive functional groups such 

as N-hydroxysuccinimide ester (Ellington et al., 2010, Yan et al., 2022). On the other hand, planar 

microarray involves the use of slides with molecules that are immobilized by functionalized groups such 

as nitrocellulose, epoxy, isothiocyanate, aldehyde and poly-L-lysin to profile and study the 

characteristics of target molecules. The two forms of microarrays are discussed in the subsections 

below.  
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3.1. Three dimensional microarrays 

A three-dimensional label-free suspension multiplex assay was reported by Zhao et al., and Tsougeni 

et al., using molecularly imprinted polymer beads, which detects biomolecules without the use of 

immunological antibodies (Tsougeni et al., 2018, Zhao et al., 2009). Tsougeni and colleagues found 

that three-dimensional multiplex assay slides offered significant improvement in terms of spot intensity, 

homogeneity, and reproducibility relative to planar microarrays (Tsougeni et al., 2018). In addition, the 

three-dimensional slides showed higher signal to noise ratio over a range of protein concentration and 

a shelf life of one year without the need of specific storage conditions (Li et al., 2020b, Tsougeni et al., 

2018).   

Microsphere microarrays use classifications such as beads size, internal fluorophores, and flow 

cytometric principles to detect the captured molecules (Vafajoo et al., 2018, Kharati et al., 2020, Zattoni 

et al., 2022). This type of multiplex microarray was also used by Ellington et al., and Ekinins where they 

showed that miniaturization of immunoassays on this platform conferred lower limit of quantification 

because of improved signal-to-noise ratio and reduced reaction time due to shorter diffusion distances 

compared to conventional assays (Ekins, 1989, Ellington et al., 2010). Examples of three-dimensional 

microsphere microarrays also include Luminex techniques which are microbeads-based multiplex 

assays with the ability to measure multiple analytes at the same time in a single reaction (Keene et al., 

2019, Liu et al., 2021a, Sackesen et al., 2019). These methods employ molecular reactions that take 

place on colour coded microbeads using different fluorescence intensities. Another multiplex method 

that uses beads is Cytometric Bead Array (CBA) which is a flow cytometry-based application that allows 

quantification of multiple proteins at the same time (Bai et al., 2019, Jin et al., 2020, Wei et al., 2018). 

The system utilizes the broad range of fluorescence detection offered by flow cytometry and antibody 

coated beads to efficiently capture and detect analytes (Mattsson et al., 2011, Tighe et al., 2013). In 

addition, a multiplex assay called Allergy Explorer (ALEX) was recently employed for identification of 

allergens (Heffler et al., 2018, Bojcukova et al., 2019, Buzzulini et al., 2019). ALEX array is an 

immunoassay for specific IgE to whole allergens and relevant molecular components and uses Charge 

Coupled Device (CCD) for detection (Bojcukova et al., 2019, Heffler et al., 2018).  

3.2. Planar microarray systems 

Planar microarrays can be divided into analytical and functional microarrays (Sauer, 2017, Nakajima et 

al., 2018, Ma et al., 2021). An example of an analytical microarray is the antibody array which involves 

protein capture and detection using direct labeling (Haab, 2005, Sutandy et al., 2013). Analytical 

microarrays can be used to profile complex mixture of proteins to measure parameters such as binding 

affinities, protein expression levels and specificities (Bemetz et al., 2019, Sauer, 2017). However, these 
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types of microarrays have a number of limitations among them, the fact that they lack specificity in 

protein target labelling and have poor sensitivity for low-abundance proteins (Chandra et al., 2011, 

Sutandy et al., 2013, Zhang et al., 2020b). To circumvent these limitations, another format has been 

employed and uses the sandwich method in which two different antibodies are used to detect the target 

protein. The antibody which immobilizes the target protein on a solid phase is called the capture 

molecule, while the other dye labeled antibody, called the reporter molecule, produces the signal for 

detection (Ho et al., 2022, Khan et al., 2019, Ren et al., 2022) (Figure 2A). Using two antibodies 

substantially augments the specificity and sensitivity of the sandwich assay format to femtomolar levels 

(Chen et al., 2018b, Dincer et al., 2017, Hogan et al., 2019, Sutandy et al., 2013, Chen and Zhu, 2006).  

Functional microarrays differ from analytical microarrays in that they are made of arrays containing full-

length functional proteins (Nakajima et al., 2018, Ma et al., 2021). They enable the study of various 

biochemical properties of proteins such as protein-protein interaction, protein binding activities, protein-

peptide interaction, and protein lipid interactions to name a few (Chen et al., 2021b, Govarthanan et 

al., 2020, Lin and Chen, 2018, Wang et al., 2019b) (Figure 2B). Functional microarrays are useful for 

the classification of protein functions, biochemical activities, enzyme-substrate relationships, as well as 

immune responses such as protein-protein binding (Feng et al., 2022, Hogan et al., 2019, Leday et al., 

2018, Weng et al., 2019). Most functional microarrays use different types of functionalized solid 

surfaces which are capable of high-throughput, multiplexing, and have high sensitivity and specificity 

for protein measurements (Fabri-Faja et al., 2019, Normandeau et al., 2021, Yarman et al., 2021).  
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Figure 2: Illustration of analytical and functional planar microarrays. (A) Schematic representation 

of the analytical microarray system which involves the use of antibodies immobilized on solid substrates 

(black) to capture molecules of interest. The detection can be either through the use of labeled molecule 

(blue block and green star) or through another antibody (orange) labeled with a fluorescence dye 

(green) to form a sandwich immunoassay. The binding of the second antibody can either be via a tag 

(pink), or directly with the target molecule. (B) Shows functional microarray of biochemical properties 
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such as immune response profiling, protein-protein interactions, protein lipid interactions, protein-

nucleic acid interactions, protein-enzyme interactions, protein-peptide interactions, and protein-small 

molecules interactions. Functionalized surface is shown in black; proteins are shown in yellow, peptides 

in pink, lipids in green, molecules in blue, and nucleic acid is represented by two black lines.  

 

3.2.1. Different types of planar array functional groups 

Microarray slides can be functionalized plastic or glass slides. This is because they are easy to handle 

and adaptable to automatic readers (Behzadi and Ranjbar, 2019, Connelly et al., 2017b, Robajac et 

al., 2020). Of the two surfaces, functionalized glass microscope slides are the preferred support for 

microarrays as they have low autofluorescence and are inexpensive (Das and Theato, 2016, LeBlanc 

et al., 2021). However, glass slides also have several disadvantages that include their low capacity for 

analyte binding and non-uniformity of spot size and intensity; thus, negatively interfering with the 

accuracy of quantitative analysis by microarray scanners software (Tsougeni et al., 2018). 

Planar arrays can be developed with the use of robotics where printing of compounds can be readily 

achieved by contact printing utilizing solid split pins made of ceramic, steel or silicon (Zhang et al., 

2021a, Chikae et al., 2021); or by non-contact printing using piezoelectric technology to eject uniform 

drops of antibody solutions to the surface of the slide (Summers et al., 2022, Martinez-Botas et al., 

2021). Recent developments in planar multiplex microarray technology have shown that the technique 

has a wide variety of functional groups that can be used for immobilization such as nitrocellulose, 

aldehyde, ester derivatives, poly-L-lysin, isothiocyanate and epoxy. The functional groups and their 

application are discussed in detail in the next subsections and their comparison is outlined in Table 1. 

3.2.1.1.  Nitrocellulose and its applications in microarray 

Nitrocellulose is a porous substrate which provides a 3-D network that augments the effective surface 

area to bind captured biomolecules resulting in higher protein fixation and increased signal intensity 

(Campanero-Rhodes et al., 2020, Guo et al., 2020, Yuan et al., 2019, Chen et al., 2022b). Glass slides 

coated with nitrocellulose have been used in microarray-based diagnostics for the evaluation and 

detection of Streptococcus pneumonia capsular polysaccharides immunoglobulin G (IgG) in human 

sera, using 22 different S. pneumonia capsular polysaccharides (Campanero-Rhodes et al., 2020). 

These slides were also used in the profiling of autoantibody biomarkers that serve as therapeutic targets 

in patients with psoriasis and psoriatic arthritis; the technique employed a variety of autoantigens such 

as rhematic disease and skin antigens, inflammatory mediators, as well as putative autoantigens (Yuan 

et al., 2019). In addition, nitrocellulose slides were used for the identification of autoantibodies targeting 
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antigens in the trabecular meshwork as biomarkers for early detection of primary open-angle glaucoma 

(Beutgen et al., 2019).  

Nitrocellulose coated slides also come with several limitations. For example, in multiplex protein 

microarray, these slides have a high amount of background autofluorescence in the visible spectrum 

utilizing laser excitation (Tighe et al., 2013, Chen et al., 2022b). They also result in poor 

immunoreactivity and inconsistent discrimination between samples, caused by their nonspecific 

interactions with bioprobes (Odinolfi et al., 2019, Chen et al., 2022b). Due to these limitations, Odinolfi 

and colleagues improved the use of the slides by introducing an easy method for peptide chemo 

selective bioconjugation onto nitrocellulose support; this was based on a clickable polymeric coating 

which allows efficient peptides bioconjugation and provides desirable anti-fouling properties to the 

nitrocellulose support (Odinolfi et al., 2019).  

3.2.1.2. Epoxy-silane applications in microarrays   

Epoxy-silane coating is a surface modification applied by many manufacturers of activated glass slides 

for protein and oligonucleotides microarrays (Chen et al., 2018a, Tsougeni et al., 2018). The epoxy-

coated slides are reliable as they retain immobilized compounds better than most functional groups 

(Kalli et al., 2020) (Table 1). In addition, epoxy groups form strong bonds, with minimal chemical 

modification of the immobilized molecules (Behzadi and Ranjbar, 2019, Rusmini et al., 2007, Yousefi 

et al., 2018). The interaction between the coated slide and biomolecules such as proteins occurs though 

fast adsorption followed by intramolecular chemical attachment promoted by the epoxy groups on the 

glass surface (Feghali et al., 2020, Betancor et al., 2019). The reactive part of proteins that interacts 

with the epoxy on the solid surface is generally the amine group found on lysine and arginine since it 

is present on the exterior of proteins, forming stable amine bonds with the surface (Tulin et al., 2021, 

Pazitna et al., 2020) (Figure 3). During the coupling process, proteins are dissolved in a low ionic-

strength buffer before being passed through the coated solid surface. The efficiency of immobilization 

depends on parameters such as the pH, ionic strength, concentration, and reaction time depending on 

the protein being studied (Yousefi et al., 2018). Furthermore, because of the epoxy glass slides stability 

and ability to retain molecules, immobilized biomolecules such as glycans can be stored for up to six 

months at room temperature (Nietzold et al., 2018).  

The epoxy-coated slides have been used by researchers around the world in different fields. For 

instance, they have been applied in agriculture to study mycotoxins (Chen et al., 2018a), and were also 

used in lectin microarrays to select lectins that could be conjugated to ginger-derived glycoproteins 

(Zhao et al., 2018b). Epoxy-coated slides were as well used to implement an effective convergent 

synthetic strategy allowing access to an extended library of Cryptococcus neoformans 
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glucuronoxylomannan serotype A and D structures for the development of vaccines (Guazzelli et al., 

2020). More recently, epoxy-coated slides were employed in SARS-CoV-2 studies to develop 

glycosaminoglycan (a glycan responsible for host attachment factor that promotes SARS-CoV-2 

infection) microarray. This was done for high-sensitivity screening of the glycosaminoglycan-binding 

specificity of proteins and application in the analysis of the SARS-CoV-2 spike (S) protein (Ruano-

Gallego et al., 2021, Watanabe et al., 2021).  

Although epoxy slides are excellent for microarray applications, researchers have studied ways to 

improve their performance. One such study was performed by Batancor and colleagues where epoxy-

coated slides were reacted with cross linked dextran hydrogels as the protective layer from degradation 

during the polymerization process (Betancor et al., 2019). In addition, the epoxy-coated slides have 

recently been improved for the immobilization of different immunoglobulin classes by including a 

cystine-modified protein G on their surface, which enhanced their immobilization efficiency (Paul and 

Weller, 2020).     

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Illustration of the epoxy-coated glass slide interaction with proteins. The figure shows 

the epoxy group electrophilic carbon on the slide surface (black) being attacked by the lone electron 

pairs (red dots) from the protein (blue) amine group to form a covalent amine bond between the protein 

and the epoxy group.  
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3.2.1.3. Isocyanate functionalized slides 

Unlike the above-mentioned functional groups, isocyanate offers non-selective functionalization to solid 

surfaces, making it a suitable functional group for libraries of natural products or compounds without a 

common residue for binding (Zhu et al., 2016b). This group can also be reacted with small molecules 

libraries containing either primary or secondary alcohols, arylamines, phenol secondary amine as well 

as carboxylic acid (Felsenstein et al., 2016, LeBlanc et al., 2021, Swain et al., 2021, Zhu et al., 2017) 

(Figure 4). In addition, isocyanate functionalized microarray slides can be used to identify small 

molecules that bind MicroRNA, such as in the study of microRNA -associated pathologies (Connelly et 

al., 2017b). Isocyanate coated slides created through the photo-activated cross-linking have 

advantages such as providing universal immobilization through carbon-based random insertions. 

However, they also have limitations that include their low immobilization efficiency for some molecules 

due to reduced reactivity (Zhu et al., 2016b). In addition, they have low reactivity to carboxylic acids 

and tertiary alcohols (Zhu et al., 2016b) (Table 1). 

Previously, Felsenstein et al., used this technology to study small molecules that inhibit MYC 

transcription factor expression, a protein that plays a key role in cancer initiation, progression, and 

maintenance (Felsenstein et al., 2016). Furthermore, these slides have been used in cancer therapy 

monitoring studies to target Metastasis-associated lung adenocarcinoma transcript 1 identified as a 

prognostic biomarker of advanced metastatic non-small cell lung cancer (Zhao et al., 2022b). Moreover, 

isocyanate glass slides have been employed in monitoring the nuclear expression of triplex non-coding 

RNAs for therapeutic developments against Kaposi’s sarcoma-associated herpesvirus (Swain et al., 

2021). 
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Figure 4: Illustration of the reaction between isothiocyanate coated glass slide and a small 

molecule. The isothiocyanate functionalized surface is prepared from an amine group containing glass 

slide. The amine slide is first incubated with polyethylene glycol (PEG) solution used as the spacer 

between the isothiocyanate chemical group and the surface. The process is then followed by the 

addition of 1,4-phenylene diisothiocyanate (PPDI) to add the phenyl-isothiocyanate residue to the slide. 

The latter is the part that reacts with molecules (shown in pink) to form covalent bonds. Adapted from 

Zhu et al., (Zhu et al., 2016b). 

3.2.1.4. Ester derivatives microarray slides 

Activated ester derivatives form part of the many different functional groups used to coat microarray 

slides. They are useful derivatives for covalent attachment of functional amine groups based on the 

stable amine bond formation which is the basis of many biological systems. The advantage of using 

activated esters is their diversity (Das and Theato, 2016, Lahiri et al., 1999) (Table 1). Activated esters 

such as N-hydroxysuccinimidyl esters are known to react with proteins or small molecules that have 

amino groups (Lahiri et al., 1999, Suriano et al., 2006) to form covalent bonds (Figure 5). This ester 

reactive group offers resistance to nonspecific adsorption of proteins, control over ligand density, and 

applicability to a wide range of ligands (Das and Theato, 2016). In addition, oligonucleotides also bind 

to the functional groups of active esters such as N,N-acryloxysuccinimide with their terminal amine 

groups, through a condensation mechanism to form an amide bond (Suriano et al., 2006).  
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Figure 5: Illustration of the reaction between an ester coated slide and a protein. The lone pair of 

electrons from the amine group on the protein (blue) attacks the carbonyl group on the ester molecule 

coated slide (black) to form a covalent amide bond between the protein and substrate. The movement 

of bonds and lone electron pairs is indicated with red arrows. 

3.2.1.5. Poly-L-lysine coated microarray slides 

Poly-L-lysine coating through amine groups is also employed on microarray slides. This compound is 

an important water-soluble cationic polypeptide composed of naturally occurring L-lysine containing 

amine groups on the side chains (Xing et al., 2012). Like many other coating functional groups, poly-L-

lysine reacts with the amine group found on proteins and oligonucleotides to form a covalent bond 

(Figure 6). To enhance the performance of conventional poly-L-lysine glass slides immobilization and 

hybridization, surface chemistry involving the use of 3-glycidyloxypropyl trimethoxysilane (GOPS)-a 

silane coupling reagent, was used together with pol-L-lysine by Wu et al., (Wu et al., 2005). These 

researchers showed that the immobilization and sensitivity was improved for the detection of SARS 

coronavirus by means of 60 mer oligonucleotide probes. In addition, Xing et al., used this chemistry to 

capture cancer cells where they found that the presence of GOPS and poly-L-lysine enhance the 

uniformity of the cancer cells adhered on the glass slides and can, therefore, be used in systems such 
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as ThinPrep for cervical carcinoma screening to augment the accuracy rate of diagnosis (Xing et al., 

2012) (Table 1). This modification starts with coating slides with GOPS, followed by covalently coupling 

the GOPS modified slides with poly-L-lysine to form GOPS-poly-L-lysine. The slides are  then activated 

with a 1,4-phenylene diisothiocyanate (PDITC) (Wu et al., 2005) (Figure 6). 

 

 

 

 

 

 

 

 

 

 

Figure 6: Illustration of the formation and activation of a poly-L-lysine slide and reaction with 

an oligonucleotide. The surface of the slide is first salinized using GOPS followed by covalent coating 

with poly-L-lysine. It is then activated with a 1,4-phenylene diisothiocyanate (PDITC) cross linker. The 

activated ploy-L-lysine reacts with the amine groups found on oligonucleotides to form covalent bonds 

during immobilization. Adapted from Wu et al., (Wu et al., 2005).  

 

3.2.1.6. Aldehyde coated microarray slides 

Like many other functional groups, aldehydes can also be used for coating microarray slides for 

immobilization of molecules containing the amine group such as proteins and nucleic acids. The 

chemistry of their reaction with amine involves the use of acidic conditions (Zammatteo et al., 2000), 

and employs nucleophilic attack of the carbonyl oxygen on the aldehyde by primary amine groups 

(Peelen and Smith, 2005) (Figure 7). Slides coated with aldehydes such as n-Hexacosal have been 

used to study the in vitro pre-penetration processes of Blumeria graminis using aerial plant organs 

(Hansjakob et al., 2010). In addition, these slides have been employed to investigate antibody-antigen 

interactions in protein microarray, where they were made with 3-aminopropyltriethoxysilane and 
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glutaraldehyde, a bis-aldehyde homobifunctional cross-linker (Liu et al., 2007). Aldehydes coated glass 

slides also have a number of limitations which include the fact that they are unsuitable for high-

throughput screening studies, as it is the case with slides containing α-Oxo aldehydes (El-Mahdi and 

Melnyk, 2013) (Table 1).  

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Illustration of the reaction between aldehyde coated glass slides with small molecules. 

The reaction between aldehydes on the slide surface (black) and primary amine groups on the small 

molecule (pink) involves the nucleophilic attack of the carbonyl oxygen by the amine group to form an 

amine bond between the molecules.  
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Table 1: The advantages and disadvantages of different functionalized glass slides commonly used in 

the microarray platform.  

 

 

 

Function on 
slide 

Bond type Advantages 
 

Disadvantages 

Nitrocellulose  Non-covalent  
(Physisorption) 

• High sensitivity and simple immobilization 
(Seurynck-Servoss et al., 2007) 

• Black surface nitrocellulose slides have low 
background autofluorescence (Walter et al., 
2010) 

• Work well with colorimetric detection systems 
(Cretich et al., 2010) 

• Fluorescence detection from nitrocellulose 
achieves ease of data quantification 
(Tonkinson and Stillman, 2002) 

• High-binding capacity of biological samples 
without degradation (Tonkinson and Stillman, 
2002) 

• High Sensitivity and reproducibility 
(Bondarenko et al., 1992) 

• Preserve the native protein conformation 
(Angenendt, 2005) 

 

• White surface nitrocellulose has high 
background fluorescence (Cretich et 
al., 2010, Seurynck-Servoss et al., 
2007, Walter et al., 2010) 

• Inability to be reprobed multiple times 
due to fragile nature of the polymer in 
membrane form (Tonkinson and 
Stillman, 2002) 

• Nonspecific binding of hydrophobic 
biomolecules which decreases 
sensitivity (Shakeri et al., 2019) 

• Few options for chemical 
immobilization (Shakeri et al., 2019) 

• Large variation in signal intensity 
(Angenendt, 2005) 

• Nitrocellulose permeability can 
complicate kinetics protein-antibody 
interactions due to slow diffusion of 
proteins through nitrocellulose 
(Southern et al, 1999) 

 

Epoxy Covalent  • Strong attachment of molecules (Angenendt, 
2005) 

• Does not cause protein aggregation due to 
intramolecular loop formation and/or 
intermolecular interactions (Hong et al., 2007) 

• Stable bond formation with amine (Hong et al., 
2007) 

• Covalent binding of proteins with different 
orientations and lack of auto-fluorescence 
(Aguilar-Mahecha et al., 2006) 

• High immobilization efficiency and long-term 
stability (Yousefi et al., 2018) 

 

• Rapid evaporation of the liquid 
environment and close protein surface 
contact which may affect the three-
dimensional structure (Angenendt, 
2005) 

• High background signal (Tsougeni et 
al., 2018) 

Isothiocyanate  Covalent • Long term storage under ambient 
temperatures (Preininger et al., 2004)  

• Suitable for DNA and proteins immobilization 
(Preininger et al., 2004) 

• low immobilization efficiency for some 
molecules (Zhu et al., 2016b) 

• low reactivity to carboxylic acids and 
tertiary alcohols (Zhu et al., 2016b) 

 

Aldehyde  Covalent  • Does not cause protein aggregation due to 
intramolecular loop formation and/or 
intermolecular interactions (Hong et al., 2007) 

• Stable bond formation occurs if the bond is 
reduced by a reducing agent such as sodium 
cyanoborohydride (Hong et al., 2007) 

• unsuitable for high-throughput 
screening (El-Mahdi and Melnyk, 
2013) 
 

Poly-L-lysine  Covalent  • Strong cell adhesion and high accuracy (Xing 
et al., 2012) 

• Requires very low cell number (Mehta et al., 
1983) 

• Sensitive and reduces noise in hybridization 
signal (Pourjahed et al., 2013) 

• Cells on poly-L-lysine can easily 
agglomerate (Xing et al., 2012) 

• Can affect the adhesion behavior of 
different cell lines (Xing et al., 2012) 

• Low binding capacity and flat surfaces 
which result in sterical limitations in 
hybridization of target probes (Steel et 
al., 2000) 



22 
 

4. Recent development on functionalized microarray slides design  

Recently researchers have developed microarrays with improved performance compared to existing 

platforms such as nitrocellulose. One such study involved the development of a thiol-ene micropillar 

scaffold sheets solid substrate with large pore size for fluorescence microarrays, and because of its 

unique surface chemistry it offers low autofluorescence and a stronger fluorescence intensity compared 

to nitrocellulose (Guo et al., 2020). Furthermore, a dextran hydrogel high-performance microarray has 

been reported to perform better than nitrocellulose and was used to covalently immobilize proteins, this 

to have high probe-loading and good biorecognition yields (Betancor et al., 2019). In addition to the 

functional groups above, dynamic magnetic nanomixers (Xiong et al., 2019), nanorod (Lu et al., 2021) 

and oxygen plasma micro-nanostructured poly(methyl methacrylate) have been reported to have a 

much lower detection limit and greatly reduce the spot-to-spot variation across a broad concentration 

range, providing more accurate assay results compared to nitrocellulose (Xiong et al., 2019, Lu et al., 

2021, Koukouvinos et al., 2021). 

5. Application of the microarray technology at point-of-care  

Multiplex point-of-care (POC) testing is an on-site simultaneous detection of different analytes from a 

single specimen developed mostly for clinical diagnostics (Charlermroj et al., 2021, Dincer et al., 2017, 

Zhang et al., 2022). POC multiplexing becomes more attractive when the detection of different analytes 

can be done in resource limited settings to significantly reduce the cost and time of diagnostics, (Dincer 

et al., 2017, Kubina and Dziedzic, 2020, Tsao et al., 2020, Zhang et al., 2022). POC microarray 

detection systems have been used for several decades and is still currently being employed and further 

developed by researchers to profile diseases and illnesses. For instance, Wu et al., developed a rapid, 

high throughput and highly sensitive POC smartphone-based microarray for the multiplex detection of 

mycotoxins (Wu et al., 2022). The smartphone-based microarray technology has been said to reduce 

the turnaround time of results from several hours with the conventional ELISA to 30 minutes and has 

sensitivity in the pg/ml range (Wu et al., 2022). In addition, a POC assay was employed to study and 

profile mycotoxins using a microarray lateral flow strip test (Charlermroj et al., 2021). Furthermore, Dey 

et al. developed a POC label-free bacterial quantification system by means of a bioprinted microarray-

based interometric device which uses a small sample volume. This technology proved to be sensitive 

and has a sample-to-data turnaround time of 40 minutes (Dey et al., 2019). Multiplex colorimetric POC 

paper-based microarray tests have also been developed and used for the detection of influenza viruses 

such as IVA H1N1 and H3N2 in cell lysate and clinical samples (Lei et al., 2015, Oh et al., 2028). 

However, the use of microarray as POC platforms still has several challenges that must be addressed, 

such as the fact that they lack sample preparation functions (target biomarker enrichment), they have 
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complicated methods of substrate pre-treatment and require sophisticated instrumentation particularly 

for optical detection (Rosa et al., 2022).
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6. Conclusion 

Proteins, nucleic acids as well as carbohydrates microarrays have provided researchers 

with tools to simultaneously screen and profile thousands of molecules in qualitative and 

quantitative studies. These technologies have been used for the development of methods 

applied in research and clinical diagnostics, such as the investigation of gene expression 

and protein activities, as well as in the assessment of disease prognosis to name a few. 

The use of microarray platforms has gained traction in diagnostics and clinical research 

as they provide solutions to some of the current diagnostic methods challenges such as 

the fact that they require high sample volumes, have a long turnaround time, and can be 

expensive. The application of these platforms for the detection of multiple diseases at the 

same time solves some of the forementioned challenges as they use small sample 

volumes, have a short-turnaround time, and have the potential to significantly reduce the 

cost of diagnostics. These microarray technologies use different functionalized slides or 

microspheres by employing covalent and non-covalent interactions during the 

immobilization of molecules by means of chemical groups, among them epoxy-silane, 

aldehydes, esters, poly-L-lysine and nitrocellulose for the characterization and profiling of 

target compounds. The fact that various functionalized groups can be employed on 

microarray slides makes this platform broad as it can accommodate many diverse types 

of analytes. One of the most important applications of microarray technologies that 

researchers are working on is their use at POC for treatment monitoring and clinical 

diagnostics. This can considerably reduce the time between obtaining diagnostic results 

and initiation of treatment since the POC multiplex microarray assays are relatively fast. 

In addition, it also has the potential to significantly reduce the cost associated with 

diagnostics. This is particularly important for resource limited settings and developing 

countries as they often have many financial challenges with diagnostics and disease 

management.  
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7. Aim 

 

Although there are diagnostic assays for the detection of HIV and TB currently employed 

such as the rapid HIV antibody tests, and state of the art TB GeneXpert test, there is still 

a need to develop technologies that can detect the two pathogens at the same time within 

a short period of time. The HIV rapid antibody test has high sensitivity and specificity, is 

reliable and fast, as results are obtained withing 30 minutes and is also currently used 

worldwide for the detection of HIV. The TB GeneXpert is a nucleic acid amplification test 

for the fast diagnosis of TB by identifying M.tb DNA as well as resistance to rifampicin 

within a period of two hours (Sasikumar et al., 2019, Stevens et al., 2017a, Sagili et al., 

2018). Although the mentioned HIV and TB tests have attractive characteristics, the fact 

that they diagnose the two pathogens separately propels the need to investigate the 

development of technologies that can detect both diseases at the same time within a 

reasonable timeframe. It is in this context that this project is aimed at the development of 

a user friendly, POC, fast and cheap multiplex microarray technology for the detection of 

HIV and TB given the relationship between the two diseases, and the attractive 

advantages of using multiplex technologies for disease diagnosis mentioned in the above 

sections of the literature review. The technology is also destined for use in remote rural 

areas, underserved communities as well as resource limited settings.  

8. Study objectives 
 

 

• To produce a planar array of immobilized HIV-1 p24 antigen; as well as M.tb 

CFP10, ESAT6, apa and pstS1 antigens on a glass slide for POC assay 

development. 
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• To determine in-vitro the sensitivity and specificity of the microarray based 

detection system for antibodies against HIV and M.tb antigens using a benchtop 

fluorescence microscope. 

 

• To study in-vitro the sensitivity and specificity of the microarray based multiplex 

detection system for antibodies against p24, CFP10, ESAT6, apa and pstS1 

antigens using colour change reaction as the detection system. 

 

• To produce the M.tb antigens; CFP10, ESAT6, apa and pstS1 in plants and 

investigate their suitability for the microarray based multiplex detection system. 
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Abstract: Currently there are diagnostic tests available for human immunodeficiency 

virus (HIV) and tuberculosis (TB); however, they are still diagnosed separately, which can 

delay treatment in cases of co-infection. Here we report on a multiplex microarray 

technology for the detection of HIV and TB antibodies using p24 as well as TB CFP10, 

ESAT6 and pstS1 antigens on epoxy-silane slides. To test this technology for antigen-

antibody interactions, immobilized antigens were exposed to human sera spiked with 

physiological concentrations of primary antibodies, followed by secondary antibodies 

conjugated to a fluorescent reporter. HIV and TB antibodies were captured with no cross-

reactivity observed. The sensitivity of the slides was compared to that of high-binding 

plates. We found that the slides were more sensitive with the detection limit being 0.954 

ng/ml compared to 4474.6 ng/ml for the plates. Furthermore, stability studies revealed 

that the immobilized antigens could be stored dry for at least 90 days and remained stable 

across all pH and temperatures assessed, with pH 7.4 and 25 ˚C being optimal. The data 

collectively suggested that the HIV/TB multiplex detection technology we developed has 

the potential for use to diagnose HIV and TB co-infection, thus, can be developed further 

for the purpose.  

Keywords: HIV-1 p24; M.tb CFP10; M.tb ESAT6; M.tb pstS1; Multiplex microarray; 

diagnosis; Antibody; antigen 
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1. Introduction 

An estimated 38.0 million people were living with HIV/AIDS globally with the annual 

number of deaths standing at 970 000 in 2021 and 25% were co-infected with 

Mycobacterium Tuberculosis (M.tb), the causative agent of TB (UNIAIDS, 2021). Albeit 

there are diagnostic tests currently available for HIV and TB, the diagnosis of these two 

diseases is still done separately and this can delay treatment in co-infected individuals, 

particularly because active TB diagnosis can take long (Tiewsoh et al., 2020, Rios-

Hincapie et al., 2020). With HIV there is a rapid test for the detection of p24, in addition 

to the PCR test. However, the currently existing tests that rely on protein detection in TB 

infected blood such as the QuantiFERON and T-SPOT have challenges of low sensitivity 

and specificity, especially in HIV-infected individuals (Maeda et al., 2010, Bua et al., 2018, 

Zhu et al., 2014). Furthermore, there is also a GeneXpert test endorsed by the World 

Health Organization (WHO) for the detection of M.tb DNA and genetic mutations 

associated with resistance to the Rifampicin TB drug (Piatek et al., 2013, Stevens et al., 

2017b). Although the test is reliable and fast as results are obtained within two hours, the 

technology is very expensive, cannot detect latent TB (which is important to identify and 

manage to avoid active disease from occurring) and is not sensitive in detecting TB in 

people infected with HIV as they have fewer bacteria in their sputum (Bajrami et al., 2018, 

Mechal et al., 2019, de Faria et al., 2021). Therefore, there is a need for alternative 

diagnostic technologies that will allow for the simultaneous detection of HIV and TB 

quicker, as well as the ability to distinguish between active and latent TB.  

 

HIV-1 p24 is a significant marker in early HIV-1 detection as it is expressed in blood during 

infection (Zhang et al., 2011, Gray et al., 2018). Many p24 viral proteins are produced 

after infection during the acute infection phase, therefore, the detection of these antigen 

and its antibodies provides means to aid early diagnosis of HIV-1 infection (Parpia et al., 

2010, Gray et al., 2018, Fitzgerald et al., 2017). The p24 antigen and its monoclonal 

antibodies are the key components of HIV-1 detection in most diagnostic kits (Ly et al., 

2007, Gray et al., 2018).  
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M.tb culture filtrate protein (CFP-10) is one of the highly expressed early secreted M.tb 

proteins and is recognized as the most abundant antigen (Arlehamn et al., 2012, Li et al., 

2013). The protein is known to be a major immunogenic protein of M.tb that stimulate host 

immune mechanisms by activating a protective T-cell response during infection (Kumar 

et al., 2010, Qiao et al., 2011, Borgström et al., 2020).  

The M.tb Early Secreted Antigenic Target 6 kDa (ESAT6) is a major T-cell antigen and is 

also the main determinants of M.tb virulence during infection (Clemmensen et al., 2020, 

Liu et al., 2021d, Pathakumari et al., 2018). Since ESAT-6 is frequently recognized in 

disease, past in vitro studies have shown that the antigen is a potential diagnostic reagent 

highly specific for active TB (Sun et al., 2022, Hur et al., 2013, Zhang et al., 2015). Both 

ESAT6 and CFP10 proteins have been used to diagnose pulmonary and extrapulmonary 

TB in patients (Bekmurzayeva et al., 2013, Hemmati et al., 2011, Lagrange et al., 2014).  

Phosphate-specific transport substrate binding protein-1 (pstS1) antigen is responsible 

for the uptake of phosphate by the M.tb from its environment and contributes to the 

intracellular survival of the pathogen (Ferraris et al., 2014, Tischler et al., 2013, Espinosa-

Cueto et al., 2020). Moreover, the protein is highly immunogenic and induces Th1 

immunity and antibody responses (Jiang et al., 2018, Dieli and Ivanyi, 2022). pstS1 

protein has been used in the development of a number of commercial assays for the 

detection of TB (Alcaide et al., 2019, Li et al., 2015, Khurshid et al., 2017). The combined 

use of recombinant immunodominant CFP10, ESAT6 and PstS1 M.tb antigens increase 

the sensitivity and specificity of immunoassays as compared to using one antigen (de 

Araujo et al., 2014, Chen et al., 2022a).  

Microarray technology refers to the miniaturization of multiple assays on one small plate 

or slide (Liu et al., 2019a, Sauer, 2017, Sutandy et al., 2013, Templin et al., 2002). There 

are different types of microarrays, which include analytical and functional microarrays 

(Sutandy et al., 2013). An example of an analytical microarray is the antibody array, which 

involves protein detection and concentration determination after antibody capture using 

direct protein labelling (Haab, 2005, Sutandy et al., 2013, Seidel and Niessner, 2008). 

The functional microarray is built using purified proteins to enable the study of various 

biochemical properties such as protein-protein interactions, protein binding activities, 
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protein-peptide interactions, and protein-lipid interactions to name a few (Chen et al., 

2021b, Govarthanan et al., 2020, Lin and Chen, 2018, Wang et al., 2019b). Protein 

microarray technology allows for the characterization of hundreds of thousands of 

proteins in a highly parallel and high-throughput manner (Zhang et al., 2021b, Zhang et 

al., 2020b, Wu et al., 2021). Immunoassays take advantage of highly specific antigen-

antibody recognition to build a protein detection system, whereas the microarray enables 

a rapid parallel and multiplex detection often requiring a small amount of sample (Ruano-

Gallego et al., 2021, Khan et al., 2020). The immunoassay on microarrays can be very 

sensitive and specific, thus making it very reliable when studying or determining antigen-

antibody interactions such as occurs in diagnostics (Pohlmann and Elssner, 2020, Fan et 

al., 2020, Cohen and Walt, 2019). 

 

The specificity of antibodies to antigens is due to a defined region of antibody molecules 

containing the complementary determining region that interacts with antigens with high 

affinity (Zhao et al., 2018a, Mehraj, 2020). In addition, the binding between antigens and 

antibodies employs non-covalent interactions where the van der Waals, hydrophobic and 

electrostatic forces which are relatively weak and reversible are involved (Bhardwaj and 

Purohit, 2020, Gunasekara et al., 2022, Mehraj, 2020). The combined strength of all the 

non-covalent interactions between a single antigen-binding site of an antibody and a 

single epitope of the antigen determines the affinity of this interaction. Antigen-antibody 

binding are reversible under conditions such as ambient temperature, pH and time 

(Bhardwaj and Purohit, 2020, Mehraj, 2020). 

 

Epoxy-coated slide chemistry is one of the commonly used systems for protein microarray 

as they are stable under various conditions and are reactive with several nucleophilic 

groups to form strong bonds with minimal chemical modification of the protein (Rusmini 

et al., 2007). For example, epoxy-coated glass slides have been used in cancer studies 

as well as in the detection of antibodies against SARS-CoV-2 for disease diagnostic 

purposes (Jian et al., 2021, Ruano-Gallego et al., 2021). The interaction between the 

coated slide and proteins occurs through fast adsorption followed by intramolecular 

chemical attachment promoted by the epoxy groups on the glass surface (Rusmini et al., 
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2007). The part of proteins that reacts with epoxy on the solid surfaces is mostly the amine 

group, such as found on lysine residues which are present on the exterior of proteins, 

forming stable amine bonds with the surface (Shlyapnikov et al., 2021, Yousefi et al., 

2018, Zhu et al., 2016b). During the coupling process, proteins are dissolved in a low 

ionic-strength buffer before being passed through the coated solid surface. The 

immobilization efficiency depends on parameters such as pH, concentration, and reaction 

time (Rusmini et al., 2007, Yousefi et al., 2018). Jorgensen et al., showed that epoxy 

substrates exhibit high stability in pH conditions of 6.0, 7.5 and 9.0 (Jorgensen et al., 

2021), while Yousefi et al., showed that epoxy slides had the best functionality and 

produced high fluorescence at different temperatures such as 4 ˚C, 25 ˚C and 40 ˚C 

(Yousefi et al., 2018). 

 

In this study, we developed a multiplex microarray technology on 2.5 x 7.6 cm epoxy-

coated glass slide for the detection of HIV and TB co-infection using HIV-1 p24 antigen 

as well as M.tb CFP10, ESAT6 and pstS1 antigens known to be markers of active TB 

(Davidow et al., 2005, de Araujo et al., 2018, Khurshid et al., 2013, Watson et al., 2021). 

We found that the immobilized antigens captured corresponding primary antibodies in 

human serum. In addition, we proved that this interaction was specific and with sensitivity 

higher than what would be obtained on high-binding ELISA plates. Furthermore, this 

diagnostic technology performed optimally at room temperature and pH 7.4; and this 

performance was maintained for at least 90 days during the shelf-life experiments. In all, 

these data indicate that our diagnostic technology is potentially a solution for a quicker 

method of simultaneously diagnosing HIV-1 and TB in cases of co-infection.  

 

 

 

 

 

 

 



52 
 

2. Materials and Methods 

2.1. Reagents 

The HIV-1 p24 antigen and anti-p24 (Ms), anti-CFP10 (Rb), and anti-ESAT6 antibodies 

(Rb) were bought from Abcam (Cambridge, United Kingdom). The culture filtrate protein-

10 (CFP10) antigen and early secretory antigenic target protein 6 (ESAT6) were obtained 

from BBI solutions (Caerphilly, United Kingdom). The phosphate-specific transport 

substrate binding protein-1 (pstS1) antigen and the pstS1 primary antibody (Ms) were 

bought from My BioSource (California, USA). The Goat (Gt) anti-Mouse (Ms) /anti-Rabbit 

(Rb) IgG superclonal secondary antibody, Alexa fluor 488 conjugates were obtained from 

Abcam (Cambridge, United Kingdom). The NEXTERION epoxysilane-coated glass slides 

were bought from Schott laboratories (Mainz, Germany), while the Corning polystyrene 

high-binding costar assay plates were purchased from Corning Inc. (New York, USA).  

 

2.2. Immobilization of HIV-1 p24 as well as M.tb CFP10 ESAT6 and pstS1 antigens 

on epoxy coated glass slides.  

Antigens (HIV-1 p24 as well as M.tb CFP10, ESAT6 and pstS1) were diluted to 500 000 

ng/ml in 1 × phosphate buffered saline (PBS) pH 7.4 (Thermo fisher scientific, 

Massachusetts, United States), with concentrations ranging from 500 000 ng/ml to 76.21 

ng/ml. The different concentrations of each antigen were spotted (1 µl) on three 

NEXTERION epoxy-silane-coated glass slides and incubated for 90 minutes at room 

temperature. The slides were thereafter washed three times for 5 minutes in 1 × PBS pH 

7.4, followed by blocking for an hour in 1% PBS-bovine serum albumin (BSA) (Sigma 

Aldrich, Missouri, United States). This was followed by washing the slides three times in 

1x PBS for 5 minutes to remove excess BSA. The slides were then allowed to dry at room 

temperature for 15 minutes and bright-field images of the slides were captured using a 

cytation3 multimode reader (Biotek Instruments, Vermont, United States). To further 

profile and evaluate the immobilized antigens, the slides were incubated for an hour in a 

cocktail solution containing anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 primary 

antibodies at a constant concentration of 3906 ng/ml to determine if they could capture 

the antibodies in solution. Post-incubation with primary antibodies, the slides were 

washed and incubated for an hour in a cocktail solution of Goat (Gt) anti-Mouse (Ms) 
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/anti-Rabbit (Rb) IgG superclonal secondary antibody, conjugated to Alexa fluor 488, at 

a constant concentration of 100 ng/ml. The slides were thereafter washed and imaged 

using a cytation3 multimode reader. The sensitivity of the cytation 3 reader and limit of 

detection according to the manufacturer is as low as 0.25 fmol/well of fluorescein.  

2.3. Determination of the optimal buffer pH, storage condition, temperature, and 

the shelf-life of immobilized HIV and TB antigens 

To determine the optimal printing, washing and storage pH conditions for the HIV-1 p24 

as well as M.tb CFP10, ESAT6 and pstS1 antigens on the epoxy-coated glass slides, five 

different pH conditions adjusted using NaOH and HCl (Sigma Aldrich, Missouri, United 

States) ranging from 5.0 to 9.0 were evaluated on five epoxy-coated glass slides. To 

achieve this, the antigens were spotted in triplicates at a constant concentration of 31300 

ng/ml in PBS at different pH followed by immobilization on the glass slides as mentioned 

above. Washing steps were performed as above also using the PBS at corresponding 

pH.  

The determination of the optimal pH was followed by the evaluation of whether the 

immobilized antigens should be stored dry or in buffer. This was done by storing the 

immobilized antigens dry or in PBS (one slide each for three independent experiments) 

pH 7.4 for 24 hours and then studying their interaction with primary antibodies.  

The next step was to determine the optimal temperature at which the immobilized 

antigens on the epoxy-coated glass slides could be stored. The different temperatures 

tested for the study were -20 ˚C, 4 ˚C, 15 ˚C, 25 ˚C and 37 ˚C tested using five epoxy 

coated glass slides and the experiment was repeated three times. To achieve this, 

immobilized HIV and TB antigens were incubated dry at -20 ˚C, 4 ˚C, 15 ˚C, 25 ˚C and 37 

˚C for 24 hours followed by the addition of primary and secondary antibody, and 

subsequent detection of fluorescence. 

The immobilized antigens’ shelf-life studies were also conducted. Jorgensen et al., 

showed that printed proteins for multiplexing can remain stable for up to three months 

(Jorgensen et al., 2021), therefore we assessed the HIV and TB antigens on the slide for 

a period of three months. This was done by storing immobilized antigens slides dry for 1 

day, 15, 30, 45, 60, 75 and 90 days at room temperature using seven slides and the 

experiment was repeated in two independent experiments. All the slides for the different 



54 
 

conditions were incubated in a cocktail of the HIV and TB recombinant primary antibodies 

at a constant concentration of 3906 ng/ml. Following the incubation, the slides were 

washed and incubated in Gt anti-Ms/anti-Rb IgG superclonal secondary antibody, 

conjugated to Alexa fluor 488, at a constant concentration of 100 ng/ml for an hour at 

room temperature. After the incubation, the slides were washed, and fluorescence images 

were obtained using the cytation3 multimode reader. 

 

2.4. In-vitro specificity and sensitivity of the microarray-based detection system 

for HIV and M.tb antibodies  

The immobilization of the HIV and TB antigens for both the slides and plates was done 

as mentioned above, except that for the high-binding black with clear bottom polystyrene 

96 well plates (Sigma Aldrich, Missouri, United States) 5 µl of the antigens per well was 

used (Three slides and high-binding plates were used and the experiment was repeated 

three times). This was followed by the addition of 4-fold serially diluted HIV and TB 

primary antibodies (for the slides, the series range was 250 000-0.954 ng/ml, while for 

the plates it was 250 000-20.0 ng/ml) in PBS or normal     human serum containing the usual 

components found in serum such as proteins, including the different classes of antibodies 

that exist in healthy humans (Thermo fisher scientific, Massachusetts, United states, 

Catalog number 31876), and incubation for 2 hours at room temperature. To determine 

that each antigen specifically reacted with its corresponding primary antibody in solution, 

an anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 primary antibody cocktail solution 

missing one of the antibodies at a time was prepared and incubated with the immobilized 

antigens. Subsequently, the plate was washed three times with PBS for 5 minutes. 

Afterwards, 100 µl Gt anti-Ms/anti-Rb IgG superclonal secondary antibody conjugated to 

Alexa fluor 488, at a concentration of 100.0 ng/ml was added and incubated at room 

temperature for an hour. Post-incubation, the plate was washed as above, and 

fluorescence was measured using DTX 880 Multimode detector (Beckman Coulter Inc., 

California, Unites states) at a wavelength of 485 nm. The sensitivity and limit of detection 

for DTX 880 detector for fluorescein is reported by the manufacturer to be 50 fmol/well. 

SoftMax Proversion 6.4 (Molecular Devices, LLC) was used for data acquisition and 
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analysis of the plates. For the microarray slides, the detection was done using a cytation3 

multimode reader, while ImageJ software was used for analysis. 

Specificity between the HIV and M.tb antigens and the anti-p24, anti-CFP10, anti-ESAT6 

and anti-pstS1 recombinant primary antibodies was also investigated by immobilizing the 

antigens as aforementioned. The whole slide was then incubated with a solution 

containing one of the primary antibodies at a time at a constant concentration of 3906 

ng/ml. For example, one slide of the immobilized antigens was incubated for an hour in a 

solution containing anti-p24 antibody only, while other slides were incubated with either 

anti-CFP10, anti-ESAT6 or anti-pstS1 primary antibody. After the incubation, the slides 

were washed and incubated with the secondary antibodies at a constant concentration of 

100.0 ng/ml for an hour at room temperature. Then excess secondary antibodies were 

washed and the slide was imaged using Cytation3 multimode reader. 

 

2.5. Statistical analysis  

Statistical analysis was performed using GraphPad Prism version 9.4.0 (GraphPad 

Software, Inc.). Data are presented as mean ± standard deviation of the mean and each 

experiment was performed at least three times unless stated otherwise. Statistical 

significance was assessed using paired student T-test when comparing two means of the 

same groups under separate scenarios. One-way analysis of variance (ANOVA) test was 

also used to assess the statistical significance between multiple groups under different 

scenarios using Tukey’s multiple comparison test. For all comparisons, P values less than 

0.05 were considered statistically significant.  
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3. Results 

3.1. Immobilization of antigens on epoxy-coated glass slides 

The immobilization of antigens as capture molecules on functionalized glass slides is a 

well-developed system for microarrays in diagnostic and drug discovery (Tsougeni et al., 

2018, Mujawar et al., 2013). In this study, microarray was developed by covalently 

immobilizing HIV-1 p24, M.tb CFP10, ESAT6 and pstS1 antigens on epoxy-coated glass 

slides. This was done to capture anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 

primary antibodies in solution. The immobilization was achieved by reacting the epoxy 

group on the glass surface to amine groups on the antigens to form a covalent amine 

bond. Then we determined whether the immobilization of the TB and HIV antigens was 

successful as well as the optimal conditions for this immobilization. We demonstrated that 

the spot where the antigens were printed was stable on the slide by means of bright-field 

imaging even after washing with PBS. This was shown on the bright-field image obtained 

using scanning microscopy by the presence of clear spots where antigens were printed 

(Figure 1A). Furthermore, these spots were observed for all concentrations (500 000-

0.228 ng/ml) and antigens printed, i.e., HIV-1 p24, as well as M.tb antigens CFP10, 

ESAT6 and pstS1. Thus, suggesting their interaction with the epoxy-coated glass slide.  

For negative control, PBS was spotted in place of antigens and as expected, no spots 

were observed for PBS after visualization with the microscope (Figure 1A). To investigate 

whether the HIV p24 and M.tb CFP10, ESAT6 and pstS1 on the glass slide could react 

with their specific antibodies, the immobilized antigens were incubated with a cocktail 

containing anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 primary antibodies. This was 

followed by the addition of a secondary antibody conjugated to Alexa fluor 488. The 

results showed that the coupled HIV and TB antigens could detect the primary antibodies 

even at the lowest concentrations of the antigens tested (3910 ng/ml). This was indicated 

by the presence of green fluorescence from all the spots on the slide after imaging (Figure 

1B). The mean fluorescence intensity of the spots on the image was obtained using the 

ImageJ software. From the graph in Figure 1C, we observed that the fluorescence 

intensity decreased with decreasing concentration of the antigens when the 

concentrations of the primary and secondary antibodies were kept constant at 3906 ng/ml 

and 100.0 ng/ml, respectively. The antigen-antibody reaction that produced the highest 
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fluorescence intensity, at the highest concentrations tested, was ESAT6 followed by 

pstS1. HIV-1 p24 antigen-antibody reaction showed the lowest fluorescence intensity 

while M.tb CFP10 was the second lowest fluorescence intensity relative to the other 

antigens-antibody reactions (Figure 1C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The immobilization of HIV-1 p24, M.tb CFP10, ESAT6 and pstS1 antigens 

on an epoxy-coated glass slide by covalent interactions. (A) The antigens were 

immobilized at different concentrations, PBS only spots were used as negative control 

(NC), and imaging was done using bright field. The antigen spots after washing and 

imaging are indicated with the red and blue circles, while yellow circles show the negative 

control. (B) The immobilized antigens were reacted with anti-p24, anti-CFP10, anti-

ESAT6 and anti-pstS1 primary antibodies and subsequently, secondary antibodies 

conjugated to Alexa fluor 488 were added and the slide imaged with a cytation3 

multimode reader with Gen5 2.08 software. (C) Mean fluorescence intensity of the spots 

was measured with ImageJ and plotted. The concentration at which the antigens were 

assessed is also shown. Error bars are means ± standard deviation (n=3).  
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3.2. Investigation of the stability of immobilized antigens on the epoxy-coated 

glass slides 

After showing that the antigens were immobilized on the microarray slide and could 

interact with the antibodies, we determined the optimal storage pH, temperature, and 

shelf-life of the immobilized antigens epoxy-coated slides. The pH studies were 

performed using PBS solutions at different pH values (pH 5.0, 6.0, 7.4, 8.0 and 9.0). The 

antigens were spotted five spots in a row (including the negative control PBS) in triplicates 

for each antigen at a concentration of 31300 ng/ml as this was one of the concentrations 

where we observed a strong reaction with the primary antibodies judging from the 

fluorescence obtained. After printing at the above-mentioned pH, the slide was blocked, 

followed by incubation with primary antibody at the corresponding pH. After addition of 

the secondary antibody, the slide was imaged.  From the results obtained, the 

immobilized antigens (p24, ESAT6, CFP10 and pstS1) had similar interaction with 

primary antibody at all tested pH (pH 5.0, 6.0, 7.4, 8.0 and 9.0) (Figure 2). The highest 

fluorescence intensity observed at pH 6.0, 7.4, 8.0 and 9.0 were comparable while at pH 

5.0 there was 2-fold decrease in intensity, and this was statistically significant (p<0.05) 

(Figure 2). Therefore, we concluded that the optimal pH range for the antigen-antibody 

reaction on our epoxy-coated slides was 6.0-9.0.  
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Figure 2: Effect of different pH on the immobilization of antigens on epoxy-coated 

glass slides. The antigens were printed and washed with PBS at different pH values. 

The bar graph shows fluorescence intensity obtained with M.tb pstS1 (A), ESAT6 (B), 

CFP10 (C) and HIV-1 p24 (D). Data represents mean ± standard deviation and error bars 

are standard deviation (n=3). Asterisks signifies statistical significance (p<0.05) between 

the fluorescence intensity of the highest reading and the lowest. (E) shows representative 

images obtained at different pH (pH 5.0, 6.0, 7.4, 8.0 and 9.0).  

 

The optimal storage and reaction temperature for the immobilized antigens was also 

evaluated as temperature can play an important role in the stability of proteins on 

functionalized microarray slides (Yousefi et al., 2018, Jorgensen et al., 2021). This study 

was performed by immobilizing the antigens (Five spots in a row including the negative 

control in triplicates for each antigen) on the epoxy-coated glass slides in triplicates and 

incubating them at different temperature conditions (-20 ˚C, 4 ˚C, 15 ˚C, 25 ˚C, 37 ˚C) for 

24 hours. This was followed by washing with PBS at pH 7.4, which was one of the optimal 
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pH established previously. The antigens were reacted with a cocktail of their associated 

primary antibodies at the concentration of 3906 ng/ml and fluorescence was measured 

after the addition of secondary antibodies labelled with a fluorescence dye. The 3906 

ng/ml primary antibody concentration used was determined experimentally to be optimal 

(Supplementary Figure A1). Based on the fluorescence intensities in Figure 3, the optimal 

temperature at which the p24, CFP10, ESAT6 and pstS1 antigens reacted with their 

antibodies was 25 ˚C, followed by 37 ˚C, 15 ˚C (except for p24 where 15 ˚C was the 

second-best temperature, followed by 37 ˚C), and 4 ˚C, while -20 ˚C had the lowest 

intensity. In fact, in general, the fluorescence intensity from slides stored at 25 ˚C was 

about 2-fold higher than the second-best storage temperature, and these differences 

were statistically significant (p<0.05) for all antigens except pstS1 (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Evaluation of the optimal storage temperature for the immobilized 

antigens. The immobilized antigens were stored at different temperatures (-20 ˚C, 4 ˚C, 

15 ˚C, 25 ˚C, and 37 ˚C) for 24 hours. The bar graphs of the fluorescence intensity 
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obtained from M.tb pstS1 (A) CFP10 (B), ESAT6 (C) and HIV-1 p24 (D) are shown. Data 

represents mean ± standard deviation (n=3) and asterisks indicate significant differences 

between the groups being compared. The slide images from which the bar graphs were 

plotted are shown in (E).  

 

After studying the stability of the immobilized antigens at different pH and temperature 

conditions, the next step was to determine whether the immobilized antigens on the epoxy 

glass slides should be stored dry or wet. We investigated this at pH 7.4 and room 

temperature given that they were determined to be optimal. This was done by printing the 

HIV-p24 as well as M.tb CFP10, ESAT6 and pstS1 antigens on glass slides followed by 

24 hours incubation at room temperature in PBS pH 7.4, which represented the wet 

condition, or dry. Experiments were performed in triplicates in three independent 

experiments (three slides for each condition).  From the results obtained, we observed 

fluorescence with both dry and wet slides (Figure 4). However, this intensity was lower 

for the antigens stored in PBS relative to the antigens stored dry (Figure 4B and C). In 

fact, the fluorescence intensity decreased by 2-fold for HIV-1 p24 and ESAT6, while the 

decrease was about 1.5-fold for CFP10 and pstS1. All these decreases were statistically 

significant (p<0.05). Therefore, storage in the dry proved to be the optimal condition. 
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Figure 4: Evaluation of the stability in dry and wet storage conditions of the HIV 

and TB antigens immobilized on the epoxy-coated glass slide. The antigens were 

stored in PBS and dry at room temperature for 24 hours. (A) The mean fluorescence of 

each spot was measured and plotted. Data represent mean ± standard deviation (n=3) 

and asterisks shows significant difference between groups. (B) and (C) representative 

PBS and dry storage image, respectively, used to plot the graph in (A).  

 

Lastly, we determined the shelf-life of the immobilized antigens on the epoxy-coated 

slides. This to get an indication of the durability of the immobilized antigens on the slide. 

To achieve this, seven slides were coated with the HIV-1 p24 as well as M.tb CFP10, 

ESAT6 and pstS1 antigens at room temperature for an hour, washed and incubated dry 

(the optimal storage condition determined above) for different number of days. The 

incubation time points included day 1 to day 90 with fluorescence intensity readings after 

15 days interval. Fluorescence was detected on all antigens from day 1 through day 90 

after the incubation of the immobilized antigens with primary and secondary antibodies 

(Figure 5). However, a decrease in the mean fluorescence intensity, as measured using 
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the ImageJ software, was observed with longer periods of incubation, i.e., in most cases 

day 1 and day 15 yielded the highest fluorescence intensity while day 75 and day 90 had 

the lowest. In most cases these differences were statistically significant (p<0.05). In fact, 

there was a progressive and consistent decrease in fluorescence intensity emitted from 

the slides as the shelf-life moved toward day 90. However, it is important to note that even 

at the day 90 there were still clear detection of all the antigens on the microarray slide, 

implying that our HIV/TB co-infection detection technology has the potential to last on the 

shelf for at least three months. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Evaluation of the shelf-life of the immobilized HIV and TB antigens on the 

epoxy-coated glass slides. The slides with immobilized antigens were stored dry at 

room temperature from day 1 to day 90, followed by addition of primary and secondary 

antibodies, with fluorescence reading after every 15 days. The bar graphs show mean 

fluorescence intensity obtained when slides with M.tb pstS1 (A), CFP10 (B), ESAT6 (C) 
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or HIV-1 p24 (D) were stored dry for 90 days. Data represents mean ± standard deviation 

(n=2) and asterisks signifies significant difference between the groups compared.  

 

3.3. Comparison of the antigen-antibody reactions between the microarray epoxy-

coated slide platform and the protein polystyrene high-binding plates  

Next, we studied the sensitivity of the microarray-based multiplex technology. The assay 

was conducted by diluting antibodies in PBS or human serum and incubating them with 

the epoxy-coated slides containing immobilized antigens. The use of human serum was 

to determine how specific and sensitive the antigen-antibody reactions would be when 

the antibodies were in the presence of proteins that are commonly found in human blood. 

The concentrations evaluated for the HIV and TB antibodies on the epoxy slides ranged 

from 0.954 to 250 000 ng/ml where a 64-fold serial dilution was performed. The 

concentration range for the primary antibodies selected for this study is similar to what is 

commonly found in human blood during HIV and TB natural infections (Raux et al., 1999, 

Kimuda et al., 2017). From the results obtained, the lowest detection concentration of the 

primary antibodies against all antigens was determined to be 0.954 ng/ml for both PBS 

and human serum diluted antibodies (Table 1). The highest fluorescence intensity and 

the brightest spots were observed at the highest concentration of 250 000 ng/ml for all 

antigen-antibody interactions, and this intensity decreased with decreasing antibody 

concentration (Figure 6). No fluorescence was observed on the negative control spots 

where PBS was spotted instead of antigens. Comparable results were obtained when the 

primary antibodies were diluted in PBS, implying that proteins found in human serum are 

not likely to interfere with our diagnostic technology antigen-antibody interactions 

(Supplementary Figure A1).  
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Figure 6: Evaluation of the sensitivity of the assay using epoxy-coated glass slides. 

Anti-pstS1, anti-CFP10, anti-p24 and anti-ESAT6 primary antibodies were diluted in 

human serum to mimic in vivo conditions. The antigen and secondary antibody 

concentrations were kept constant while primary antibody concentrations varied. Mean 

fluorescence intensity values obtained for pstS1 (A), CFP10 (B), p24 (C) and ESAT6 (D) 

are presented as bar graphs. Data represents mean ± standard deviation (n=4). (E) A 

representative image of the slide used to plot the bar graphs.   

 

Since the use of high-binding plates for immunoassays is the gold standard (Jorgensen 

et al., 2021, Viitala et al., 2013), we replicated our microarray technology-based 

immunoassay (with primary antibodies diluted in PBS or human serum) in these plates to 

compare their performance. We observed that the limit of detection obtained from the 

high-binding plates was higher compared to the epoxy slides when the antibodies were 
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diluted in either PBS or human serum (Figure 6, supplementary Figure A1 and A2). To 

be precise, this limit in PBS was between 255 to 4094-fold higher using the plates 

compared to the microarray slide and the difference was statistically significant (p<0.05) 

(Table 1). When the assay was performed in human serum, the limit of detection for the 

plates was increased from 341 to 16373-fold compared to the microarray platform and 

the difference was statistically significant (p<0.05). Overall, the human serum spiked with 

HIV and TB showed higher limits of detection compared to the antibodies diluted in PBS 

due to the possibility of obstruction of binding in the former. In conclusion, our diagnostic 

technology on microarray slides showed significantly higher sensitivity than when the 

same assay was performed on the high-binding plates which are commonly used.  

  

Table 1: A head-to-head comparison of sensitivity between the epoxy-coated glass slide 

and high-binding plates.  

 

 

Primary 
antibody 

Limit of detection concentration (ng/ml) 

Primary antibodies diluted in PBS Primary antibodies diluted in human 
serum 

Epoxy-coated 
glass slides 

Polystyrene high-
binding microtiter 

plates 

Epoxy-coated 
glass slides 

Polystyrene high-
binding microtiter 

plates 

Anti-p24 0.954 244.1 0.954 976.5 

Anti-

ESAT6 

0.954 244.1 0.954 325.5 

Anti-

CFP10 

0.954 244.1 0.954 976.5 

Anti-

pstS1 

0.954 3906 0.954 15620 

 

Lastly, to determine the specificity of our diagnostic technology, i.e., the absence of cross 

reactivity, microarray slides containing all the antigens were incubated with a human 

serum cocktail of the primary antibodies missing one antibody at a time. This was done 

to see if the antigen corresponding to the absent antibody will bind to the remaining 
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primary antibodies in the cocktail. In another variation of this experiment, we incubated 

the four antigen coated microarray slides with only one antibody at a time to see if this 

antibody will react with the other antigens besides its own. In either experimental set-up, 

we observed no cross reactivity between the antigens and antibodies (Figure 7 and 

supplementary Figure A3). In all, these data suggest that our microarray-based 

technology is likely to perform with high specificity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Microarray plates antigen-antibody reaction specificity in human serum. 

Immobilized antigens were incubated with cocktails of primary antibodies missing one 

antibody at a time. Antigens and secondary antibody concentrations were kept constant 

while primary antibodies were serially diluted. (A) A line graph representing the 

fluorescence intensity obtained when immobilized antigens were incubated in a cocktail 

of primary antibodies missing the anti-pstS1 antibody; B, C and D are graphs for reactions 

missing anti-CFP10 or anti-ESAT6 or anti-p24, respectively. Data represents mean ± 

standard deviation (n=4). 
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4. Discussion 

In this study, we sought to develop a multiplex technology for the detection of HIV and TB 

co-infection. Here epoxy functionalized slides were used to immobilize HIV-1 p24 as well 

as M.tb antigens CFP10, ESAT6 and pstS1 using covalent chemistry, and these were 

used to capture their respective antibodies in solution. The sensitivity and specificity of 

this multiplex microarray-based antibody-antigen reaction was then studied and 

compared to the gold standard platform, i.e., high-binding 96 well plate. We found that 

the antigen-antibody reactions on the microarray slide were significantly more specific 

and sensitive compared to results obtained in high-binding plates. In fact, the limit of 

detection of the primary antibodies using our microarray-based diagnostic technology was 

on average about 4690-fold lower compared to the plates. We have also shown that the 

microarray technology in this study is stable at different pH and temperature conditions 

as well as could be stored dry for at least three months. These findings suggest that our 

microarray-based technology has potential for use to diagnose HIV and TB co-infection 

and that the immunoassay conducted using this platform is likely to perform better than 

when commonly used high-binding plates are employed. These findings support further 

development of this technology for application in HIV and TB co-infection diagnostic. 

The fact that the human serum we used was spiked with HIV and TB antibodies at a 

concentration that is commonly found in infected individuals (Raux et al., 1999, Kimuda 

et al., 2017) and were able to detect these antibodies using our microarray technology 

suggests that this technology is likely to work when actual human samples are used. 

Previous investigators have also spiked the analyte in human serum and found that the 

results could be replicated when actual human samples were used (Yeung et al., 2016, 

Wang et al., 2003, Toedter et al., 2008). Furthermore, the use of the human serum 

mimicked in vivo conditions where the HIV and TB antibodies could be present in the 

presence of other human proteins. The data obtained were compared to that of gold 

standard high-binding plates, and we found that the slides were more sensitive with the 

average limit of detection determined to be 0.954 ng/ml for antibodies against the four 

antigens, while for the plates this limit was on average 4474.6 ng/ml. Although,  the limit 

of detection reported by other researchers for the detection of p24 antibodies in spiked 

blood (using p24 antigens immobilized on a chip and  fluorescence as the mode of 
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detection) such as that reported by Liu et al., was as low as 17 pg/ µl (Liu et al., 2021c), 

the limit of detection with the epoxy coated glass slides is still low enough to detect 

antibodies in human blood samples, albeit a lower detection limit would have been more 

favorable.  

 

To explain the striking difference of the results obtained from the epoxy coated glass 

slides and high-binding plates,  two platforms (slides and plates), it is important to note 

that on the slides the antigens are immobilized using a covalent bond while on the high-

binding plates they are immobilized by adsorption using van der Waals, hydrophobic 

and/or electrostatic interactions (Bhakta et al., 2015). Since the covalent bond is stronger 

than the van der Waals, hydrophobic and/or electrostatic interactions (Liu et al., 2018b, 

Mallinson et al., 2003), the chances for some of the immobilized antigens being lost, for 

example by washing out during the assay, is much more reduced on the slides compared 

to the plates. It is also possible that the high sensitivity of the epoxy coated glass slides 

microarray technology compared to the high-binding plate was due to the fact that 

different instruments were used for the detection of fluorescence because of technical 

restrictions i.e., the slides were read using the cytation3 multimode reader while the plate 

DTX 880 Multimode detector was used for the high binding plates. In fact, the cytation 3 

used to read the slides was 200 folds more sensitive than the DTX 880 plate reader 

according to the manufacturer specifications, which could possibly explain the difference 

in the sensitivity obtained with the two platforms. Nonetheless, the fact that we observed 

similar sensitivity when comparing PBS and human serum results for either the 

microarray slide or the microtiter plate indicates that the presence of other human proteins 

did not interfere with the antigen-antibody reaction on these two platforms The similarity 

in this particular characteristic between the microarray slides and the high-binding plates 

was somewhat expected because the interaction between the antigen-antibody does not 

rely on the surface chemistry of the microarray slides or high-binding plates as long as 

the immobilized antigen is in the correct conformation. Lastly, we did not observe any 

cross reactivity between the antigen-antibody reaction on the microarray slides. This is 

consistent with numerous studies that have shown the high specificity of this reaction 

(Kapingidza et al., 2020, Cervia et al., 2021, Van Regenmortel, 2014). Also the high 
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specificity of protein-protein interactions on the microarray slide have been previously 

described, for example, Koukouvinos et al., studied the cross-reactivity of mycotoxins in 

a protein microarray and found that the antibody-mycotoxin reactions were highly specific 

(Koukouvinos et al., 2021).  

 

Since proteins have three-dimensional structures and can easily lose their reactivity due 

to factors such as pH and temperature, they are prone to denaturation during printing and 

immobilization if the conditions are not ideal (Ellington et al., 2010). Our data suggests 

that the proteins captured on our microarray slides are likely to remain stable at room 

temperature and neutral pH. This is critical as routine laboratory diagnostics are 

commonly conducted at room temperature (Ndlovu et al., 2018, Shah et al., 2009, Lawn 

et al., 2011) and human blood has a pH of 7.4 (Kellum, 2000, Brunskill et al., 2012). Also, 

the fact that storage in dry conditions did not affect the performance of our microarray 

slide indicates that they can be stored without special requirements, which is very 

important, especially for resource poor settings. Here, it is worth noting that HIV and TB 

co-infection is a bigger problem in developing countries, which often have limited 

resources (Parsons et al., 2011, Karim et al., 2009). Lastly, we tested the shelf-life of our 

technology for three months, and during this period we observed that fluorescence could 

still be obtained on all the antigens spots printed on the slide even on day 90. This 

observation was similar to what was reported by Jorgensen and colleagues where they 

showed that printed antibody arrays could be stored for twelve weeks without losing their 

function in 96 well microtiter plates (Jorgensen et al., 2021).  On the other hand, the widely 

used antibody HIV rapid test can be stored for a period of six months according to the 

manufacturer, which is double the storage time of our technology. However, it is possible 

that the actual shelf-life of the HIV/TB multiplex diagnostic technology is longer than three 

months as fluorescence was still observed at day 90. This could also offer more 

advantages in resource constrained settings, like what was reported by Asghar et al., 

where they showed that HIV antibodies can be stored at room temperature for a period 

of six month on an immune-functionalized device developed for possible use in resource 

limited settings for detection of HIV infection (Asghar et al., 2016).  Thus, the shelf-life of 

our study must be proven experimentally beyond 90 days as it is desirable for developed 
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assay to have a long shelf-life to accommodate underserved communities (Asghar et al., 

2016, Delaney et al., 2011, Naseri et al., 2022). 

  

For coating the microarray slide we selected epoxy as the functional group, as it interacts 

with the amine group at the N-terminus of the protein for immobilization (Krizkova et al., 

2015, Sauer, 2017). This ensured that the immobilized protein is free to interact with its 

target (Krizkova et al., 2015, Sauer, 2017). Yousefi et al. showed that the epoxy functional 

group performed better as a microarray slide coating agent when compared to other 

functional groups (Yousefi et al., 2018). This is a study to consider in future for this 

multiplex technology to see how the HIV and TB antigen-antibody reactions employed in 

this study behave when using other glass slide functionalized with groups such as 

aldehyde.  

As for current limitation of the study, we think the data presented here can be 

complemented by those using actual human blood samples of HIV and TB co-infected 

patients. This being said, we are also aware that many investigators in the past used 

human serum spiked with antibodies, the same as we did here, for validation of 

technologies meant to detect biomarkers in human blood samples (Pultar et al., 2009, 

Mytych et al., 2009a, Mohammadi et al., 2018, Maple et al., 2004, Albrecht et al., 2008). 

In addition, the thorough comparison with other diagnostic methods for active TB such as 

M.tb culture or HIV PCR and Western blotting will be very useful in assessing our novel 

technology performance. Lastly as stated above, a longer storage study, particularly with 

the wet storage condition can be of benefit for further development of this technology. 

In conclusion, we have shown that HIV-1 p24 as well as M.tb CFP10, ESAT6 and pstS1 

antigens can successfully be conjugated or printed on epoxy-coated glass slides at 

different pH and temperature conditions. We have also shown that the immobilized 

antigens on the slides can be stored for at least three months without compromising their 

function. Most importantly, these antigens were able to capture their complementary 

primary antibodies in human serum; and the multiplex microarray diagnostic technology 

showed high specificity and sensitivity when compared to immunoassay performed on 

high-binding plates. Thus, this is a promising diagnostic technology that requires further 

development for the detection of HIV and TB co-infection.  
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5. Appendix A 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1: Evaluation of sensitivity of epoxy-coated glass slides assay in PBS. 

Primary antibodies were serially diluted in PBS while the antigen and secondary antibody 

concentrations were kept constant. Fluorescence intensity values for pstS1 (A), CFP10 

(B), ESAT6 (C) and p24 (D) are presented as bar graphs. Data represent mean ± 

standard deviation (n=4). (E) A representative image of the fluorescence emitted on the 

microarray slide.  
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Figure A2: Determination of antigen-antibody reaction sensitivity for the microtiter 

plates. The concentration of immobilized antigen and secondary antibodies were kept 

constant while that of the primary antibodies varied. (A) shows the fluorescence intensity 

obtained when HIV and TB antibodies were diluted in PBS while (B) shows the intensity 

obtained when these antibodies were diluted in human serum. Error bars represent mean 

± standard deviation (n=4).  
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Figure A3: Alternative set-up of Microarray plates antigen-antibody reaction 

specificity in human serum. The immobilized antigens were incubated with the anti-p24 

antibody (A), anti-ESAT6 antibody (B), anti-CFP10 antibody (C) or anti-pstS1 antibody 

(D) before the addition of the Alexa fluor 488 labelled secondary antibodies. Data 

represents mean ± standard deviation (n=3).  

 

 

 



76 
 

6. References 
 

1. UNIAIDS, Global HIV & AIDS statistics — Fact sheet. 2021. p. 1-7. 

2. TIEWSOH, J.B.A., B. ANTONY, AND R. BOLOOR, HIV-TB co-infection with 

clinical presentation, diagnosis, treatment, outcome and its relation to CD4 count, 

a cross-sectional study in a tertiary care hospital in coastal Karnataka. J Family 

Med Prim Care, 2020. 9(2): p. 1160-1165. 

3. RIOS-HINCAPIE, C.Y., et al., Delays in HIV and TB diagnosis and treatment 

initiation in co-infected patients in Colombia. Int J STD AIDS, 2020. 31(5): p. 410-

419. 

4. DEWAN, R., et al., Role of cartridge-based nucleic acid amplification test 

(CBNAAT) for early diagnosis of pulmonary tuberculosis in HIV. Indian Academy 

of Clinical Medicine, 2015. 16: p. 114-117. 

5. SCOTT, L., et al., Diagnosis of opportunistic infections: HIV co-infections - 

tuberculosis. Current Opinion in Hiv and Aids, 2017. 12(2): p. 129-138. 

6. CHEON, S.A., et al., Recent tuberculosis diagnosis toward the end TB strategy. J 

Microbiol Methods, 2016. 123: p. 51-61. 

7. GINA, P., et al., Early morning urine collection to improve urinary lateral flow LAM 

assay sensitivity in hospitalised patients with HIV-TB co-infection. Bmc Infectious 

Diseases, 2017. 17. 

8. RYU, Y.J., Diagnosis of pulmonary tuberculosis: recent advances and diagnostic 

algorithms. Tuberc Respir Dis (Seoul), 2015. 78(2): p. 64-71. 

9. LIU, H., V. SCHITTNY, AND M.A. NASH, Removal of a Conserved Disulfide Bond 

Does Not Compromise Mechanical Stability of a VHH Antibody Complex. Nano 

Lett, 2019. 19(8): p. 5524-5529. 

10. SAUER, U., Analytical Protein Microarrays: Advancements Towards Clinical 

Applications. Sensors, 2017. 17(2). 

11. SUTANDY, F.X., et al., Overview of protein microarrays. Curr Protoc Protein Sci, 

2013. Chapter 27: p. Unit 27 1. 

12. TEMPLIN, M.F., et al., Protein microarray technology. Drug Discovery Today, 

2002. 7(15): p. 815-822. 



77 
 

13. HAAB, B.B., Antibody Arrays in cancer research. Molecular & Cellular Proteomics, 

2005. 4(4): p. 377-383. 

14. SEIDEL, M. AND R. NIESSNER, Automated analytical microarrays: a critical 

review. Anal Bioanal Chem, 2008. 391(5): p. 1521-44. 

15. CHEN, Z.A., et al., Integrated Analysis of Multiple Microarray Studies to Identify 

Novel Gene Signatures in Ulcerative Colitis. Frontiers in Genetics, 2021. 12.1-8. 

16. GOVARTHANAN, K., et al., DNA methylation microarray uncovers a permissive 

methylome for cardiomyocyte differentiation in human mesenchymal stem cells. 

Genomics, 2020. 112(2): p. 1384-1395. 

17. LIN, X.M. AND Y.H. CHEN, Identification of Potentially Functional CircRNA-

miRNA-mRNA Regulatory Network in Hepatocellular Carcinoma by Integrated 

Microarray Analysis. Medical Science Monitor Basic Research, 2018. 24: p. 70-78. 

18. WANG, S., et al., The Functional Analysis of Selenium-Related Genes and 

Magnesium-Related Genes in the Gene Expression Profile Microarray in the 

Peripheral Blood Mononuclear Cells of Keshan Disease. Biological Trace Element 

Research, 2019. 192(1): p. 3-9. 

19. ZHANG, H.Y., A.M. KLOSE, AND B.L. MILLER, Label-Free, Multiplex Glycan 

Microarray Biosensor for Influenza Virus Detection. Bioconjugate Chemistry, 2021. 

32(3): p. 533-540. 

20. Zhang, H., et al., A DNA tetrahedral structure-mediated ultrasensitive fluorescent 

microarray platform for nucleic acid test. Sensors and Actuators B-Chemical, 2020. 

321. 1-13. 

21. WU, T.S., et al., Identification of potential circRNA-miRNA-mRNA regulatory 

networks in response to graphene quantum dots in microglia by microarray 

analysis. Ecotoxicology and Environmental Safety, 2021. 208.1-18. 

22. RUANO-GALLEGO, D., et al., A multiplex antigen microarray for simultaneous IgG 

and IgM detection against SARS-CoV-2 reveals higher seroprevalence than 

reported. Microb Biotechnol, 2021. 14(3): p. 1228-1236. 

23. KHAN, S., et al., Analysis of Serologic Cross-Reactivity Between Common Human 

Coronaviruses and SARS-CoV-2 Using Coronavirus Antigen Microarray. bioRxiv, 

2020.1-22. 



78 
 

24. POHLMANN, C. AND T. ELSSNER, Multiplex Immunoassay Techniques for On-

Site Detection of Security Sensitive Toxins. Toxins, 2020. 12(11).1-19. 

25. FAN, Y.P., et al., High-sensitive and multiplex biosensing assay of NSCLC-derived 

exosomes via different recognition sites based on SPRi array. Biosensors & 

Bioelectronics, 2020. 154.1-15. 

26. COHEN, L. AND D.R. WALT, Highly Sensitive and Multiplexed Protein 

Measurements. Chemical Reviews, 2019. 119(1): p. 293-321. 

27. ZHAO, J., et al., In Silico Methods in Antibody Design. Antibodies, 2018. 7(3).1-

12. 

28. MEHRAJ, S.N., Hina Qayoom and Manzoor A. Mir, INTRODUCTION TO 

IMMUNOGLOBULINS, in Immunoglobulins, Magic Bullets and Therapeutic 

Antibodies, M.A. Mir, Editor. 2020, NOVA Bio-Medical Publishers New York USA. 

p. 1-323. 

29. BHARDWAJ, V.K. AND R. PUROHIT, A new insight into protein-protein 

interactions and the effect of conformational alterations in PCNA. International 

Journal of Biological Macromolecules, 2020. 148: p. 999-1009. 

30. GUNASEKARA, H., R. MUNAWEERA, AND Y.S. HU, Chaotropic Perturbation of 

Noncovalent Interactions of the Hemagglutinin Tag Monoclonal Antibody 

Fragment Enables Superresolution Molecular Census. Acs Nano, 2022. 16(1): p. 

129-139. 

31. RUSMINI, F., Z.Y. ZHONG, AND J. FEIJEN, Protein immobilization strategies for 

protein biochips. Biomacromolecules, 2007. 8(6): p. 1775-1789. 

32. JIAN, M.H., et al., Profiling of multiple matrix metalloproteinases activities in the 

progression of osteosarcoma by peptide microarray-based fluorescence assay on 

polymer brush coated zinc oxide nanorod substrate. Sensors and Actuators B-

Chemical, 2021. 330.1-28. 

33. SHLYAPNIKOV, Y.M., E.A. MALAKHOVA, AND E.A. SHLYAPNIKOVA, Improving 

Immunoassay Performance with Cleavable Blocking of Microarrays. Anal Chem, 

2021. 93(2): p. 1126-1134. 



79 
 

34. YOUSEFI, H., et al., Producing Covalent Microarrays of Amine-Conjugated DNA 

Probes on Various Functional Surfaces to Create Stable and Reliable Biosensors. 

Advanced Materials Interfaces, 2018. 5(16). 1-15. 

35. ZHU, C.G., et al., Developing an Efficient and General Strategy for Immobilization 

of Small Molecules onto Microarrays Using Isocyanate Chemistry. Sensors, 2016. 

16(3).1-22. 

36. DAVIDOW, A., et al., Antibody profiles characteristic of Mycobacterium 

tuberculosis infection state. Infection and Immunity, 2005. 73(10): p. 6846-6851. 

37. de ARAUJO, L.S., et al., IgG subclasses' response to a set of mycobacterial 

antigens in different stages of Mycobacterium tuberculosis infection. Tuberculosis, 

2018. 108: p. 70-76. 

38. KHURSHID, S., et al., Truncation of PstS1 antigen of Mycobacterium tuberculosis 

improves diagnostic efficiency. Tuberculosis, 2013. 93(6): p. 654-659. 

39. WATSON, A., et al., Human antibodies targeting a Mycobacterium transporter 

protein mediate protection against tuberculosis. Nature Communications, 2021. 

12(1). 1-28. 

40. JORGENSEN, M.M., J.K. SLOTH, AND R. BAEK, Optimization of High-

Throughput Multiplexed Phenotyping of Extracellular Vesicles Performed in 96-

Well Microtiter Plates. Polymers, 2021. 13(14). 1-23. 

41. TSOUGENI, K., et al., Three-dimensional (3D) plasma micro-nanotextured slides 

for high performance biomolecule microarrays: Comparison with epoxy-silane 

coated glass slides. Colloids and Surfaces B-Biointerfaces, 2018. 165: p. 270-277. 

42. MUJAWAR, L.H., et al., Rapid mastitis detection assay on porous nitrocellulose 

membrane slides. Analytical and Bioanalytical Chemistry, 2013. 405(23): p. 7469-

7476. 

43. RAUX, M., et al., Comparison of the distribution of IgG and IgA antibodies in serum 

and various mucosal fluids of HIV type 1-infected subjects. Aids Research and 

Human Retroviruses, 1999. 15(15): p. 1365-1376. 

44. KIMUDA, S.G., et al., Use of QuantiFERON(R)-TB Gold in-tube culture 

supernatants for measurement of antibody responses. PLoS One, 2017. 12(11): 

p. e0188396-112. 



80 
 

45. VIITALA, S.M., et al., Surface-activated microtiter-plate microarray for 

simultaneous CRP quantification and viral antibody detection. Diagn Microbiol 

Infect Dis, 2013. 75(2): p. 174-9. 

46. YEUNG, D., et al., Evaluation of highly sensitive immunoassay technologies for 

quantitative measurements of sub-pg/mL levels of cytokines in human serum. J 

Immunol Methods, 2016. 437: p. 53-63. 

47. WANG, W.X., et al., Quantification of proteins and metabolites by mass 

spectrometry without isotopic labeling or spiked standards. Analytical Chemistry, 

2003. 75(18): p. 4818-4826. 

48. TOEDTER, G., et al., Simultaneous detection of eight analytes in human serum by 

two commercially available platforms for multiplex cytokine analysis. Clinical and 

Vaccine Immunology, 2008. 15(1): p. 42-48. 

49. BHAKTA, S.A., et al., Protein adsorption onto nanomaterials for the development 

of biosensors and analytical devices: a review. Anal Chim Acta, 2015. 872: p. 7-

25. 

50. LIU, S., et al., Identifying Strong Covalent Interactions with Pauli Energy. J Phys 

Chem A, 2018. 122(11): p. 3087-3095. 

51. MALLINSON, P.R., et al., From weak interactions to covalent bonds: a continuum 

in the complexes of 1,8-bis(dimethylamino)naphthalene. J Am Chem Soc, 2003. 

125(14): p. 4259-70. 

52. KAPINGIDZA, A.B., K. Kowal, and M. Chruszcz, Antigen-Antibody Complexes. 

Subcell Biochem, 2020. 94: p. 465-497. 

53. CERVIA, C., et al., Systemic and mucosal antibody responses specific to SARS-

CoV-2 during mild versus severe COVID-19. J Allergy Clin Immunol, 2021. 147(2): 

p. 545-557 e9. 

54. Van REGENMORTEL, M.H., Specificity, polyspecificity, and heterospecificity of 

antibody-antigen recognition. J Mol Recognit, 2014. 27(11): p. 627-39. 

55. KOUKOUVINOS, G., et al., Fluorescence Enhancement on Silver-Plated Plasma 

Micro-Nanostructured 3D Polymeric Microarray Substrates for Multiplex Mycotoxin 

Detection. Processes, 2021. 9(2).1-23. 



81 
 

56. ELLINGTON, A.A., et al., Antibody-Based Protein Multiplex Platforms: Technical 

and Operational Challenges. Clinical Chemistry, 2010. 56(2): p. 186-193. 

57. NDLOVU, Z., et al., Multidisease testing for HIV and TB using the GeneXpert 

platform: A feasibility study in rural Zimbabwe. PLoS One, 2018. 13(3): p. 

e0193577. 

58. SHAH, M., et al., Diagnostic accuracy of a urine lipoarabinomannan test for 

tuberculosis in hospitalized patients in a High HIV prevalence setting. J Acquir 

Immune Defic Syndr, 2009. 52(2): p. 145-51. 

59. LAWN, S.D., et al., Screening for HIV-Associated Tuberculosis and Rifampicin 

Resistance before Antiretroviral Therapy Using the Xpert MTB/RIF Assay: A 

Prospective Study. Plos Medicine, 2011. 8(7).1-19. 

60. KELLUM, J.A., Determinants of blood pH in health and disease. Critical Care, 

2000. 4(1): p. 6-14. 

61. BRUNSKILL, S., et al., What Is the Maximum Time That a Unit of Red Blood Cells 

Can Be Safely Left Out of Controlled Temperature Storage? Transfusion Medicine 

Reviews, 2012. 26(3): p. 209-223. 

62. PARSONS, L.M., et al., Laboratory Diagnosis of Tuberculosis in Resource-Poor 

Countries: Challenges and Opportunities. Clinical Microbiology Reviews, 2011. 

24(2): p. 314-325. 

63. KARIM, S.S.A., et al., Health in South Africa 3 HIV infection and tuberculosis in 

South Africa: an urgent need to escalate the public health response. Lancet, 2009. 

374(9693): p. 921-933. 

64. KRIZKOVA, S., et al., Nanotechnologies in protein microarrays. Nanomedicine, 

2015. 10(17): p. 2743-2755. 

65. PULTAR, J., et al., Aptamer-antibody on-chip sandwich immunoassay for 

detection of CRP in spiked serum. Biosensors & Bioelectronics, 2009. 24(5): p. 

1456-1461. 

66. MYTYCH, D.T., et al., The development and validation of a sensitive, dual-flow 

cell, SPR-based biosensor immunoassay for the detection, semi-quantitation, and 

characterization of antibodies to darbepoetin alfa and epoetin alfa in human serum. 

Journal of Pharmaceutical and Biomedical Analysis, 2009. 49(2): p. 415-426. 



82 
 

67. MOHAMMADI, S., et al., A FRET immunosensor for sensitive detection of CA 15-

3 tumor marker in human serum sample and breast cancer cells using antibody 

functionalized luminescent carbon-dots and AuNPs-dendrimer aptamer as donor-

acceptor pair. Anal Biochem, 2018. 557: p. 18-26. 

68. MAPLE, L., et al., Development and validation of ELISA for Herceptin detection in 

human serum. Journal of Immunological Methods, 2004. 295(1-2): p. 169-182. 

69. ALBRECHT, C., N. KAEPPEL, AND G. GAUGLITZ, Two immunoassay formats for 

fully automated CRP detection in human serum. Analytical and Bioanalytical 

Chemistry, 2008. 391(5): p. 1845-1852. 

70.     ALCAIDE, F., TRASTOY, R., MOURE, R., GONZÁLEZ-BARDANCA, M., AMBROA, 

A., LÓPEZ, M., BLERIOT, I., BLASCO, L., FERNANDEZ-GARCÍA, L., TATO, M., 

BOU, G., TOMÁS, M. & B, M. G. S. R. 2019. Multiplex Real-Time PCR-short Assay 

for Detection of the Complex in Smear-Negative Clinical Samples with Low 

Mycobacterial Loads. Journal of Clinical Microbiology, 57.1-15. 

71.    ARLEHAMN, C. S. L., SIDNEY, J., HENDERSON, R., GREENBAUM, J. A., JAMES, 

E. A., MOUTAFTSI, M., COLER, R., MCKINNEY, D. M., PARK, D., TAPLITZ, R., 

KWOK, W. W., GREY, H., PETERS, B. & SETTE, A. 2012. Dissecting 

Mechanisms of Immunodominance to the Common Tuberculosis Antigens ESAT-

6, CFP10, Rv2031c (hspX), Rv2654c (TB7.7), and Rv1038c (EsxJ). Journal of 

Immunology, 188, 5020-5031. 

72.   ASGHAR, W., YUKSEKKAYA, M., SHAFIEE, H., ZHANG, M., OZEN, M. O., INCI, 

F., KOCAKULAK, M. & DEMIRCI, U. 2016. Engineering long shelf life multi-layer 

biologically active surfaces on microfluidic devices for point of care applications. 

Sci Rep, 6, 21163-82. 

72.   BAJRAMI, R., MULLIQI, G., KURTI, A., LILA, G. & RAKA, L. 2018. Assessment of 

diagnostic accuracy of GeneXpert Mycobacterium tuberculosis/rifampicin in 

diagnosis of pulmonary tuberculosis in Kosovo. Biomedical and Biotechnology 

Research Journal, 2, 191-195. 



83 
 

73. BEKMURZAYEVA, A., SYPABEKOVA, M. & KANAYEVA, D. 2013. Tuberculosis 

diagnosis using immunodominant, secreted antigens of. Tuberculosis, 93, 381-

388. 

74. BORGSTRÖM, E. W., FRÖBERG, G., CORREIA-NEVES, M., ATTERFELT, F. B., 

BELLBRANT, J., SZULKIN, R., CHRYSSANTHOU, E., ÄNGEBY, K., TECLEAB, 

T., RUHWALD, M., ANDERSEN, P., KÄLLENIUS, G. & BRUCHFELD, J. 2020. 

CD4 T cell proliferative responses to PPD and CFP-10 associate with recent  

infection. Tuberculosis, 123. 1-18. 

75.  BUA, A., ZANETTI, S., PEIGOTTU, M. F., MONTESU, M. A. & MOLICOTTI, P. 2018. 

Limitations of quantiferon-TB gold assay for screening of psoriasis patients prior 

to anti-tumour necrotic factor treatment. Infectious Diseases, 50, 317-319. 

76.  CHEN, H. M., LI, S. S., ZHAO, W. J., DENG, J. H., YAN, Z. H., ZHANG, T. T., WEN, 

S. A., GUO, H. P., LI, L., YUAN, J. F., ZHANG, H. T., MA, L. P., ZHENG, J. H., 

GAO, M. Q. & PANG, Y. 2022. A Peptidomic Approach to Identify Novel Antigen 

Biomarkers for the Diagnosis of Tuberculosis. Infection and Drug Resistance, 15, 

4617-4626. 

77.  CLEMMENSEN, H. S., KNUDSEN, N. P. H., BILLESKOV, R., ROSENKRANDS, I., 

JUNGERSEN, G., AAGAARD, C., ANDERSEN, P. & MORTENSEN, R. 2020. 

Rescuing ESAT-6 Specific CD4 T Cells From Terminal Differentiation Is Critical for 

Long-Term Control of Murine Mtb Infection. Frontiers in Immunology, 11. 1-22. 

78.  DE ARAUJO, L. S., MELLO, F. C. D., DA SILVA, N. D. M., LEUNG, J. A. M., 

MACHADO, S. M. A., SARDELLA, I. G., MACIEL, R. D. & SAAD, M. H. F. 2014. 

Evaluation of Gamma Interferon Immune Response Elicited by the Newly 

Constructed PstS-1 (285-374):CFP10 Fusion Protein To Detect Infection (vol 21, 

pg 552, 2014). Clinical and Vaccine Immunology, 21, 1600-1620. 

79.   DE FARIA, M. G. B. F., ANDRADE, R. L. D., CAMILLO, A. J. G., LEITE, K. F. D., 

SAITA, N. M., BOLLELA, V. R., DE REZENDE, C. E. M. & MONROE, A. A. 2021. 

Effectiveness of GeneXpert® in the diagnosis of tuberculosis in people living with 

HIV/AIDS. Revista De Saude Publica, 55.1-25. 



84 
 

80.   DELANEY, K. P., BRANSON, B. M., UNIYAL, A., PHILLIPS, S., CANDAL, D., 

OWEN, S. M. & KERNDT, P. R. 2011. Evaluation of the performance 

characteristics of 6 rapid HIV antibody tests. Clin Infect Dis, 52, 257-63. 

81.  DIELI, F. & IVANYI, J. 2022. Role of antibodies in vaccine-mediated protection 

against tuberculosis. Cellular & Molecular Immunology, 19, 758-760. 

82. ESPINOSA-CUETO, P., MAGALLANES-PUEBLA, A. & MANCILLA, R. 2020. 

Phosphate starvation enhances phagocytosis of Mycobacterium bovis/BCG by 

macrophages. BMC Immunol, 21, 34.1-9. 

83.  FERRARIS, D. M., SPALLEK, R., OEHLMANN, W., SINGH, M. & RIZZI, M. 2014. 

Crystal structure of the Mycobacterium tuberculosis phosphate binding protein 

PstS3. Proteins-Structure Function and Bioinformatics, 82, 2268-2274. 

84.  FITZGERALD, N., CROSS, M., O'SHEA, S. & FOX, J. 2017. Diagnosing acute HIV 

infection at point of care: a retrospective analysis of the sensitivity and specificity 

of a fourth-generation point-of-care test for detection of HIV core protein p24. 

Sexually Transmitted Infections, 93, 100-101. 

85.  GRAY, E. R., BAIN, R., VARSANEUX, O., PEELING, R. W., STEVENS, M. M. & 

MCKENDRY, R. A. 2018. p24 revisited: a landscape review of antigen detection 

for early HIV diagnosis. AIDS, 32, 2089-2102. 

86.  HEMMATI, M., SEGHATOLESLAM, A., RASTI, M., EBADAT, S., MOSAVARI, N., 

HABIBAGAHI, M., TAHERI, M., SARDARIAN, A. R. & MOSTAFAVI-POUR, Z. 

2011. Expression and Purification of Recombinant (TB) Antigens, ESAT-6, CFP-

10 and ESAT-6/CFP-10 and Their Diagnosis Potential for Detection of TB Patients. 

Iranian Red Crescent Medical Journal, 13, 556-563. 

87.  HUR, Y. G., GORAK-STOLINSKA, P., BEN-SMITH, A., LALOR, M. K., 

CHAGULUKA, S., DACOMBE, R., DOHERTY, T. M., OTTENHOFF, T. H., 

DOCKRELL, H. M. & CRAMPIN, A. C. 2013. Combination of Cytokine Responses 

Indicative of Latent TB and Active TB in Malawian Adults. Plos One, 8.1-13 



85 
 

88.   JIANG, Y., LIU, H., DOU, X., ZHAO, X., LI, M., LI, G., BAI, Y., ZHANG, W., LIAN, L., 

YU, Q., ZHANG, J. & WAN, K. 2018. Polymorphisms of human T cell epitopes of 

Mycobacterium tuberculosis indicate divergence of host immune pressure on 

different categories of proteins. Life Sci, 209, 388-394. 

89. JORGENSEN, M. M., SLOTH, J. K. & BAEK, R. 2021. Optimization of High-

Throughput Multiplexed Phenotyping of Extracellular Vesicles Performed in 96-

Well Microtiter Plates. Polymers, 13.1-15. 

90. KHURSHID, S., AFZAL, M., KHALID, R., AKHTAR, M. W. & QAZI, M. H. 2017. 

Potential of multi-component antigens for tuberculosis diagnosis. Biologicals, 48, 

109-113. 

91. KUMAR, M., SUNDARAMURTHI, J. C., MEHRA, N. K., KAUR, G. & RAJA, A. 2010. 

Cellular immune response to Mycobacterium tuberculosis-specific antigen culture 

filtrate protein-10 in south India. Medical Microbiology and Immunology, 199, 11-

25. 

92.   LAGRANGE, P. H., THANGARAJ, S. K., DAYAL, R., DESHPANDE, A., GANGULY, 

N. K., GIRARDI, E., JOSHI, B., KATOCH, K., KATOCH, V. M., KUMAR, M., 

LAKSHMI, V., LEPORTIER, M., LONGUET, C., MALLADI, S. V. S., MUKERJEE, 

D., NAIR, D., RAJA, A., RAMAN, B., RODRIGUES, C., SHARMA, P., SINGH, A., 

SINGH, S., SODHA, A., KABEER, B. S. A., VERNET, G. & GOLETTI, D. 2014. A 

Toolbox for Tuberculosis (TB) Diagnosis: An Indian Multi-Centric Study (2006-

2008); Evaluation of Serological Assays Based on PGL-Tb1 and ESAT-6/CFP10 

Antigens for TB Diagnosis. Plos One, 9.1-25 

93.  LI, J. L., HUANG, X. Y., CHEN, H. B., WANG, X. J., ZHU, C. Z., ZHAO, M., SONG, 

Q. D., HUANG, H. Y., XIAO, L. & HE, X. Y. 2015. Simultaneous detection of IgG 

and IgM antibodies against a recombinant polyprotein PstS1-LEP for tuberculosis 

diagnosis. Infectious Diseases, 47, 643-649. 

94.  LI, L., YANG, B. Y., YU, S. F., ZHANG, X. L., LAO, S. H. & WU, C. Y. 2013. Human 

CD8 T Cells from TB Pleurisy Respond to Four Immunodominant Epitopes in Mtb 

CFP10 Restricted by HLA-B Alleles. Plos One, 8.1-23. 



86 
 

95. LIU, S. C., YOO, P. B., GARG, N., LEE, A. P. & RASHEED, S. 2021a. A microfluidic 

device for blood plasma separation and fluorescence detection of biomarkers 

using acoustic microstreaming. Sensors and Actuators a-Physical, 317. 1-32. 

96.  LIU, S. S., WU, M. Y., ERTAI, A., WU, S. C., GENG, S. J., LI, Z. H., LI, M. W., LI, L., 

PANG, Y., KANG, W. L. & TANG, S. J. 2021b. Factors associated with differential 

T cell responses to antigens ESAT-6 and CFP-10 in pulmonary tuberculosis 

patients. Medicine, 100. 1-25.  

97.  LY, T. D., EBEL, A., FAUCHER, V., FIHMAN, V. & LAPERCHE, S. 2007. Could the 

new HIV combined p24 antigen and antibody assays replace p24 antigen specific 

assays? Journal of Virological Methods, 143, 86-94. 

98.  MAEDA, T., BANNO, S., MAEDA, S., NANIWA, T., HAYAMI, Y., WATANABE, M., 

ITOH, R., SATO, S. & UEDA, R. 2010. Usefulness and limitations of 

QuantiFERON-TB Gold in Japanese rheumatoid arthritis patients: proposal to 

decrease the lower cutoff level for assessing latent tuberculosis infection. Modern 

Rheumatology, 20, 18-23. 

99.  MECHAL, Y., BENAISSA, E., EL MRIMAR, N., BENLAHLOU, Y., BSSAIBIS, F., 

ZEGMOUT, A., CHADLI, M., MALIK, Y. S., TOUIL, N., ABID, A., MALEB, A. & 

ELOUENNASS, M. 2019. Evaluation of GeneXpert MTB/RIF system 

performances in the diagnosis of extrapulmonary tuberculosis. Bmc Infectious 

Diseases, 19. 

100.  NASERI, M., ZIORA, Z. M., SIMON, G. P. & BATCHELOR, W. 2022. ASSURED-

compliant point-of-care diagnostics for the detection of human viral infections. 

Reviews in Medical Virology, 32.1-8. 

101.  PARPIA, Z. A., ELGHANIAN, R., NABATIYAN, A., HARDIE, D. R. & KELSO, D. M. 

2010. p24 antigen rapid test for diagnosis of acute pediatric HIV infection. J Acquir 

Immune Defic Syndr, 55, 413-9. 



87 
 

102.  PATHAKUMARI, B., DEVASUNDARAM, S. & RAJA, A. 2018. Altered expression 

of antigen-specific memory and regulatory T-cell subsets differentiate latent and 

active tuberculosis. Immunology, 153, 325-336. 

103.  PIATEK, A. S., VAN CLEEFF, M., ALEXANDER, H., COGGIN, W. L., REHR, M., 

VAN KAMPEN, S., SHINNICK, T. M. & MUKADI, Y. 2013. GeneXpert for TB 

diagnosis: planned and purposeful implementation. Glob Health Sci Pract, 1, 18-

23. 

104.  QIAO, D., YANG, B. Y., LI, L., MA, J. J., ZHANG, X. L., LAO, S. H. & WU, C. Y. 

2011. ESAT-6-and CFP-10-Specific Th1, Th22 and Th17 Cells in Tuberculous 

Pleurisy May Contribute to the Local Immune Response Against Infection. 

Scandinavian Journal of Immunology, 73, 330-337. 

105. STEVENS, W. S., SCOTT, L., NOBLE, L., GOUS, N. & DHEDA, K. 2017. Impact of 

the GeneXpert MTB/RIF Technology on Tuberculosis Control. Microbiol Spectr, 

5.1-19. 

106. SUN, Y. D., YAO, X. Z., NI, Y. M., PENG, Y. B. & SHI, G. C. 2022. Diagnostic Efficacy 

of T-SPOT.TB for Active Tuberculosis in Adult: A Retrospective Study. Infection 

and Drug Resistance, 15, 7077-7093. 

107. TISCHLER, A. D., LEISTIKOW, R. L., KIRKSEY, M. A., VOSKUIL, M. I. & 

MCKINNEY, J. D. 2013. Requires Phosphate-Responsive Gene Regulation To 

Resist Host Immunity. Infection and Immunity, 81, 317-328. 

108. ZHANG, B., LIU, D., BAO, Z., CHEN, B., LI, C., JIANG, H., WANG, X., MI, Z., AN, 

X., LU, J. & TONG, Y. 2011. High level soluble expression, one-step purification 

and characterization of HIV-1 p24 protein. Virol J, 8, 316. 

109.  ZHANG, C. Q., SONG, X. Q., ZHAO, Y., ZHANG, H., ZHAO, S. M., MAO, F. F., 

BAI, B., WU, S. P. & SHI, C. H. 2015. Secreted Proteins As Potential Biomarkers 

for the Diagnosis of Active Tuberculosis and Latent Tuberculosis Infection. Journal 

of Clinical Laboratory Analysis, 29, 375-382. 



88 
 

110.   ZHU, C. T., LIU, Z. H., LI, Z. Q., MEI, S. C. & HU, Z. Y. 2014. The performance and 

limitation of T-SPOT.TB for the diagnosis of TB in a high prevalence setting. 

Journal of Thoracic Disease, 6, 713-719 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 
 

 

 

 

 

CHAPTER THREE 

MULTIPLEX MICROARRAY HIV/TB 

TECHNOLOGY PROOF-OF-CONCEPT 

USING HUMAN SERUM INFECTED WITH 

HIV. 

 

 

 

 

 

 

 

 

 



90 
 

 

1. Introduction 
 

Technological advances in molecular tests have become valuable for the detection of 

infectious agents that cannot be cultured or are difficult to grow in culture (Burd, 2010, 

Piddington et al., 2000). There have been efforts to develop easy to use, fast and accurate 

molecular diagnostic tools for different types of diseases. The use of microarray 

technology for the detection of many types of diseases at the same time is one of the 

laboratories developed techniques explored in diagnostics (Duarte and Blackburn, 2017, 

Sui et al., 2017, Feng et al., 2018). The performance specifications for laboratory 

developed tests to ensure precise and accurate results before the implementation of the 

test is of paramount importance (Burd, 2010, Braga et al., 2023, Genzen et al., 2017). 

The method characteristics that need to be accomplished include precision, accuracy, 

reference interval, reportable range, analytical sensitivity and specificity, to meet 

regulatory requirements (Burd, 2010, Lee et al., 2006, Braga et al., 2023, Rotgers et al., 

2023). Furthermore, the performance validation of these test methods using human 

specimen with the target diseases is also important (Peters et al., 2007, Genzen et al., 

2017). 

In the previous chapter, the multiplex microarray technology for the detection of HIV and 

TB was tested for its specificity and sensitivity as well as stability under different 

conditions. The validation was performed with normal human serum spiked with the HIV 

and TB antibodies to mimic in vivo physiological conditions. It was important to also study 

the performance of the technology using actual human samples infected with HIV and 

TB. In this chapter the performance of the assay is evaluated using serum samples of 

seven patients infected with HIV and two uninfected controls. Although the aim of the 

study was to detect both HIV and TB antibodies in human samples simultaneously, 

obtaining human specimen (serum) of patients infected with both HIV and TB proved to 

be a challenge, therefore the samples used here were infected with HIV only for proof-of-

concept purposes. Since the technology stability studies were reported in the previous 
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chapter, any factors such as pH and temperature that were deemed optimal were used 

to carry out the testing in this validation chapter.   

The hypothesis here is that all the serum samples known to be positive for HIV will also 

be confirmed to be positive with the multiplex technology and no immobilized TB antigens 

will bind any antibodies and proteins in the serum samples. Any fluorescence observed 

on the p24 antigen spots immobilized on the slides would mean HIV antibodies are 

present in that serum sample. In addition, the lack of binding on any of the immobilized 

TB antigens would indicate the technology is likely to be specific. These results would 

indicate its ability to detect HIV and specificity potential of the technology.  
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2. Method and material  

2.1. Material 

The nine stored serum samples were obtained from the National Health Laboratory 

Services (NHLS) biobank (ethics clearance certificate number: M220866); seven of which 

were infected with HIV and two were uninfected controls. The following labels were used 

for the samples in this study: HIV serum sample A, B, C, D, E, F and G for the infected 

and H and I for the uninfected. The samples viral load, TB status and whether they were 

obtained from patients who were on treatment or not is unknow and information about the 

identity of the patients whose serum samples were used for the study was kept 

confidential. The Early Secretory Antigenic Target protein 6 (ESAT6) and Culture Filtrate 

Protein-10 (CFP10) antigens were obtained from BBI solutions (Caerphilly, United 

Kingdom). The pstS1 antigen was purchased from My BioSource (California, USA). The 

goat anti-human IgG conjugated to fluoresceine isothiocyanate (FITC) purchased from 

Abcam (Cambridge, United Kingdom). The epoxy coated glass slides were obtained from 

Schott laboratories (Mainz, Germany).   

2.2. Method  

To test the multiplex technology proof-of-concept using HIV infected serum samples, the 

slides were coated with the HIV-1 p24 antigen as well as the CFP10, ESTA6 and pstS1 

M.tb antigens at a constant concentration of 31300 ng/ml. In total, the slides coated with 

the antigens were nine. These were incubated with different HIV infected serum samples 

and uninfected ones for an hour at room temperature. The washing and blocking 

conditions of the test were as previously mentioned in the chapters studying optimal 

conditions, i.e, the blocking was with 1% BSA, the wash buffer (PBS) was kept at pH 7.4 

and all incubations were at room temperature. After the incubation and washing, the goat 

anti-human IgG-FITC secondary antibody was added and incubated with the slides for an 

hour at room temperature. After the hour incubation, the slides were washed three times 

for 5 minutes with PBS at pH 7.4. The slides were then read using cytation 3 multimode 

reader. Of note is that although the serum samples were only infected with HIV, the TB 
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antigens were included on the slide to check for specificity of HIV antibodies, i.e., to see 

if there would be any binding on the TB antigens spots. 

3. Results 

The seven HIV positive serum samples as well as the two uninfected samples were tested 

using the HIV and TB multiplex technology. The serum samples were incubated on the 

epoxy coated glass slides, followed by the addition of a secondary antibody conjugated 

to FITC for detection. The presence of fluorescence on the p24 antigen spots immobilized 

on the epoxy coated glass slides would indicate the binding of primary antibodies from 

the HIV infected serum samples. From the results obtained, out of the seven tested 

samples from HIV infected individuals, six samples showed fluorescence on the p24 

antigen spots, and the mean fluorescence intensity of the spots varied between samples 

(Figure 1 A-F, Table 1). As expected, no binding was observed on the p24 antigen spots 

from uninfected serum samples (Figure 1 H and I). Furthermore, no binding was observed 

on the CFP10, ESAT6 and pstS1 TB antigens immobilized on the epoxy coated glass 

slide, thus no cross reactivity occurred during the assay performance (Figure 1).   
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Figure 1: Investigation of the performance of the multiplex technology against HIV 

infected samples. The HIV infected serum samples (A-G) and uninfected controls (H-I) were 

incubated with the HIV p24 and TB antigens (CFP10, ESAT6 and CFP10) immobilized on epoxy 

coated glass slides.  Goat anti-human IgG-FITC secondary antibody was used for infection 

signalling. Bar graphs were plotted from mean fluorescence of two independent experiments for 

each sample, after subtraction of the background. Error bars represent ± standard deviation of 

the mean. 
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Table 1: Serum samples test results obtained with the HIV-rapid test and the HIV/TB 

multiplex microarray technology. 

Sample name  HIV rapid test HIV/TB multiplex microarray 

technology 

A Positive Positive 

B Positive Positive 

C Positive Positive 

D Positive Positive 

E Positive Positive 

F Positive Positive 

G Positive Negative  

H Negative Negative 

I Negative Negative 
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4. Discussion 

The study aimed at developing a microarray technology that can detect HIV and TB 

simultaneously. In the previous chapter, the technology specificity and sensitivity were 

studied with limits of detection determined to be 0.000954 µg/ml when human serum was 

spiked with anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 primary antibodies to mimic 

in vivo conditions. In this chapter the technology’s proof-of-concept, using serum samples 

infected with HIV, was explored.  

The ability of the technology to detect HIV was tested using human serum samples 

infected with HIV as well as uninfected controls. The multiplex technology detected HIV 

infection from six out of seven (85.7%) samples, i.e., fluorescence was observed when 

the six samples were incubated with the p24 antigen immobilized on the glass slide. On 

the other hand, one sample known to be positive for HIV, tested negative. Moreover, the 

fluorescence intensity was different between the six serum samples that tested positive. 

One possible reason for this observation may be that the samples had different viral loads.  

Viral loads can differ from one person to the next as infections occur at different times 

between individuals (Hu et al., 2001, Sabin et al., 2000, Falasca et al., 2017). The fact 

that one sample (sample G) produced negative results with the technology may be 

because of low viral load and very low undetectable levels of antibodies in that samples. 

HIV antibodies are generated and maintained by the ongoing systemic expression of the 

HIV antigen and a decline in the antibody levels reflects lower levels of antigen production 

(Keating et al., 2017, Sajadi et al., 2011). Furthermore, because serum contains many 

other proteins and antibodies, the HIV antibodies may be obstructed by other  proteins in 

the serum from binding to the p24 antigen (Alhajj et al., 2023, Shi et al., 2018, Leboffe et 

al., 2020), and we speculate this is likely to have much more pronounced effect in samples 

with lower antibody levels Hence the observed low fluorescence from other serum 

samples such as sample G known to be positive for the virus or lack thereof, may be as 

a result of these potential obstructions. Moreover, the antiretroviral therapy status of the 

infected serum samples used for this proof-of-concept study was unknown. It is important 

to note that this may also have an effect on the detection of HIV antibodies in infected 

sera (Keating et al., 2019, Veldsman et al., 2021). As validation of this work, it was 

encouraging to note that the negative control uninfected serum samples showed no 
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binding and hence no fluorescence from the p24 spots. These data for HIV were 

consistent with what we observed with what was observed with spiked human serum, 

thus, it is very likely that similar results will be obtained with human sera infected with TB.   

Like the previous chapter, the multiplex technology specificity for HIV was also tested in 

this chapter by including the TB antigens on the epoxy glass slides in addition to the p24 

antigen and incubating with the HIV infected serum samples. The HIV antibodies and 

other proteins in the infected serum samples did not bind to the TB antigens as no 

fluorescence was observed on the spots where the CFP10, ESTA6 and pstS1 antigens 

were spotted. This finding supports the specificity studies performed in the previous 

chapter where we showed that the HIV and TB antibodies spiked in human serum reacted 

specifically to their respective antigens. Also, the fact that the uninfected negative control 

serum samples showed no binding to either the HIV or TB antigens spots on the slides 

further supports the specificity of this technology, i.e, even the other antibodies and 

proteins in healthy human serum did not bind non-specifically to the antigens on the slide. 

This aspect is of importance in multiplex technologies as several diseases are detected 

at the same time and cross reactivity can lead to false positive results (Wong et al., 2017, 

Tokarz et al., 2018, Kim et al., 2018). Therefore, the multiplex technology developed in 

this study is analytically specific for detecting HIV, i.e, the assay had the ability to detect 

only the intended target (HIV antibodies). 

In conclusion, HIV infected serum samples were used as proof-of-concept for the HIV 

and TB multiplex microarray technology. This chapter has shown that out of seven 

positive serum samples, the technology was able to detect HIV antibodies in six samples. 

The negative control samples also proved to be negative using the multiplex technology, 

which meant no false positives were observed. Thus, the technology requires further 

development and future studies will involve using samples infected with both pathogens. 

Also, more detailed comparison with gold standard such as the rapid test used on the 

samples tested here is recommended. It would as well be interesting to test the 

technology at different stages of HIV and TB infections and explore the sensitivity studies 

at different stages of treatment.   
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Abstract  

Currently, there are point-of-care (POC) tests for the detection of HIV and Mycobacterium 

tuberculosis (M.tb), however none can detect these pathogens simultaneously. We 

developed a colorimetric multiplex HIV and active TB diagnostic technology, using HIV-1 

p24 and M.tb CFP10, ESAT6 and pstS1 antigens immobilized in high-binding 96 well 

plates or on epoxy-coated microarray slides. These antigens were used to bind 

corresponding antibodies in human serum at concentrations commonly found in infected 

individuals. This was followed by the addition of HRP conjugated secondary antibodies 

using either 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonicacid) (ABTS) or 3,3',5,5'-

tetramethyl Benzidine (TMB) substrates. The sensitivity of the assay in the plates was 

compared to epoxy-coated slides and the latter had a better limit of detection, averaging 

815-fold lower than the plates. Also, the TMB substrate produced better sensitivity than 

ABTS. Furthermore, we studied the specificity of the antigen-antibody reactions for this 

technology and determined that it was highly specific. Lastly, we investigated the stability 

of our technology at different pH, temperature, and storage conditions and found that it 

was optimal at pH 7.4, 25 ˚C, and dry storage for 1 to 90 days. Thus, the developed 

diagnostic technology has potential for the detection of HIV and TB co-infection at POC.  
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1. Introduction  

Around 38.4 million people are living with HIV/AIDS globally with the annual number of 

deaths standing at 650 000 in 2021, of which about 25% were co-infected with 

Mycobacterium tuberculosis (M.tb), the causative agent of tuberculosis (TB) (UNAIDS, 

2022) (Scott et al., 2017b, Bruchfeld et al., 2015). Although there are diagnostic tests 

currently available for HIV and TB, the fact that their diagnosis is done separately can 

delay treatment in co-infected individuals and, therefore, exacerbate the observed 

mortality rate (Tiewsoh et al., 2020, Rios-Hincapie et al., 2020). 

Some of the laboratory diagnostics for HIV depend on the p24 antigen and antibody 

interactions (Gray et al., 2018). Sensitive p24 antigen detection methods include 

photoelectrochemical immunoassays (Zhao et al., 2015), ultrasensitive enzyme-linked 

immunosorbent assay (ELISA) coupled with thionicotinamide-adenine dinucleotide (thio-

NAD) cycling (Nakatsuma et al., 2015), as well as ultrasensitive POC quantitative single-

molecule transistor sensor assay (Macchia et al., 2020). There are also molecular tests 

used to diagnose HIV that rely on the polymerase chain reaction (PCR), and they include 

the Alere q HIV-1/-2 Detect (Alere q) and Cepheid Xpert HIV-1 (Xpert) assays (Essajee 

et al., 2015, Hsiao et al., 2016, Jani et al., 2014). However, the commonly used test is the 

POC antibody based test as it is the most rapid and affordable, with result obtained within 

30 minutes (Essajee et al., 2015). Nevertheless, this test also has disadvantages, among 

them the inability to accommodate infants and the occasional false positive results 

(Chavez et al., 2020, Jafa et al., 2007, Rifkin et al., 2012, Sherman et al., 2008).  

M.tb infection can be diagnosed using chest X-ray, acid-fast bacilli smear and 

mycobacterial culture tests (Cheon et al., 2016, Gozes and Greenspan, 2019, Liu et al., 

2020b). However, the chest X-ray technique is not specific for the diagnosis of pulmonary 

TB and requires highly trained personnel (Ryu, 2015). There are also molecular methods 

such as the Xpert, which are employed for the diagnosis of TB (Dewan et al., 2015, Tian 

et al., 2015). These techniques involve nucleic acid amplification for the detection of the 

M.tb genome (Bahr et al., 2018, Dewan et al., 2015). The GeneX-pert assay is WHO 

endorsed and allows for the peripheral detection of peripheral rifampicin resistance and 

the detection of drug-resistant TB as well as exponentially increasing the number of 
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treated TB cases. The technology also increased the sensitivity of TB detection in 

children, HIV-infected peoples and extrapulmonary TB with a turnaround time of between 

0-6 days (Pooran et al., 2019, Nyaruhirira et al., 2022, Ng et al., 2016, Kwak et al., 2013). 

Although these methods are good at increasing the specificity as compared to other 

approaches of diagnostics, they have limitations such as long turnaround time, high cost, 

require sophisticated equipment, and are unable to distinguish between active and latent 

TB (Al-Zamel, 2009, Miranda-Schaeubinger et al., 2023). Nonetheless, previous 

investigators reported that the detection of antibodies against CFP10, ESAT6 and pstS1 

TB antigens could be used to determine the presence of active TB in infected individuals 

(Davidow et al., 2005, de Araujo et al., 2018, Khurshid et al., 2013, Watson et al., 2021). 

Multiplex analytical technologies are very useful for faster detection of multiple disease 

specific biomarkers as they can accommodate different types of molecules (Anfossi et 

al., 2018, Van Gool et al., 2020). The multiplex microarray is a fast-developing diagnostic 

technique that allows for the simultaneous detection of many analytes in biological 

samples within a single experiment and are an attractive solution for the analysis of 

biological responses in normal and diseased states (Kazakova et al., 2020, Zhao et al., 

2022b, Zhang et al., 2022). Microarray-based sandwich immunoassays involves the use 

of microspots of capture molecules that are immobilized in a row or column onto a solid 

surface and exposed to samples containing corresponding binding molecules such as 

antibodies (Jian et al., 2021, Hogan et al., 2019, Fu et al., 2020). Current techniques such 

as enzyme-linked immunosorbent assay (ELISA) based on single protein measurement 

can be costly financially and timewise (Kranz et al., 2019). The most important benefits 

of multiplex array assays are the reduction of cost, sample consumption, rapid analysis 

of biomarkers, increase in sample throughput and the high amount of information 

generated by a single test (Zhu et al., 2017, Taghavian et al., 2018, Sauer, 2017). The 

technique has been used for the simultaneous diagnosis of diseases such as HIV/AIDS, 

hepatitis C and hepatitis A (Kranz et al., 2019). The power of immunoassays comes from 

the simplicity of the antibody-antigen reactions and the availability of polyclonal and 

monoclonal antibodies against many proteins (Nakajima et al., 2018, Ma et al., 2021, Li 

et al., 2021b).   
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Here we developed a colorimetric multiplex assay for the POC detection of HIV and active 

TB antibodies using HIV-1 p24 as well as M.tb CFP10, ESAT6 and pstS1 antigens 

immobilized in 96 well high-binding polystyrene plates or on epoxy-coated glass slides. 

The stability of the technology in different pH, temperature and storage settings was 

evaluated to determine the optimal conditions. We found that both platforms were very 

sensitive and specific for the multiplex detection of HIV and TB, although, the epoxy-

coated glass slides showed better sensitivity with their limit of detection being many folds 

lower than the high-binding 96 well plates. Furthermore, the comparison of TMB and 

ABTS for colorimetric detection showed that the former was the most suitable substrate 

for the POC application of our technology.    
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2. Method and material  

2.1. Material and reagents 

The phosphate-specific transport substrate binding protein-1 (pstS1) antigen and pstS1 

primary antibody were purchased from My BioSource (California, USA). The Early 

Secretory Antigenic Target protein 6 (ESAT6) and Culture Filtrate Protein-10 (CFP10) 

antigens were obtained from BBI solutions (Caerphilly, United Kingdom). The HIV-1 anti-

p24, M.tb anti-CFP10, M.tb anti-ESAT6 primary antibodies and HIV-1 p24 antigen were 

obtained from Abcam (Cambridge, United Kingdom). The Goat (Gt) anti-Mouse (Ms) /anti-

Rabbit (Rb) IgG superclonal secondary antibody Horseradish peroxidase (HRP) 

conjugates were obtained from Abcam (Cambridge, United Kingdom). The NEXTERION 

epoxy silane coated glass slides were obtained from Schott laboratories (Mainz, 

Germany). The 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonicacid) (ABST) and 

3,3',5,5'-tetramethyl Benzidine (TMB) colorimetric substrates were purchased from 

ThermoFisher Scientific (Massachusetts, USA). The Corning polystyrene high-binding 

costar assay plates came from Corning Inc. (New York, USA), while the slide hybridization 

cassette was purchased from Arrayit corporation (California, USA).  

2.2. Determination of the optimal buffer pH, storage condition, temperature, 

and the shelf-life of immobilized HIV and TB antigens 

All experiments performed in this chapter were conducted at CSIR next generation health 

cluster’ synthetic biology and precision medicine center, array technology laboratory. The 

experiments were conducted three times in three independent experiments unless stated 

otherwise.  

To determine the optimal printing, washing and storage pH buffer for the HIV-1 p24 

antigen as well as M.tb CFP10, ESAT6 and pstS1 antigens, PBS at different pH (pH 5.0, 

6.0, 7.4, 8.0 and 9.0) were assessed. The antigens at stock concentration of 1000000 

ng/ml were diluted in these buffers to make the concentration of 250000 ng/ml. Five 

microliter of each antigen was added in triplicate to the wells of the high-binding 96 well 

plates and incubated at room temperature for 90 minutes to allow for adsorption. Negative 

controls included wells with PBS only without antigen. Post-incubation, wells were 

washed three times for 5 minutes each with 100 µl of 1 × PBS at the various tested pH. 
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The plates were blocked thereafter with 3% bovine serum albumin (BSA) for an hour. 

Afterwards, they were washed three times with PBS at the corresponding pH conditions. 

This was followed by the addition of a cocktail of primary antibodies to HIV-1 p24, M.tb 

CFP10, ESAT6 and pstS1 at a constant concentration of 3906 ng/ml and incubation for 

an hour at room temperature. Thereafter, the plates were washed as described above 

and incubated for 90 minutes with 100 µl per well of secondary antibodies conjugated to 

HRP at the concentration of 100 ng/ml. Following the incubation, the wells were washed 

as above and 100 µl of ABTS substrate was added followed by incubation at room 

temperature for 45 minutes with agitation at 250 rpm. ABTS substrate is catalysed by 

HRP-H2O2 to produce a colorimetric signal (blue colour that can be visualized with the 

naked eye) (Zhang et al., 2018a). After the incubation with the ABTS, 50 µl of 1% Sodium 

Dodecyl Sulfate (SDS) stop solution was added to each well to end the reaction. 

Absorbance was then read at 450 nm using TECAN INFINITE F500 (Mannedorf, 

Switzerland). 

After the evaluation of the optimal pH for the HIV and TB antigens immobilization, the 

next step was to determine whether the immobilized antigens could be stored dry or wet 

(in buffer). This was achieved by storing the immobilized antigens dry or in PBS pH 7.4 

for 24 hours followed by incubation with primary and secondary antibodies and colour 

detection as aforementioned.  

The determination of the temperature at which the immobilized antigens in the high-

binding plates could be stored was accomplished by immobilizing them in the plates as 

mentioned above followed by incubation at -20 ˚C, 4 ˚C, 15 ˚C, 25 ˚C or 37 ˚C for 24 

hours. Afterwards, the immobilized antigens were incubated with a cocktail of the HIV and 

TB primary antibodies, followed by secondary antibodies conjugated to HRP. Detection 

of binding was done as described earlier.  

The immobilized antigens shelf-life was also evaluated to determine how long they can 

stay stable in the high-binding plate. Jorgensen et al., showed that printed proteins can 

remain stable for up to three months in microtiter plates (Jorgensen et al., 2021), thus the 

HIV and TB antigens in the plates were also evaluated for a period of three months. The 

immobilization of the HIV and TB antigens in the high-binding plates was achieved as 
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mentioned above. They were then incubated for 1, 15, 30, 45, 60, 75 and 90 days using 

nine plates at room temperature in two independent experiments. Colour change 

detection after the addition of primary and secondary antibodies was done as mentioned 

above.  

2.3. Evaluation of the in-vitro sensitivity and specificity of the colorimetric 

multiplex technology for simultaneous detection of HIV and TB 

The sensitivity of the colorimetric assay was performed in high-binding 96 well plates as 

well as on epoxy-coated glass slides using two HRP substrates, namely, ABTS and TMB. 

It is worth noting that the epoxy glass slides were clamped into a 96 well slide 

hybridization cassette during assay performance (Supplementary Fig. S1). To determine 

the sensitivity, the immobilization of the antigens on either the high-binding plates or the 

epoxy slides was done as mentioned above. This was followed by the addition of a 

cocktail of anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 primary antibodies diluted in 

normal     human serum (Thermo fisher scientific, Massachusetts, United states, Catalog 

number 31876) or in PBS. The primary antibodies were serially diluted from 250000 to 

15.3 ng/ml for the plates, and 250000 to 0.0149 ng/ml for the slides. These dilution series 

were inspired by what has been published on the HIV and TB antibodies concentrations 

in human blood (Raux et al., 1999, Kimuda et al., 2017). Human serum was used to dilute 

the primary antibodies to mimic in vivo conditions in an HIV and TB co-infected individual 

(Raux et al., 1999, Kimuda et al., 2017). To confirm the specificity of each antigen-

antibody reaction, an anti-CFP10, anti-pstS1, anti-ESAT6 and anti-p24 primary antibody 

cocktail solution missing one of these antibodies at a time was prepared and incubated 

with all four immobilized antigens. Subsequently, the plates were washed three times with 

PBS for 5 minutes. Human serum or PBS containing no primary antibodies was added as 

the negative control to the immobilized antigens. Detection with secondary antibodies 

was done as above for the ABTS substrate. However, for TMB this was achieved by 

mixing 1:1 a solution of hydrogen peroxide (0.02% H2O2 in buffer) and peroxide substrate 

(0.4 g/l 3,3',5,5'-tetramethyl Benzidine in an aqueous solution). To each well, 100 µl of 

the TMB solution was added and incubated for 15 minutes, followed by colour change 

from clear to deep blue solution (that could be visualized with the naked eye) upon 

interaction with HRP in test wells. This was followed by the addition of a stop solution (2M 
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sulfuric acid) and reading was done immediately using TECAN INFINITE F500 at a 

wavelength of 450 nm. 

2.4. Statistical analysis 

The analysis was performed using GraphPad Prism version 9.4.0 (GraphPad Software, 

Inc.). Data are presented as mean ± standard deviation and each experiment was 

performed at least three times unless stated otherwise. One-way analysis of variance 

(ANOVA) test was used to assess the statistical significance between multiple groups 

under different scenarios using the Tukey’s multiple comparison test. For all comparisons, 

P-values of less than 0.05 were considered statistically significant.      
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3. Results  

3.1. Evaluation of the stability of immobilized antigens in the polystyrene 

high-binding plates  

Since we already evaluated the stability of the HIV-1 p24 as well as M.tb CFP10, ESAT6 

and pstS1 antigens on the microarray slides (Malatji et al., submitted), here we began by 

only evaluating the stability of these antigens on the high-binding 96 well plates for 

comparison. To achieve this, HIV-1 p24 as well as M.tb CFP10, ESAT6 and pstS1 

antigens were immobilized as capture molecules in the wells of a 96 well high-binding 

plate, followed by the assessment  of pH range at which the antigens were stable on the 

plate. The pH range tested was from 5.0-9.0. The detection of immobilized antigens was 

done using anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 primary antibodies; and 

secondary antibody conjugated to HRP, as well as the colour change reaction.  

The data obtained showed that most antigen-antibody reactions were more effective from 

the neutral to basic buffer as compared to the acidic conditions (Fig. 1). This was shown 

by the high absorbance values obtained at pH 7.4, 8.0 and 9.0, while a 2-fold decrease 

in colour intensity was observed for pH 5.0 and 6.0 for most antigens and the difference 

was statistically significant (p<0.05). Furthermore, the data also suggested that of all the 

pH, pH 7.4 consistently produced the highest colour intensity. Thus, the optimal pH at 

which the HIV and TB antigens were stable and gave the highest colour change reaction 

in the high-binding plates ranged from pH 7.4-9.0 with pH 7.4 being the most optimal. 

This was consistent with what we observed on the microarray slide (Malatji et al., 

submitted).  
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Figure 1: Evaluation of the optimal pH at which the HIV and TB antigens were 

stable. The antigens were adsorbed in high-binding 96 well plates using PBS at different 

pH (pH 5.0, 6.0, 7.4, 8.0 and 9.0). Colorimetric-based detection was achieved by means 

of secondary antibodies conjugated to HRP as well as the ABTS substrate. A, B, C and 

D show how the p24, CFP10, ESAT6 and pstS1 proteins, respectively, behaved under 

different pH conditions. Data represent the mean of three independent experiments and 

error bars are standard deviation of the mean. Asterisks signify statistical significance 

(p<0.05) between pH being compared. 
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Given that temperature can also affect the stability of the immobilized proteins, we 

assessed the stability of the HIV and M.tb antigens, immobilized in the 96 well high-

binding plate, at different temperatures. To accomplish this, different 96 well high-binding 

plates were used to immobilize HIV-1 p24 as well as M.tb CFP10, ESAT6 and pstS1 

antigens and stored at -20 ˚C, 4 ˚C, 15 ˚C, 25 ˚C or 37 ˚C for 24 hours. Colorimetric 

detection was achieved after the addition of primary antibodies as well as secondary 

antibodies conjugated to HRP. From the obtained results, the absorbance readings were 

around 0.4 at all temperatures tested except for -20 ˚C where we observed a 2-fold 

decrease in the reading and this difference was statistically significant when comparing it 

with the highest absorbance, which was at 25 ˚C (p<0.05) (Fig. 2). It is worth noting that 

the optimal temperature was also 25 ˚C when evaluating the immobilization of the HIV 

and TB antigens on the epoxy-coated microarray slides (Malatji et al., 2023). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Determination of the optimal temperature at which the HIV and TB 

immobilized antigens were stable. The antigens were immobilized in the wells of a 96 
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well plate and incubated at different temperatures. Detection was achieved by means of 

secondary antibodies conjugated to HRP and the ABTS substrate. A, B, C and D show 

the absorbance obtained with p24, CFP10, ESAT6 and pstS1 antigens, respectively, at 

the different temperatures. Data represent the mean of three independent experiments 

and error bars are standard deviation of the mean. Asterisks represent statistical 

difference between compared temperatures.  

The next step was to determine whether the antigens immobilized in the high-binding 

plates should be stored under dry or wet conditions. This was achieved by immobilizing 

the antigens in the plate and storing them in PBS pH 7.4 (wet) or dry, at room temperature 

(25 ˚C) for 24 hours. The detection was achieved by the addition of the HIV and TB 

primary antibodies as well as secondary antibodies conjugated to HRP. The data showed 

that the antigen-antibody reactions occurred under both conditions. However, the dry 

storage condition showed a higher colour intensity or absorbance relative to the wet 

condition, although generally the difference was not statistically significant (Fig. 3). This 

is consistent with what we observed for the microarray glass slides (Malatji et al., 2023). 

 

 

 

 

 

 

 

 

 

Figure 3: Evaluation of the HIV and TB antigens immobilization under dry and wet 

conditions. The antigens were stored in PBS pH 7.4 (wet) or dry, at room temperature 
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and then reacted with primary and HRP conjugated secondary antibodies after 24 hours 

incubation. The figure shows the absorbance obtained from the colour change reaction. 

Data represent mean ± standard deviation (n=3), while asterisks signify statistical 

significance between the compared storage conditions (p<0.05).  

After the determination of the optimal storage conditions for the immobilized antigens, we 

assessed how long they could remain stable and active in the high-binding plates, i.e., 

their shelf-life. This was accomplished by immobilizing the antigens in the wells of the 

plate and incubating them dry at room temperature for 90 days with absorbance readings 

taken on day 1 and after every 15 days intervals. The absorbance readings were done 

by using primary antibodies specific to the immobilized antigens and HRP conjugated 

secondary antibodies. From the results obtained, absorbance was detected from day 1 

through day 90 for all antigens (Fig.4). The trend observed was that the colour intensity 

decreased with an increase in the number of incubation days. Thus, there was a 

significantly higher colour intensity on day one compared to day 90 (p<0.05) (Fig. 4). 

However, the results indicate that the antigens could still bind to the antibodies for at least 

90 days when stored at room temperature and under dry conditions. We reported a similar 

trend for the epoxy-coated microarray slides (Malatji et al., 2023).  
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Figure 4: Evaluation of the shelf-life of the immobilized HIV and TB antigens in the 

96 well high-binding plates. The antigens were immobilized in the wells of a 96 well 

high-binding plates and incubated dry at room temperature for up to 90 days, with 

colorimetric detection using primary and HRP conjugated secondary antibodies every 15 

days interval. Then the absorbance obtained with each antigen was measured where A, 

B, C and D represent values obtained with pstS1, CFP10, ESAT6 and p24, respectively. 

Data represent mean of two independent experiments and error bars are standard 

deviations. Asterisks signify statistical significance between days being compared 

(p<0.05).  
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3.2. Comparison of the sensitivity and specificity of the HIV and TB multiplex 

colorimetric immunoassay in 96 well high-binding plates and epoxy-

coated glass slides.  

The sensitivity of the colorimetric assay was determined by testing different 

concentrations of the HIV-1 and M.tb primary antibodies in a 4-fold serial dilution, ranging 

from 250000 to 15.3 ng/ml, in human serum using the high-binding 96 well plates.  The 

use of the human serum was to mimic the expression of these primary antibodies in HIV 

and TB co-infected individuals, and the concentrations used to dilute the antibodies 

covered the range found in infected individuals (Raux et al., 1999, Kimuda et al., 2017). 

Colorimetric detection was achieved by means of secondary antibodies conjugated to 

HRP. Furthermore, given that the ABTS or TMB substrate can also affect the sensitivity 

of the colour change reaction as previously reported (Harpaz et al., 2020, Prasad et al., 

2021), we compared detection using either of these substrates. The results showed that 

the TMB substrate generally produced higher colour intensity relative to the ABTS 

substrate (Fig. 5) and this difference was mostly statistically significant for the two highest 

concentrations when we did a head-to-head comparison (p<0.05) (Table 1). In addition, 

the color development with TMB occurred after 15 minutes while for ABTS it occurred 

after 45 minutes, implying that using the TMB substrate was 3-fold faster than the ABTS 

substrate. Comparable results for the immunoassay, i.e., TMB showing better intensity 

than ABTS was also obtained when the primary antibodies were diluted in PBS at pH 7.4 

(Supplementary Fig. S2). These findings were similar to what was reported by Harpaz et 

al., who showed that TMB gave more intense colour change reaction when compared to 

ABTS (Harpaz et al., 2020). As shown in Table 2, the lowest limits of detection for TMB 

were on average 203.4 ng/ml with CFP10 and p24 showing the lowest limit of 81,38 ng/ml. 

However, for ABTS the limit of detection was 427.2 ng/ml on average (Supplementary 

Table 1).   
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Figure 5: Evaluation of the antigen-antibody reactions sensitivity in the 96 well 

high-binding plates using primary antibodies serially diluted in human serum. The 

HIV and TB primary antibodies were diluted and mixed into a cocktail in human serum 

and incubated with immobilized antigens in a 96 well high-binding plates. Colorimetric 

detection was achieved using secondary antibodies conjugated to HRP with ABTS (blue) 

or TMB (orange) substrates. Data represent the mean of three independent experiments 

and error bars are standards deviation.  

The experiment above was also replicated using epoxy-coated glass slides, however, the 

dilution series ranged from 250000 to 0.01491 ng/ml. Contrary to what we obtained with 

the plate, TMB and ABTS intensities were similar for the microarray slides (Fig. 6). Using 

TMB as the substrate we found that the limit of detection for the multiplex HIV and TB co-

infection detection assay on the epoxy-coated microarray slides were consistently lower 

than the 96 well high-binding plates. To be specific, for ESAT6 and pstS1 this limit was 

21845- fold lower when compared to the plate; for p24 it was 5461-fold lower, while for 
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CFP10 it was 85-fold lower. The fact that the slides had better sensitivity than the 96 well 

plates could also be observed when we detected colour change by visual inspection. For 

example, a clear blue colour could be seen on the slides at a much lower concentration, 

61.0 ng/ml of the primary antibodies against the four antigens when compared to the 96 

well high-binding plates where this detection was only down to 244.0 ng/ml 

(Supplementary Fig.S3). We observed a similar trend when ABTS was used as the 

substrate, i.e., the slides had consistently lower limits of detection than the plates 

(Supplementary Table S1). 

Table 1: Determination of whether the comparison of TMB and ABTS absorbance 

readings were statistically significant.  

Primary 

antibody 

Concentration 

(ng/ml) 

HIV-1 p24 

 

 

p-value 

M.tb CFP10  

p-value 

M.tb ESAT6  

p-value 

M.tb pstS1  

p-value 

ABTS TMB ABTS TMB ABTS TMB ABTS TMB 

250000 0.3667 0.8972 <0.0001 0.314

4 

0.896

1 

<0.0001 0.402

4 

0.694

8 

<0.0001 0.2794

5 

1.043

1 

<0.0001 

62500 0.3139 0.4335 0.0127 0.287

8 

0.707

9 

<0.0001 0.353

5 

0.366

2 

>0.999 0.2589

5 

1.000

1 

<0.0001 

15620 

 

0.2772 0.2369 0.9998 0.288

25 

0.255

7 

>0.999 0.320

1 

0.251

9 

0.6008 0.2476 0.613

9 

0.0038 

3906 0.2694 0.2136 >0.999 0.289

75 

0.271

3 

>0.999 0.254 0.199

8 

0.9271 0.2135

5 

0.253

1 

>0.999 

976.5 0.1906 0.2779 0.8696 0.207

6 

0.202

4 

>0.999 0.178 0.248

6 

0.5509 0.1388 0.287

4 

0.8021 

325.5 0.0575 0.2317 0.0111 0.016

025 

0.248

1 

0.0010 0.116

6 

0.220

1 

0.0866 0.0358 0.321

2 

0.0458 

81.38 0.0226 0.2363 0.0042 0.010

865 

0.090

5 

0.8410 0.039

2 

0.026

10 

>0.999 0.0235 0.049

0 

>0.999 

20.34 0.0138 0.0368 >0.9999 0.059

52 

0.040

2 

>0.999 0.013

2 

0.041

0 

0.9997 0.0181

5 

0.038

0 

>0.999 
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Figure 6: Evaluation of the antigen-antibody reactions sensitivity on the epoxy-

coated glass slides using primary antibodies serially diluted in human serum. The 

anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 primary antibodies were serially diluted 

in human serum and mixed to form a cocktail. The absorbance obtained with the ABTS 

(blue) and the TMB (orange) substrates are shown. Data represent the mean of three 

independent experiments and the error bars are the standard deviation.  

Overall, both the high-binding plates and slides proved to be suitable platforms for the 

HIV and TB POC multiplex immunoassay as they detected the primary antibodies at low 

concentrations. However, the epoxy-coated microarray slides showed much lower limits 

of detection than the plates, implying that they would be more suitable for POC 

application. 
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Table 2: The limit of detection concentrations for the HIV-1 p24 as well as M.tb 

CFP10 ESAT6 and pstS1 proteins obtained using 96 well high-binding polystyrene 

plates 

 

 

Protein name 

Limit of detection of HIV and TB primaryantibodies in 

human serum (ng/ml) 

 
 

  

TMB substrate 

Epoxy slides  High-binding plates  

HIV-1 p24 0.0149 81.38  

M.tb CFP10 0.954 81.38 

M.tb ESAT6 0.0149 325.5 

M.tb pstS1 0.0149 325.5 

 

To determine whether the antigen-antibody interactions were specific, i.e., there was no 

cross reactivity between antibodies and immobilized antigens, we mixed the primary 

antibodies diluted in human serum into a cocktail missing one antibody at a time. This 

was followed by incubating this cocktail with all four immobilized HIV and TB antigens. 

Given that TMB substrate showed better colour intensity in the 96 well high-binding plates 

compared to ABTS, it was used as the substrate in this experiment; the detection was 

then done by measuring absorbance. Data obtained in high-binding 96 well plates 

showed that no cross reactivity was observed, the immobilized antigens reacted 

specifically with their respective primary antibodies in solution i.e., there was absence of 

colour change in the well of the antigen that was missing its complementary antibody in 

the cocktail (Fig. 7). The same results were obtained when we repeated the experiments 

using the epoxy-coated glass slides (Fig. 8). Furthermore, no cross reactivity was 

apparent when we analyzed the high-binding 96 well plates or the epoxy-coated glass 

slides by visual inspection (Supplementary Fig. S4). Thus, the primary antibody-antigen 
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reaction in our multiplex immunoassay to detect HIV and TB co-infection is very specific 

with no detectable cross reaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Evaluation of the specificity of the HIV and TB colorimetric assay in high-

binding 96 well plates using a cocktail of primary antibodies in human serum. The 

anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 antibodies were combined into a 

cocktail missing one primary antibody at a time. (A), (B), (C) and (D) show the absorbance 

obtained when the immobilized antigens were incubated with a cocktail solution without 

anti-p24, anti-ESAT6, anti-CFP10 or anti-pstS1 respectively. Data represent mean of 

three independent experiments and errors bars are standard deviations.  
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Figure 8: Evaluation of the specificity of the HIV and TB colorimetric assay in 

epoxy-coated slides using a cocktail of primary antibodies in human serum. The 

anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 antibodies were mixed into a cocktail 

missing one primary antibody at a time. (A), (B), (C) and (D) show the absorbance 

obtained when the immobilized antigens were incubated with a cocktail solution exclusive 

of anti-p24, anti-ESAT6, anti-CFP10 or anti-pstS1 respectively. Data represent mean of 

three independent experiments and errors bars are standard deviations. 
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4. Discussion 
 

In this study we aimed to develop a multiplex assay for the colorimetric detection of HIV 

and TB at POC. We compared two different platforms for this purpose, i.e., the 96 well 

high-binding plates and the epoxy-coated glass slides. The detection end point was 

achieved using the HRP conjugated secondary antibodies and two HRP chromogenic 

substrates, namely the ABTS and TMB. The sensitivity and specificity of the 

immunoassay in the high-binding plates and epoxy-coated slides was evaluated. The 

data obtained showed that both systems were sensitive in the ng/ml range; this was 

irrespective of whether the detection was done using an instrument or the naked eye. In 

addition, they also showed high specificity for the HIV and TB antigen-antibody reactions. 

However, the slides were noticeably more sensitive compared to the high-binding plates 

with their limit of detection being on average 815-fold lower than the plates. We also 

demonstrated that the POC colorimetric multiplex assay developed here is stable at 

different pH and temperature conditions. Furthermore, our data indicated that the 

antigens could be stored immobilized dry in the plates for a period of at least three months 

without losing their reactivity with corresponding primary antibodies. We also found that 

the TMB substrate produced better sensitivity for the assay compared to the ABTS 

substrate. These findings suggested that the developed colorimetric assay, employing 

the 96 well high-binding plate or epoxy-coated glass slide, has the potential for use at 

POC for the detection of HIV and TB co-infection without the need for sophisticated 

instruments and trained personnel.  

Using either the 96 well high-binding plates or epoxy-coated glass slides, the immobilized 

antigens were able to detect HIV and TB antibodies diluted in human serum at 

concentrations usually seen in infected patients (Raux et al., 1999, Kimuda et al., 2017). 

Furthermore, the colour change reaction could be observed with the naked eye at lower 

ng/ml concentrations, thus, implying that this colorimetric assay is likely to work when 

tested with human samples co-infected with HIV and TB for POC applications like what 

was reported by Gurmessa et al., where they showed that TB color change detection 

using TMB substrate and nanoparticles showed a 92% accuracy (specificity and 

sensitivity) in clinical samples (Gurmessa et al., 2021). Similarly, Ariffin et al., also 
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reported that a lateral flow colour change immunoassay for the detection of M.tb using 

infected patient specimen showed sensitivity and specificity to the pathogen (Ariffin et al., 

2020). Specimen recommended by regulatory authorities for the validation of an assay or 

technology are those that contains the analyte of interest (in this case, HIV and TB 

antibodies) spiked with potential interfering substances, however, if the specimen 

containing the target analyte are not available, test specimen can be constructed by 

adding low concentrations of analyte with or without the potential interfering substances 

to negative specimen (Burd, 2010). Hence the use of normal human serum spiked with 

the HIV and TB antibodies in this study. Although spiked samples may come with 

limitations such as the fact that the analyte added to the negative specimen may not have 

the same properties as that found in physiological conditions (Westgard, 2002), they still 

give an indication of the expected performance outcomes of the assay.    

The comparison of the sensitivity of the immunoassay on the 96 well high-binding plates 

and the epoxy-coated glass slides indicated that the slides performed many folds better 

than the plates. In fact, the average LOD for the slides was 0.249 ng/ml while for the 

plates it was 203.4 ng/ml. Analytical sensitivity at a low concentration limit is of paramount 

interest in molecular infectious disease diagnostics as it defines the ability of the test to 

diagnose disease (Burd, 2010). The LOD for the epoxy coated glass slides and the gold 

standard high binding plates were determined empirically, by testing serial dilutions of 

HIV and TB antibodies with known concentrations as advised by the Clinical and 

Laboratory Standards Institute (CLSI) regulatory authority for medical applications of 

molecular  assays for LOD determination (Burd, 2010, Westgard, 2002).  The LOD for 

multiplex assays must be determined for each analyte tested by the multiplex assay 

(Westgard, 2002), as was done for HIV and TB in this study. The difference in LOD 

between the plates  and slides suggested that a platform using covalent binding for the 

immobilization of the antigens like the epoxy-coated glass slide is better for the POC 

application of our technology as compared to high-binding plates which use non-covalent 

bonds such as hydrophobic, van der Waals, and/or electrostatic interactions (Bhakta et 

al., 2015, Yousefi et al., 2018). Because covalent bonds are generally stronger than non-

covalent ones (Liu et al., 2018b, Mallinson et al., 2003), it is possible that the higher 

sensitivity observed in the platform using these bonds, i.e., the epoxy-coated glass slides, 



127 
 

may be due to the fact that once the antigens are immobilized, fewer or none are lost 

during the experimental procedures when compared to a platform that relies on non-

covalent bonds such as the plates. Molecular diagnostic methods have proven to be more 

sensitive than current gold standard methods of diagnosis, although the assessment of 

accuracy is challenging when the new techniques have lower LOD compared to the old 

methods (Burd, 2010, Chopra and Singh, 2020, Gupta and Kakkar, 2018).   

According to the regulatory authorities, circumstances that contribute to infectious 

disease molecular assays non-specificity includes false positive results due to sample 

contamination, interfering substance or organisms that are genetically similar, therefore 

making specificity one of the parameters that needs to be evaluated for validation of 

molecular assays (Burd, 2010). The specificity of HIV/TB POC multiplex technology was 

determined by incubating the HIV and TB antigens with cocktails of HIV and TB antibodies 

spiked in normal human serum. Analytical specificity involves the ability of the assay to 

detect the intended target molecules (in this case HIV and TB) without being affected by 

cross-reactivity from other interfering molecules or specimen-related conditions (Burd, 

2010). It was therefore important to spike the target HIV and TB target antibodies in 

human serum containing many other potential interfering molecules that could affect the 

performance of the assay as this is imperative according to regulatory bodies for 

laboratory developed assays (Burd, 2010, Westgard, 2002). The fact that the specificity 

of the HIV and TB antigen-antibody reactions on the epoxy-coated glass slides was 

similar to that in 96 well high-binding plates indicated that this aspect of the reaction was 

independent of the surface chemistry of both platforms. Furthermore, we evaluated the 

sensitivity of the immunoassay using either the TMB or ABTS substrates. Our data 

indicated that the limit of detection obtained with the ABTS substrate was higher than the 

TMB substrate implying that the latter was the more sensitive. This was consistent with 

what was previously reported (Harpaz et al., 2020, Li et al., 2012, Prasad et al., 2021). In 

addition, the reaction using TMB took 30 minutes less than the ABTS reaction. Since both 

are based on the oxidizing reaction of the HRP enzyme with the substrate in the presence 

of hydrogen peroxide, the more sensitive and faster TMB may be the result of its reaction 

being the more efficient (Harpaz et al., 2020, Vazquez-Alvarado et al., 2022). Moreover, 

we found that our HIV and TB immunoassay took 2 hours and 30 minutes to perform with 
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TMB.  The turnaround time in our assay is more or less 5 times higher than the current 

reported HIV antibody tests such as Microfluidic-integrated multicolor immunosensor HIV-

1 detection (Liu et al., 2020a) and TB reported naked-eye colorimetric assays such as 

that reported by Ng et al., its advantage is that it is likely to detect active TB after about 2 

hours and 30 minutes, while the existing tests to confirm active TB can take weeks before 

results are obtained (Chan et al., 2000, Vittor et al., 2014, Ng et al., 2016). In conclusion, 

these data suggested that for POC application, our multiplex diagnostic technology would 

work better using the epoxy-coated glass slides as the platform and TMB as the substrate. 

Furthermore, because trueness or accuracy is the cornerstone of technology or method 

validation, the accuracy of the HIV/TB POC multiplex technology using the TMB substrate 

and epoxy coated glass slides would have to be evaluated to comparative methods that 

are in routine use for the detection of HIV and TB antibodies according to the Clinical and 

Laboratory Standards Institute. Although accuracy assessment is challenging for 

multiplex technologies, different types of comparative techniques may be used for each 

analyte if no multiplex technology that covers all analytes of interest is available 

(CLSI/NCCLS, 2008). However, since there are no available technologies in routine use 

for detection of TB antibodies in blood, the accuracy of the technology may be done using 

recovery studies where the assay can measure the TB antibodies in the analyte of interest 

(Blood/serum) when a known concentration is present in the specimen matrix and the 

amount of recovered analyte is compared to the initial known concentration of the analyte 

(Burd, 2010). 

Since the stability of proteins in different conditions is important in the development of 

immunoassays (Deller et al., 2016, Capelle et al., 2007, Mezzasalma et al., 2007), it was 

essential to carefully choose the optimal experimental conditions for the immobilization of 

the HIV and TB antigens on the 96 well high binding plates as was done for the epoxy 

glass slides in chapter 2. The data obtained in our study indicated that the HIV and TB 

antigens could remain stable when immobilized in the 96 well high-binding plates at 

different pH and temperature conditions; however, they performed better at 25 ˚C and pH 

of 7.4. The same temperatures and pH were also seen to be optimal for the stability of 

the proteins and immunoassay on the epoxy-coated glass slides (Malatji et al., 2023). 

This was expected because most proteins are stable at neutral pH (Spears et al., 2018, 
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Kim et al., 2005), in addition to the fact that at warmer temperatures such as 25 ˚C the 

endothermic protein adsorption process is known to be stable (Li et al., 2020a, Wang et 

al., 2019a, Zhang and Ertbjerg, 2019, Bhakta et al., 2015). This is consistent with the 

storage conditions for most HIV rapid tests that have been reported be stored at room 

temperature up to 30 ˚C (Greenwald et al., 2006, Singh et al., 2013). Furthermore, the 

fact that the optimal pH was 7.4 makes our assay suitable for use to detect proteins in 

blood, which has a pH of around 7.0 (Kellum, 2000, Brunskill et al., 2012). Most HIV and 

TB assays such as the Naked-eye colorimetric M.tb detection using TMB (Ng et al., 2016) 

and multifluidic-integrated multicolor visual HIV-1 p24 detector (Liu et al., 2020a) are also 

performed at room temperature and neutral pH. Our data also demonstrated that the 

immobilized antigens could be stored either dry or in PBS. However, the fact that the 

colour intensity was higher when the antigens were stored dry compared to wet storage 

suggested that this latter condition may have some negative effects on the stability of 

antigens on the surface of the plate, and this is similar to what we reported for the epoxy-

coated glass slide (Malatji et al., 2023). One explanation may be that some antigens on 

the solid surface may dissociate from it and rejoin the solution when stored for a long time 

in the buffer, which is not likely to happen when they are dried on the surface. This was 

consistent with the fact that we could store the immobilized antigens dry for up to three 

months and still be able to effectively detect the antibodies in human serum even at very 

low concentrations. This is similar to Jorgensen et al. who reported that immobilized 

proteins could be stored dry or in buffer at room temperature in the ELISA plates for up 

to 12 weeks without affecting the assay performance (Jorgensen et al., 2021). The shelf-

life of our technology is half the shelf life of the rapid oral fluid HIV test which was reported 

to be six months (Facente et al., 2009). When developing a POC technology it is 

imperative to consider the stability of the technology to ensure prolonged storage of that 

particular device (Yetisen et al., 2013), thus the stability of the HIV and TB antigens on 

the epoxy coated glass slides/ high binding plates for POC applications was important as 

the use of the technology after the recommended shelf-life can potentially result in false 

positive/negative results (Facente et al., 2009). FDA approved or cleared assays are 

required to state the recommended storage condition of the developed technology as well 

as instructions of how the technology works (Regulations, 2010),                                                                                                                                                                                                                                                                                                                                              
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in this case, the above stability parameters would be included in the packaging insert of 

the technology when it has been validated and approved for use in HIV and TB 

diagnostics. In all, these data indicated that our multiplex HIV and TB co-infection 

detection technology would not require specialized storage conditions, making it suitable 

for use in both urban and rural or remote settings. This technology is also likely to be low 

cost due to its non-requirement for expensive equipment. 

Future work for this technology will involve its validation using co-infected HIV and TB 

patient samples. This is probably one of the current study limitations and will form part of 

our follow-up investigation. However, it should be noted that previous investigators used 

human serum spiked with antibodies, similar to what we did here, to validate technologies 

intended for the detection of biomarkers (Albrecht et al., 2008, Mohammadi et al., 2018, 

Maple et al., 2004, Pultar et al., 2009, Mytych et al., 2009a). In the development of 

molecular assays, the CLSI regulatory authority also advices on the use of several spiked 

samples prepared from appropriate matrix using analytes of known concentrations within 

the range of the expected LOD (Burd, 2010). The matrix can be samples that tested 

negative for the target analytes, in this case HIV and TB antibodies, and the matrix should 

be from five or more specimen from different subjects (CLSI/NCCLS, 2004). Thus, to 

check the technology consistency, different samples from different individuals will be 

employed for the POC multiplex technology to meet the required regulations for assay 

development.  Also, a study with extended storage, pH, and temperature range will be 

useful in providing a more detailed assessment of our technology.  

In conclusion, we demonstrated that the colour change reaction-based HIV and TB 

multiplex immunoassay developed here is sensitive and specific in high-binding 96 well 

plates as well as on epoxy-coated glass slides, making them suitable for the detection of 

these two pathogens co-infection at POC. However, the technology performed better on 

the microarray slides than on the plates, opening an opportunity for miniaturization and 

multiplexing of a larger number of assays. Our stability studies indicated that this 

technology will be simple and likely inexpensive to store and perform, which is very 

important given that HIV and TB are diseases affecting mostly poor countries in the world. 
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Thus, our technology has a lot of potential for the simultaneous detection of HIV and TB 

co-infection, as well as for possible multiplexing with other assays and POC applications.    
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6. Supplementary material  
 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S1: An image of the 96 well hybridization cassette. The 

epoxy-coated glass slide indicated with the blue arrow was clamped into one of the 

cassette slots (indicated in red), this was to form a 96 well plate (see green arrow) with 

an epoxy-glass slide base in which the HIV and TB antigen-antibody reactions were 

performed. 
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Supplementary Figure S2: Evaluation of the sensitivity of the antigen-antibody 

interaction in PBS. The anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 primary 

antibodies were serially diluted in PBS and mixed to form a cocktail and incubated with 

immobilized antigens in the 96 well high-binding plates. Colorimetric detection was 

achieved using secondary antibodies conjugated to HRP, with ABTS or TMB as 

substrate. Data represent the mean of three independent experiments and error bars are 

standards deviation.  
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Supplementary Figure S3: Evaluation of the sensitivity of the HIV and TB antigen-

antibody immunoassay by visual inspection. HIV-1 p24, M.tb CFP10, ESAT6 and 

pstS1 primary antibodies diluted in human serum were incubated with their corresponding 

antigens on either the 96 well high-binding plate (A) or epoxy-coated glass slides (B), and 

the dtection of the colour change reaction was done by visual inspection.  
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Supplementary Table S1: Head-to-head comparison of the limits of detection 

obtained on the epoxy-coated glass slides and high-binding plates using the ABTS 

substrate  

 

 

 

 

 

 

 

 

 

 

Protein name 

Limit of detection oh HIV and TB primary antibodies in human 
serum (ng/ml) 

ABTS substrate 

Epoxy slides High-binding plates 

 

HIV-1 p24 0.954 325.5 

M.tb CFP10 0.954 976.5 

M.tb ESAT6 0.954 81.38 

M.tb pstS1 61.03 325.5 
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Supplementary Figure S4: Evaluation of the multiplex HIV and TB immunoassay 

specificity by visual inspection. The anti-p24, anti-CFP10, anti-ESAT6 and anti-pstS1 

primary antibodies were diluted in human serum and mixed into a cocktail missing one 

primary antibody at a time, (A) in 96 well high-binding plates, and (B) on epoxy-coated 

microarray slides. The images represent three experiments performed on separate days. 

They were done in triplicates for the high-binding plates and quadruplicates for the epoxy-

coated slides. 
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CHAPTER FIVE 
 

EXPRESSION OF THE MYCOBACTERIUM 

TUBERCULOSIS CFP10, ESAT6, APA AND 

PSTS1 ANTIGENS IN NICOTIANA 

BENTHAMIANA FOR USE IN THE HIV AND 

TB MULTIPLEX MICROARRAY-BASED 

TECHNOLOGY. 
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Chapter summary 

 

Commercially available bacteria produced TB proteins for research purposes produced 

in bacteria can be expensive, with some antigens such as apa and pstS1 are difficult to 

obtain. It is in this context that we aimed at the expression of apa, pstS1, ESAT6 and 

CFP10 TB antigens, in Nicotiana benthamiana (N. benthamiana) for use in the HIV and 

TB multiplex microarray-based technology. This approach would reduce the technology 

cost since expression and purification of plant produced recombinant protein is relatively 

inexpensive. The expression of the proteins in N. benthamiana employed methods such 

as cloning and polymerase chain reaction (PCR) to amplify the construct DNA molecules; 

restriction digest and ligation for the digestion of the insert DNA molecules and ligation 

into an expression vector; agroinfiltration for the production of the proteins in N. 

benthamiana; protein extraction, SDS-PAGE as well as Western blotting for the isolation 

and identification of the expressed proteins. The antigen gene inserts were harboured in 

a pUC57 vector, and the presence on the M.tb DNA molecules on the vector was 

confirmed by PCR amplification using primers complementary to the genes of interest. In 

addition, the insert DNA molecules were successfully double digested from the vector and 

ligated into the pEAQ plant expression vector. Nonetheless, the agroinfiltrated 

recombinant pEAQ vector cloned in Agrobacterium tumefaciens strain AGL1 (AGL-1) and 

LBA4404 (LBA) did not successfully express the TB antigens as expected.  Several 

factors may have affected the agroinfiltration and expression processes such as the 

ambient and leave temperatures, as well as natural plant cell functions against foreign 

substances such as agrobacteria to name a few. The plant production of the TB antigens 

will form part of the study future prospects. This will involve the use of different N. 

benthamiana growth conditions, assessment of other plant species, as well as employ 

different strains of agrobacteria to increase the possibility of a successful expression of 

the proteins. Furthermore, should they be expressed, the proteins will be immobilized on 

the epoxy-coated microarray slides together with the HIV-1 p24 antigen for the HIV and 

TB multiplex detection as detailed in the previous chapters.  
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1. Introduction 
 

Tuberculosis (TB) is a disease caused by Mycobacterium tuberculosis (M.tb) and has 

been identified as the first cause of death among human immunodeficiency virus (HIV) 

infected individuals (Bruchfeld et al., 2015, Scott et al., 2017b). High cost, long turn-

around time, and use of sophisticated equipment and trained personnel are some of the 

limitations associated with TB diagnosis (Ryu, 2015, Cheon et al., 2016, Gina et al., 

2017). This propels the need for the development of cheap and rapid TB diagnostic 

assays. The use of commercially available proteins produced in bacteria can be 

expensive relative to those produced in plants (Lim et al., 2022), therefore in this chapter, 

we aimed to produce the TB antigens in Nicotiana benthamiana (N. benthamiana) for use 

in the multiplex HIV and TB microarray-based technology. 

Proteins can be expressed in various expression systems, these include bacterial, yeast, 

mammalian, insects, and plants systems. The microbial, mammalian and insect, however, 

have several disadvantages relative to the plant expression platforms. An example in 

bacterial system, is endotoxin contamination as well as inefficient folding of some 

secretory targeting domains is the main disadvantage (Della Cristina et al., 2015). For 

bacterial strains such as Escherichia coli (E.coli) very large proteins cannot be expressed, 

and these strains are not a good choice for proteins that require post-translational 

modifications (Demain and Vaishnav, 2009). Furthermore, the system is expensive to 

perform, thus proteins produced in bacterial systems available commercially are also 

costly (~ 500 USD per 100 µl) compared to 260 USD in plants. Although yeast expression 

of proteins has several advantages that include the fact that they are cost effective and 

have high yield, fungi such as Pichia cannot express proteins that require chaperonins 

for proper folding (Demain and Vaishnav, 2009). The mammalian expression system is a 

good choice to produce proteins requiring mammalian post-translational modification, 

however, the process has poor secretion and is expensive (Demain and Vaishnav, 2009, 

Wurm and Bernard, 1999, Nandi et al., 2016). Lastly, insect cells as hosts have 

advantages such as the fact that they are able to carry out complex post-translational 

modifications relative to other systems, however, they have the disadvantage of improper 

folding of proteins, incorrect glycosylation and low levels of expression (Demain and 
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Vaishnav, 2009). Due to all these disadvantages, the plant expression system was 

selected for the M.tb antigens.   

N. benthamiana is a close relative of tobacco and is widely used for proteins production 

in plant (Pantazica et al., 2023, Zhang et al., 2023). This plant has transformation flexibility 

and the ability to support high levels of protein production in stable or transgenic 

expressions (Norkunas et al., 2018a, Lim et al., 2022). In addition, it has other advantages 

which make it desirable for research. For example, N. benthamiana has an immense 

susceptibility to plant viruses, can be used to produce virus vectors for endogenous genes 

silencing, and can use reporter genes to confirm plant expression  (Bally et al., 2018, Yun 

et al., 2023, Smith et al., 2023, Bin et al., 2023). Furthermore, it is inexpensive, has a low 

risk of carrying human pathogens and has an advantage in its scalability and ability to 

glycosylate proteins (Bally et al., 2018). The N. benthamiana expression system usually 

comprises the gene of interest that is carried by recombinant agrobacteria and is 

delivered into the extracellular spaces by physical or vacuum infiltration in a process 

called agroinfiltration (Norkunas et al., 2018b, Singh et al., 2020). The most used part of 

the plant for agroinfiltration is the leaves as they have proven to have rewarding targets 

for agroinfiltration due to their high transformation efficiency (Bashandy et al., 2015, 

Joensuu et al., 2010). The Agrobacterium suspension can be infiltrated with a vacuum or 

a syringe to the parenchymal airspaces of the N. benthamiana plant (Bashandy et al., 

2015). In previous studies, proteins that proved difficult to produce in microbial systems 

have been produced in N. benthamiana (Leuzinger et al., 2013, Liu et al., 2014). This 

plant has also been used to produce pharmaceutically active proteins or commercially 

interesting molecules (Qiu et al., 2014, Zerbe et al., 2014). For example, it has been used 

to produce antibodies against influenza, HIV, Ebola virus, hepatitis A and B to name a 

few (Bally et al., 2018, Singh et al., 2022). In this chapter we attempted to produce M.tb 

antigens ESAT6, CFP10, pstS1 and APA in N. benthamiana as it has been reported that 

the pathogen’s antigens can successfully be produced in plants for vaccine development 

purposes (Frutos et al., 2008, Yadav et al., 2023).  
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2. Method and material 
 

2.1. Constructs 

The alanine and proline-rich antigen (apa) is a 47kDa protein (Modolo et al., 2018) 

encoded by 873 base pairs (bp). This protein was introduced in this expression chapter 

and not used in the previous chapters as it is not available commercially like the other TB 

antigens. Its expression was attempted here with the aim of increasing the sensitivity 

when used together with the other TB antigens for active TB detection. The Culture 

Filtrate Protein-10 (CFP10) has a weight of 10kDa (Wu et al., 2017) and is encoded by 

315 bp, while the Early Secretory Antigenic Target protein 6 (ESAT6) is a 6.0 kDa 

molecule encoded by 309 bp (Liu et al., 2021b). Lastly, the Phosphate-specific transport 

Substrate binding protein-1 (pstS1) has 38 kDa and encoded by 1065 bp (Nisa et al., 

2022). The constructs were cloned in a pUC57 vector of 2710 bp, into the lac operon 

gene (1) and were obtained from Genscript biotech (New Jersey, USA). The M.tb genes 

information is outlined in Table 1.  
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Figure 1: Map of the pUC57 vector with the M.tb apa, pstS1, ESAT6 and CFP10 DNA 

insert molecules used for genetic transformation. The M.tb apa (A), pstS1 (B), ESAT6 

(C) and CFP10 (D) genes were fused into the lac operon downstream of the LacZ gene 

on the 2710 bp pUC57 vector.  
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Table 1: M.tb CFP10, EAST6, pstS1 and Apa antigens gene information.    

 

 

 

 

 

 

 

Gene Name  Restriction sites  Length 

(bases) 

  

Primer Sequence 5' Sequence 3' Sequence Host 

Expression 

organism  

Cloning Vector 

CFP10 Forward primer: 

TGGCCATACAAACGAC  

Reverse primer: 

CCCGGGAAATCCCC 

ACCGGT CCCGGG 303 Nicotiana 

benthamiana 

pUC57 

ESAT6 Forward primer: 

TGGCCATACCGACTAGG 

Reverse primer: 

CCCGGGAGCAAACATTCC 

ACCGGT CCCGGG 297 Nicotiana 

benthamiana 

pUC57 

Apa Forward primer: 

TGGCCATACCTAGGTCTTGG 

Reverse primer: 

CCCGGGAGCAGGCAATG 

ACCGGT CCCGGG 861 Nicotiana 

benthamiana 

pUC57 

pstS1 Forward primer: 

TGGCCATACACACCAAGATTCG 

Reverse primer: 

CCCGGGTGAAATTGTAGCAATC 

ACCGGT CCCGGG 1053 Nicotiana 

benthamiana 

pUC57 
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2.2. Transformation of DH5-α bacteria with pUC57 plasmid encoding M.tb 

protein or with the pEAQ plasmid   

 

All experiments in this chapter were conducted at CSIR chemicals cluster, future 

production plant science facility. 

DH5-α competent cells (Thermo fisher scientific, Massachusetts, United States) were 

thawed on ice and 1 µl of each construct was added to 50 µl of the cells, and the mixture 

was incubated for 30 minutes on ice. After the 30 minutes incubation, the cells were 

immediately incubated in a 42˚C water bath (heat shock) for 30 seconds. Afterwards, they 

were immediately transferred on ice for 2 minutes. Then 1 ml of SOC media (Thermo 

fisher scientific, Massachusetts, United States) was added followed by 1 hour at 37˚C 

while shaking at 225 rpm in a shaking incubator. The transformed cells containing the 

M.tb genes in a pUC57 plasmid were then spread on agar plates containing 1 mg/ml of 

ampicillin or kanamycin (Sigma Aldrich, Missouri, USA) for the pEAQ vector for selection. 

The plates were then placed in a 37˚C incubator overnight to allow cell growth. Post 

incubation, colonies were selected from the agar plates and each inoculated in 10 ml LB 

broth containing ampicillin for the pUC57 vector with M.tb gene, or  kanamycin for the 

pEAQ expression vector. The culture was then incubated for 16 hours at 37˚C in a shaking 

incubator.  

2.3. Plasmid purification and restriction digest  

Glycerol stocks of each of the constructs were prepared by mixing 1 ml of the cells 

containing constructs with 1 ml of 50% glycerol for future inoculations. The remaining cells 

were centrifuged for 5 minutes at maximum speed in a microfuge. The supernatant was 

discarded, and the plasmids were purified using the GeneJet plasmid miniprep kit 

(Thermo fisher scientific, Massachusetts, United States) according to the manufacturer’s 

protocol. After purification, the apa, pstS1, ESAT6, CFP10 and pEAQ expression vector 

DNA concentrations were determined using Nanodrop 1000 spectrophotometer (Thermo 

fisher scientific, Massachusetts, United States). Following plasmid concentration 

determination, the constructs were amplified by PCR. The PCR primers for each construct 

were as follows; CFP10- Forward primer: TGGCCATACAAACGAC, Reverse primer: 
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CCCGGGAAATCCCC; ESAT6- Forward primer: TGGCCATACCGACTAGG, Reverse 

primer: CCCGGGAGCAAACATTCC; Apa- Forward primer: 

TGGCCATACCTAGGTCTTGG, Reverse primer: CCCGGGAGCAGGCAATG and pstS1- 

Forward primer: TGGCCATACACACCAAGATTCG, Reverse primer: 

CCCGGGTGAAATTGTAGCAATC. The PCR reaction was performed by mixing 3 µl of 

primer, 5 µl of PCR water, 2 µl of the template DNA (apa, pstS1, ESAT6 or CFP10) and 

10 µl 2× Q5 master mix for a total volume of 20 µl for each construct. The PCR reaction 

conditions were as follows: initial denaturation at 98 ˚C for 2 minutes, denaturation at 98 

˚C for 45 seconds, annealing at 65 ˚C for 30 seconds, extension at 72 ˚C for 1 minute and 

final extension at 72 ˚C for 10 minutes. The amplification was performed on a C1000 Tm 

thermal cycler (Bio-Rad, California, United States). Post PCR, the samples were mixed 

with loading dye and run on a 1% agarose gel prepared by mixing 1 g of agarose into 100 

ml of TAE buffer followed by the addition of 10 µl ethidium bromide. A 1 Kbp or 100 bp 

DNA ladders (New England Biolabs, Massachusetts, USA) were also loaded and the gel 

was run for 45 minutes at 120 V. 

Following confirmation of the presence of the insert DNA in the pUC57 vector by PCR, 

the plasmids were double digested with SmaI and Agel-HF restriction enzymes using the 

manufacturer's protocol (New England Biolabs, Massachusetts, USA). After the digestion 

of the construct DNA, the apa, pstS1, ESAT6 and CFP10 inserts were analysed on a 1% 

agarose gel to confirm digestion, and gel purification of the insert molecules was achieved 

using a gel purification kit according to the manufacturer’s protocol (Thermo fisher 

scientific, Massachusetts, United States). The purified insert molecules were ligated into 

a pEAQ expression vector using T4 ligase enzyme according to the manufacturer’s 

protocol (New England Biolabs, Massachusetts, USA). The pEAQ-insert complexes were 

sequenced to confirm the ligation of the plasmid and the M.tb genes.  

After the ligation of the constructs into the expression vector, they were transformed into 

AGL1 and LBA agrobacteria strains (Figure 2). This was achieved by mixing the AGL1 

and LBA Agrobacterium electrocompetent cells with 1.5 µl of the construct DNA and 

transferring into cuvettes on ice. This was followed by placing the cuvettes on an 

electroporation Biorad machine (Biorad, California, USA) at a voltage of 1.44k V/cm for 5 



156 
 

seconds. After the 5 seconds, 1 ml of LB broth was added to the cuvettes and mixed by 

pipetting. Afterwards, the reaction was transferred from the cuvettes to Eppendorf tubes 

and incubated at 30 ˚C for 3 hours while shaking at 200 rpm. Post incubation, the cells 

were centrifuged, and the supernatant was discarded while the pellet was resuspended 

with 100 µl of LB broth. The 100 µl of cells was then plated on agar plates and incubated 

at 28 ˚C for 2-5 days. From the colonies, inoculation was done, and glycerol stocks were 

prepared as mentioned above. Some of the cells were then used for agroinfiltration of N. 

benthamiana. 

2.4. Plant growth  

For the agroinfiltration, the N. Benthamiana seedlings were initially generated through 

plant tissue culture techniques. The seeds were seeded on Murashige–Skoog (MS) 

media on a plate, and then transferred to a vessel with the MS media after germination. 

Thereafter, the plant was allowed to grow for a few weeks before being transferred to soil. 

The plant growth was maintained at 25˚C constant temperature and 16/8-hour light/dark 

cycle. During the light cycle, the photosynthesis photon flux density was 600 ± 50µmol. 

m-2. s-1. Six-week-old N. benthamiana plants were selected for syringe agro-infiltration. 

2.5. Agrobacterial syringe infiltration 

For transient expression of the recombinant TB apa, pstS1, ESAT6 and CFP10 antigens, 

the AGL and LBA agrobacteria carrying the pEAQ-apa, pEAQ-pstS1, pEAQ-ESAT6 and 

pEAQ-CFP10 were infiltrated on the leaves of N. benthamiana using a 10 ml syringe. The 

agroinfiltration suspension was injected into the interstitial space of the leaves through a 

nick on the abaxial side (Figure 2). The agroinfiltrated leaves were left for 5 days prior to 

harvesting.  

2.6. Protein purification 

To purify and extract the protein from the N. benthamiana plant leaves, a protease 

inhibitor mixture was prepared by mixing 50 ml PBS and 5 µl of protease inhibitor cocktail 

(Sigma Aldrich, Missouri, United States) to prevent the plant protease enzyme from 

degrading the M.tb proteins in the plant. A 1:1 (weight to volume) of the buffer containing 

protease inhibitor and plant material in liquid nitrogen grinded using a pestle and mortar 

were agitated and mixed by vortexing. The mixture was centrifuged for 20 minutes at 
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maximum speed (12 000 rpm). The supernatant containing proteins was collected while 

the pellet was discarded. Samples were analysed by SDS-PAGE gels (Figure 2) (Thermo 

fisher scientific, Massachusetts, United States) and ran for an hour and 30 minutes at 

195V. The SDS-PAGE gel was stained overnight with Coomassie blue dye after boiling 

the gel with the dye for one minute.  The gel was destained with a destaining solution 

(200 ml Acetic acid, 100 ml isopropanol and distilled water) and incubated while shaking 

for 15 minutes.  

2.7. Western blotting 

The PVDF membrane (Biorad, California, USA) was briefly activated in methanol and 

equilibrated in Transfer buffer for 5 minutes. Sandwich papers were also soaked in 

transfer buffer prior to placing the membrane between them.  Thereafter, the membrane 

and papers were transferred to a Biorad Trans-Blot Turbo instrument (Biorad, California, 

USA) for 20 minutes. The membrane was then removed from the sandwich papers and 

placed in 10% skim milk and incubated overnight while shaking. To the membrane, 

primary antibodies conjugated to Anti-polyHistidine−Peroxidase antibody, Mouse 

monoclonal (Sigma Aldrich, Missouri, United States) were added and incubated for 2 

hours and 30 minutes while shaking to allow the antibodies to bind to the His tag present 

on the proteins of interest. Following the incubation, the membrane was washed three 

times for 10 minutes with PBS containing 0.1% tween-20 while shaking. The western 

blotting image was obtained using a Chemidoc (Biorad, California, USA) (Figure 2).  
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Figure 2: Illustration of the process involved in the expression of proteins in plants. 

The M.tb antigens apa, pstS1, ESAT6 and CFP10 DNA insert molecules (pink) were 

cloned into a pUC57 vector (blue), transformed into E.coli (light orange), purified, 

digested, and ligated into a pEAQ expression vector (green) prior to cloning into AGL and 

LBA agrobacteria (light blue). This was followed by culture and agroinfiltration into N. 

benthamiana leaves. The process ends with protein extraction, SDS-PAGE, and western 

blotting.   
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3. Results  
 

3.1. Plasmid purification of constructs  

To confirm the presence of the apa, pstS1, ESAT6 and CFP10 sequences from the 

pUC57 vector, competent cells were transformed with the constructs, followed by plasmid 

purification. The purified DNA molecules were amplified by PCR (8 samples for each 

construct) using primers that were complimentary to sequences on the insert molecules. 

After PCR, the constructs were analysed on a 1% agarose gel to identify the molecules 

through electrophoresis. From the results obtained, the pUC57 vector contained the apa, 

pstS1, ESAT6 and CFP10 insert DNA molecules necessary for recombinant protein 

production (Figure 3). The DNA ladder was also loaded to confirm the size of the 

molecules. Confirming that the pUC57 vector did contain the M.tb genes of interest and 

could be used in further steps such as digestion.  

 

 

 

 

 

   

 

 

 

   

 

Figure 3: Agarose gel containing bands of the apa, pstS1, ESAT6 and CFP10 genes 

in the pUC57 vector. The apa (A), pstS1 (B), CFP10 (C) and ESAT6 (D) genes were 

PCR amplified using 8 separate reactions prior to loading on a 1% agarose gel. A 1 kb 
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DNA ladder was loaded in the first well of the gels to confirm the sizes of the plasmid 

molecules. 

3.2. Restriction digest  

After the presence of the inserts in the pUC57 vector was confirmed, the genes were 

double digested using SmaI and Agel restriction enzymes. The two enzymes recognized 

restriction sites flanking the insert molecules from which the plasmid could be cut. The 

pEAQ expression vector was also cut with the same enzymes to produce the same ends 

as the genes of interest. For a successful ligation to occur, the insert molecules and the 

vector ought to have the same sticky ends and this can be achieved by cutting these 

molecules with the same restriction digest enzymes (Yan et al., 2020, Zhang et al., 2018b, 

Hanlon et al., 2019). From the results obtained, the inserts were successfully cut from the 

pUC57 vector. This is shown by the presence of two bands in each lane for all the 

constructs (Figure 4). The cut pUC57 vector is the largest band and the inserts are 

situated below the vector. As expected in terms of size, the apa and pstS1 insert DNA 

molecules migrated slower than the CFP10 and ESAT6 as they had the highest number 

of bp. Shorter DNA molecules migrate through gels faster than longer ones (Green and 

Sambrook, 2019, Ivessa, 2013). The DNA ladders were also included to determine the 

size of the insert molecules. The pEAQ vector was also successfully cut from circular to 

a linear molecule (Figure 4). Therefore, the molecules could be used in the next step 

involving the production of recombinant pEAQ vectors. 
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Figure 4: Agarose gel showing bands obtained after the double digestion of pUC57 

and pEAQ vectors. The pUC57 vector containing the insert molecules (apa, pstS1, 

ESAT6 or CFP10) was double digested with SmaI and Agel restriction enzymes. This 

vector bands are indicated with the red arrow while the pEAQ vector is shown in the 

purple box with the circular plasmid on the left and the linearized one on the right. The 1 

kbp and 100 bp DNA markers were also loaded.     

3.3. Western blotting and Coomassie blue staining  

After the digestion of the insert molecules from the pUC57 vector, they were ligated into 

the pEAQ expression vector and ligation was confirmed by sequencing (Appendix A). The 

pEAQ-insert complexes were cloned in LBA and AGL agrobacteria and agroinfiltrated into 

the leaves of the N. benthamiana plant. The two Agrobacterium strains were used to 

determine which was best suited for the successful production of the proteins. The 

infiltrated leaves were harvested 7 days post infiltration, and the total soluble protein was 

extracted, and SDS-PAGE was performed to determine if the TB proteins had been 

expressed. Western blotting and Coomassie blue staining of the gels were performed to 

identify the extracted proteins. The expectation here was to observe bands corresponding 
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to the sizes of the TB apa, pstS1, CFP10 and ESAT6 antigens. However, from the results 

obtained, the bands seen on the Coomassie blue strained SDS-PAGE gel did not match 

the expected sizes of the antigens, i.e., no band corresponded to the 55, 38, 6 and 10 

kDa apa, pstS1, ESAT6 and CFP10 antigens, respectively (Figure 5A). This suggests 

that the plant did not express the TB antigens. Furthermore, no protein bands were 

observed on the Western blot, further supporting the fact that the M.tb proteins where not 

expressed in the plant (Figure 5B).  

 

 

 

 

 

 

 

 

 

Figure 5: SDS-PAGE gel and Western blot image for the M.tb proteins after staining 

with Coomassie blue. The TB apa, pstS1, ESAT6 and CFP10 antigens were extracted 

from the N. benthamiana leaves and run on an SDS-PAGE gel (A) from which the western 

blotting (B) was performed. The protein ladder was also loaded.  
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4. Discussion  
 

In this chapter, we aimed to produce the apa, pstS1, ESAT6 and CFP10 TB antigens in 

N. benthamiana. The expression of these proteins in the plants was performed by first 

cloning, purifying, and digesting the insert DNA molecules encoding the proteins of 

interest from the pUC57 vector and ligating them into the pEAQ expression vector. 

Agroinfiltration was performed using two different  agrobacteria, namely; AGL and LBA 

employed to transfer the recombinant pEAQ vector into the leaves of the N. benthamiana 

plant (Norkunas et al., 2018b). The insert DNA molecules required for the expression of 

the TB antigens were successfully amplified by PCR and double digested using SmaI and 

Agel restriction enzymes. In addition, the DNA molecules were ligated into the pEAQ 

expression vector and cloned in the AGL and LBA agrobacteria. Agroinfiltration was 

achieved by means of syringe injection into the plant leaves. Although the pEAQ vector 

containing the genes of interest were cloned in the agrobacteria, and infiltrated into the 

N. benthamiana plant, the TB antigens were not successfully expressed in the plant as 

expected. This was evident by the lack of bands corresponding to the molecular weight 

of the apa, pstS1, ESAT6 and CFP10 proteins on the Western blot and SDS-PAGE gel. 

Similar results of unsuccessful production of proteins in plants using the syringe infiltration 

method were reported by Abd‑Aziz et al., where they showed that vacuum infiltration 

worked better for introducing agrobacteria in the plant species used (Abd-Aziz et al., 

2020). The fact that there was little migration difference between the digested and 

undigested pEAQ expression vectors on the electrophoresis gel may have been due to 

insufficient pEAQ double digested plasmid (Figure 4), resulting in fewer linear pEAQ 

molecules for M.tb genes ligation. In addition, although the ligation of the insert DNA on 

the pEAQ vector was confirmed by sequencing, there may have been fewer pEAQ-insert 

complexes transformed into the  AGL1 and LBA4404 Agrobacteria for infiltration into N. 

benthamiana, i.e., the plant cells were most likely unable to take in high copy numbers of 

the pEAQ-insert plasmid DNA molecules from the agrobacteria in the form of T-DNA 

through horizontal gene transfer (Figure 6) (Lacroix and Citovsky, 2019, Chen and Otten, 

2017) since a single clone of each construct was used. This can be improved by first 
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optimizing the pEAQ expression vector double digestion as well as improving the ligation 

efficiency of the expression vector and the different M.tb genes.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Illustration of the proposed interaction between the agrobacterium and 

the plant cell during DNA transfer. The DNA of interest harboured in the agrobacterium 

is transported to the plant cell nucleus for integration into the plant genome for expression 

using the plant cell mechanisms.  

Other factors that may have affected the efficiency of the agrobacterium mediated 

transformation include the ambient and leaf temperatures, plant light source, pH and 

osmotic conditions, bacterial strains and density used as well as the co-cultivation time 

(Mondal et al., 2001, Dong and Mchughen, 1993, Matsuda and Dreher, 2004). Moreover, 

Ahlquist showed that after T-DNA transfer, the transgene can be affected by factors such 

as the natural plant response to pathogens, where transgene mRNA can be degraded in 

a targeted, systemic, and sequence-specific manner via post-transcriptional gene 

silencing (Ahlquist, 2002). Gene silencing suppressors such as p19 and P1/HC-Pro 
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greatly increase the expression of proteins by agroinfiltration; (Bally et al., 2018), 

therefore, the suppressors can be employed in future as one of the ways to support the 

production of the M.tb proteins. Furthermore, the expression of different genes may 

require different conditions (Papatheodorou et al., 2018), thus further optimization for 

more efficient production of the TB antigens in N. benthamiana ought to be explored. 

In conclusion, using N. benthamiana for the expression of the TB apa, pstS1, ESAT6 and 

CFP10 antigens for use in the multiplex HIV and TB microarray-based detection was not 

successful. Several factors such as efficient double digestion of the pEAQ vector, growing 

conditions of N. benthamiana, as well as the possibility of silencing through post-

transcriptional gene silencing may have played a role in the unsuccessful production of 

the proteins, thus, requiring future optimization to improve the expression. Other 

approaches that can be tried in future is the use of a different plant such as Mucuna 

bracteate which has been reported to have a better expression yield than N. benthamiana 

(Abd-Aziz et al., 2020). In addition, a different agrobacterium such as the Agrobacterium 

tumefaciens strain GV3101 which produces higher concentrations of proteins in 

conjunction with the Mucuna bracteate plant, two days after infiltration can as well be 

employed (Abd-Aziz et al., 2020). Lastly, vacuum infiltration instead of syringe infiltration 

could as well be explored as an alternative method.   
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Given the mortality rate observed in HIV and TB co-infected individuals, it is important to 

efficiently manage both diseases sooner as each pathogen accelerates the morbidity 

caused by the other. The current technologies for the detection of TB are financially and 

time-wise costly, require trained personnel and sophisticated equipment and have a long 

turnaround time (Tiewsoh et al., 2020, Scott et al., 2017a, Rios-Hincapie et al., 2020). 

Unlike the TB diagnostic tests, the HIV antibody test has a short turnaround time of about 

30 minutes and can be performed at point-of-care (POC) (Adams et al., 2017). However, 

the fact that the two pathogens are diagnosed separately can delay treatment, particularly 

for TB (Tiewsoh et al., 2020, Rios-Hincapie et al., 2020). 

Microarray technology has offered the opportunity for high throughput multiplex detection 

of different infections using one test (Xiao et al., 2019, Weng et al., 2019, Nakajima et al., 

2018). The platform is relatively fast and offers the advantage of obtaining diagnostic 

results for multiple diseases within a short period of time (Walter et al., 2010, Sutandy et 

al., 2013). This technology has been employed for the detection of a number of illnesses, 

however, it has not been explored for the simultaneous detection of TB and HIV. 

Therefore, this study sought to develop a multiplex microarray-based  technology for the 

detection of the two diseases using HIV-1 p24, the commonly used protein in HIV 

detection (Sirivichayakul et al., 2021, Setty et al., 2019, Fox et al., 2011), as well as M.tb 

CFP10, ESAT6 and pstS1 antigens known to be markers of active TB (Watson et al., 

2021, Khurshid et al., 2013, de Araujo et al., 2018, Davidow et al., 2005). The study took 

advantage of the reactivity of epoxy-coated glass slides with proteins, the reaction 

specificity between antigens and antibodies, as well as the use of reporter secondary 

antibodies conjugated to Alexa Fluor 488 or horseradish peroxidase. Firstly, the 

technology involved the detection of HIV-1 and TB antibodies spiked in 100 % human 

serum by means of fluorescently labeled secondary antibodies using a benchtop 

microscope. Secondly, we also investigated the possibility of detecting the presence of 

these pathogens at POC (Heggestad et al., 2023, Chuang et al., 2003, Fox et al., 2011, 

Wang et al., 2023), and this was achieved by colour change detection using horseradish 

peroxidase (HRP) conjugated secondary antibodies without the requirement of 



174 
 

sophisticated equipment for signal detection. Lastly, given that commercially available 

bacteria-produced antigens are expensive (approximately R10 000 (500 USD) for 100 µl), 

an attempt was made to express the TB antigens in plants for subsequent use in the HIV 

and TB microarray-based technology. This was particularly important because the 

technology is aimed at reducing the cost associated with current technologies for 

application in resource limited settings and developing countries.  

Chapter two showed that the HIV-1 and TB antigens could successfully bind to the epoxy-

coated glass slide (2.5 x 7.6 cm) using covalent interactions to form an amine bond. Since 

the specificity and sensitivity are paramount for diagnostic assay development to ensure 

no cross reactivity and determine the assay concentration limits of detection (Gibriel, 

2014, Mbwana et al., 2007, Kucho et al., 2004), it was important to study the HIV and TB 

antigen-antibody reaction specificity and sensitivity. The findings show that the antigens 

reacted specifically with complementary antibodies in a cocktail solution prepared in 

human serum. In addition, the human serum spiked with HIV and TB antibodies were 

employed in the investigation of the sensitivity of the technology using different antibody 

concentrations. The sensitivity of the epoxy-coated slides for the HIV and TB antigen-

antibody interactions was compared to that of the gold standard, i.e., high-binding 96 well 

plates. The immunoassay proved to be more sensitive on the slides with limits of detection 

many folds lower than that obtained with the plates. Also, this limit of detection was lower 

than the reported physiological concentrations of HIV and TB antibodies in infected 

individuals (Raux et al., 1999, Kimuda et al., 2017). This suggests that the technology 

developed here is likely to be sensitive enough to detect HIV and TB antibodies in blood 

of co-infected individuals. Though the study did not employ the use of actual human 

samples, uninfected human serum spiked with molecules of interest to simulate in vivo 

conditions has been used previously by many researchers to validate assay 

performances (Martinez-Perdiguero et al., 2014, He et al., 2017, Schneider et al., 2023, 

Mytych et al., 2009b, Mohammadi et al., 2018, Freitas et al., 2020) similar to what has 

been  done in this study. Furthermore, because this is an assay development, it was 

paramount to study the stability of the antigens on the epoxy-coated glass slides at 

different conditions. The buffer pH, temperature and storage time can affect the 

performance of proteins in microarrays (Yousefi et al., 2018, Jorgensen et al., 2021). 
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Results from this study show that the antigens can remain immobilized and functional on 

the epoxy-coated glass slides at pH 7.4 and room temperature. Furthermore, the data 

showed that HIV and TB antigens can be stored immobilized dry on the slides for at least 

three months without losing their function and sensitivity for corresponding primary 

antibodies. For future prospects, though it has been shown that the epoxy-coated glass 

slides perform better in microarrays relative to other functional groups such as aldehyde 

(Yousefi et al., 2018), it would be interesting to test the HIV and TB immunoassay on 

glass slides coated with different functional groups to compare its performance relative to 

the epoxy-coated glass slides in terms of sensitivity and stability. It would also be of 

interest to include other diseases beyond HIV and TB on the microarray glass slides as 

they can accommodate thousands of different molecules for a high throughput multiplex 

detection (Ray et al., 2020, Connelly et al., 2017a, Wu et al., 2020). Lastly, assessing the 

validity of the technology using actual HIV and TB co-infected human samples would be 

recommended.  

Chapter three demonstrated that the HIV and TB antigen-antibody reactions can be 

detected by visual inspection. The chapter aimed at investigating the multiplex POC 

detection of HIV and TB antibodies spiked in human serum using colour change as a 

means of signal detection using HRP conjugated secondary antibodies as well as ABTS 

or TMB substrates. This part of the chapter was particularly important because multiplex 

microarray diagnostic technologies ought to be POC for accessibility and rapid turnaround 

time of results without requiring sophisticated equipment (Fox et al., 2011, Appidi et al., 

2023, Gao et al., 2023). Like the previous chapter, the specificity and sensitivity of the 

HIV and TB multiplex microarray technology was studied using uninfected human serum 

spiked with the HIV and TB antibodies. It was important to show that there was no cross 

reactivity between the HIV-1 and TB antigen-antibody reactions as non-specific binding 

can result in false positive results (Hakobyan et al., 2023, Ainoda et al., 2023, Quintana-

Ortega et al., 2020, Slater et al., 2012). Results showed that the antigen-antibody 

reactions in this study were specific, i.e., the antigens reacted specifically with 

corresponding antibodies in a cocktail solution prepared in human serum. The HIV and 

TB immunoassay for the multiplex detection of their antibodies on the epoxy-coated glass 

slides was compared to the high-binding 96 well plates to choose a better suited platform 
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for the colour change detection assay at POC. Although both systems performed well, 

the epoxy-coated glass slides were better than the high-binding plates in terms of 

sensitivity. In addition, two substrates were also compared for colour change reaction, 

namely ABTS and TMB. The TMB substrate gave the lowest limit of detection for the 

antigen-antibody reactions and was three times faster than the ABTS. Moreover, the 

chapter investigated the stability of the HIV and TB antigens in the high-binding 96 well 

plates. Like what was observed on the epoxy- coated glass slides in the previous chapter, 

the antigens could be stored in the plates dry and at room temperature for a period of at 

least three months. Data suggested that although different pH, temperature, and storage 

conditions (wet or dry) could be used in the colour change detection immunoassay, the 

optimal reaction conditions were determined to be buffer at pH 7.4, incubation at room 

temperature and dry storage. In brief, the conclusion was that the epoxy-coated glass 

slides and the TMB substrate are better suited for the POC HIV and TB diagnostic 

technology developed here. Overall, the data obtained in this chapter showed that the 

development of the HIV and TB multiplex microarray technology as a POC application 

assay has a lot of potential as a cheap, user friendly and rapid test.  

In chapter four, the aim was to express the M.tb antigens ESAT6, CFP10, pstS1 and apa 

in N. benthamiana for subsequent use in the HIV and TB multiplex microarray technology. 

Since commercially available bacteria expressed TB proteins can be expensive, in some 

cases like with apa not even commercially available, it was important to attempt producing 

the antigens in plants with the overall goal of making the assay cheaper. N. benthamiana 

is known to be inexpensive and highly efficient in protein expression (Miura et al., 2023, 

Smith et al., 2023, Kurotani et al., 2023). Although the insert M.tb genes were successfully 

amplified, restriction digested, ligated into a pEAQ expression vector, and cloned in AGL 

and LBA agrobacteria, the expression of the TB antigens was unsuccessful in the N. 

benthamiana plant. This may have been due to a number of reasons and factors involved 

in the expression of proteins in this plant. For example, inefficient cloning or infiltration 

used, the plant species and agrobacteria strain employed; as well as less optimal 

conditions such as the ambient and leave temperature, pH, and osmosis (Mondal et al., 

2001, Dong and Mchughen, 1993, Matsuda and Dreher, 2004). Since it is important that 

the assay developed here is cheap, the TB antigens production in plants will be attempted 



177 
 

as part of the future prospects of the study using different plant strains such as Mucuna 

bracteate which was reported to perform better than N. benthamiana (Abd-Aziz et al., 

2020). Different pH, osmosis, ambient and leave temperature, different strains of 

agrobacteria such as Agrobacterium tumefaciens strain GV3101, and more efficient 

cloning methods will as well be tried to attempt a more successful expression of the 

proteins.  

The multiplex HIV/TB assay developed here is an important one which will certainly solve 

the issues faced by developing countries, underserved communities, and resource limited 

settings. As such it will be important to align the project with the regulations required for 

laboratory developed tests. This will ensure that the technology moves in the next phase 

of product development, validations, and clinical trials to test the validity and accuracy of 

the technology. Some of the regulatory standards that will be considered for this HIV/TB 

multiplex technology will include testing characteristics such as precision, accuracy, 

reportable range, analytical sensitivity, analytical specificity as well as reference intervals 

using infected specimen in order to meet the clinical laboratory improvement 

amendments federal regulatory standards (Burd, 2010). All these mentioned 

requirements for laboratory developed assay/technologies align and will be confirmed by 

the South African Health Products Regulatory Authority (SAPRA), prior to implementing 

and making the technology available in the South African market. Furthermore, the 

technology will be used together with a portable battery powered fluorescence reader 

currently being developed at the CSIR to complete the POC care part of the assay. 

Therefore, it will be important to ensure the portable fluorescence reader aligns with the 

epoxy coated glass slides and works as expected for the detection of HIV and/or TB 

antibodies in human specimens.   

It does transpire that sometimes assays or technologies do not work as expected in terms 

of sensitivity. Should this occur with the HIV/TB multiplex technology, particularly for 

active TB as it is known that the sensitivity for the detection of the presence of this disease 

can be challenging in terms of sensitivity, the contingency plan would be to increase the 

concentration of the TB antigens on the slides. This will increase the number of TB antigen 

molecules available to react with the antibodies in positive specimens. In addition, to 
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promote the sensitivity of the assay, more TB antigens, particularly those known to be 

markers of active TB such as apa, would be added to the epoxy coated glass slides. 

In conclusion, since there is currently no diagnostic test for the multiplex detection of HIV 

and active TB, it was important to develop a technology that can detect the two pathogens 

simultaneously, especially at POC. We have shown that the technology developed in this 

study could detect HIV and TB antibodies spiked in uninfected human serum and at very 

low concentrations, i.e., antibody concentrations as low as or even lower than those 

observed in HIV and TB infected individuals. Overall, the multiplex HIV and TB 

microarray-based technology developed in this study has the potential to offer the 

following advantages: it is sensitive and specific, is fast, user friendly, can detect the 

presence of both HIV and TB antibodies within 2 hours and 30 minutes and can be applied 

at POC without the need for sophisticated equipment and highly trained personnel. With 

these advantages, the technology is likely to benefit poor communities, under resourced 

laboratories as well as alleviate the challenges of HIV and TB diagnosis faced by 

developing countries. This technology warrants future development which will include 

testing using actual infected human samples and clinical trials based of required 

regulation for laboratory developed tests.  
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APPENDIX A 
 

pEAQ-M.tb insert molecules complexes sequences 

pEAQ-APA 

TTACTACTCTCAGGCACGCCAGTTATATCTTACCGTCACCTATACACCCGGCAACA

CCGGCCCATTCCTATCGCGAGGGCCTTTACCCTTAGGTACATGAATGTAGCTCTTG

GCCCAAAGCTTCACCTAGGGCTAACAGAGTGGCGCGCGGAGCCGGACGACGTCC

TCGTTCCTGGACCCTCCGGCGGCCCGATAGAGATGGTTCTTAGTGCTGACAAGCG

CATGGTTGGATGGGCCAGACGTCCTGACGAGCCTCCCGACGAACTGGCTCTGCC

GCATGTAACCGCTAGCGAGGCGGTGGTTGAACGCGCCATGCCGCCGGTCATCAC

GATGCGTGGATCAGCTAAGACCATACTTCACCGGCGGGCTGCGGCTCGTTAAGCC

GAGATCGACACCACTATGATTGATTCCAAAAGGCTTCCTCGGATGGTTCACAGTCG

TGTTAAGCTGCGCCAAGTACCGGTAAGGATTAAATCGAAGCCGGCACCCGAGCTG

GGGGCAGTATCGGTAGCGCGGGCTGACTGGATCGCGCATGGTAACGGTACCGTG

CTGGGACAAACGGACTGGGCGGCACCGGGCCGAAAACCTGAGAACATTGCAAGG

GAAGCGGACCGCGGGAGACCCGGGAATAAAGAGCGTCCGCCGATGGTAGCGAG

GCCTCCACATCTCAAAGGAATTCTAGCTAGATGCGCGATGGTCTACACGAGGGGT

CGTTCACGGAAGGTTATGATGCTGGCGCTGGGGAGTCGCGCTATCGCAAACACAT

GTCTTCTACACGTTCTTCTACAGATCGCGTAAATACATCCTCTGGAACTCACGCTTC

TACCCCGACGCGATATTCCCTTATTACCTATACCACTTGAGGAGACACATGTGGTG

GTGGTGATGGCACACGAGTATATACAGAATGATGAGGATTAGTTATATGGTTATTG

TGGTGATGCTTATTGTGATGACACGGGATCGAGAGGAGAGCTATAGTACTACACAC

ACACTGGTGGCACAACTGACAGAGCGGTATATCAAGAGTCTCATTGTGGTGAGTAT

ACGAGTGTGAAACTATTATGACGCCGTGTGTGCTCCTCCCCGACAATCTCTCGCGA

TGACACACGATATAGAGAACACACGGATTAATAACACGCTTTCCGGCACATTCWYG

TCTGRTTMGCGACCGGTATGGKATGGAGYTGSATCTTCYTGKKTTTACTYAKYGGW

GCTGCTGGTGTTCATTGCGAGGTTCAGTTAGTTGAGTCTGGAGGTGGTCTTGTTCA

ACCTGGTGGATCACTTAGATTGTCTTGTGCTGCTTCAGGTTTTAATATTAAGGATAC

TTACATCCATTGGGTTAGACAGGCTCCTGGTAAAGGATTGGAATGGGTTGCTAGGA

TCTATCCAACTAATGGTTATACAAGATACGCTGATTCTGTTAAGGGAAGGTTTACTA

TCTCTGCTGATACTTCAAAAAATACAGCTTATCTTCAGATGAATTCTTTGAGAGCTG
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AGGATACAGCTGTTTATTACTGTTCAAGGTGGGGTGGAGATGGATTTTATGCTATG

GATTACTGGGGTCAGGGAACTCTTGTTACAGTTTCTTCAGCTTCTACTAAGGGTCC

ATCAGTTTTTCCTTTGGCTCCATCTTCAAAATCAACTTCTGGTGGAACAGCTGCTCT

TGGATGCTTGGTTAAGGATTATTTTCCTGAACCAGTTACAGTTTCATGGAATTCTGG

TGCTCTTACTTCTGGAGTTCATACATTTCCTGCTGTTTTGCAATCTTCAGGTCTTTAT

TCTTTGTCTTCAGTTGTTACTGTTCCATCTTCATCTCTTGGAACTCAGACATACATCT

GTAACGTTAACCATAAGCCTTCTAACACAAAGGTTGATAAGAAGGTTGAACCAAAG

TCATGCGATAAAACTCATACATGTCCTCCATGCCCTGCTCCAGAGCTTTTGGGTGG

ACCTTCTGTTTTTCTTTTTCCTCCAAAGCCAAAAGATACTTTGATGATTTCTAGAACT

CCTGAAGTTACATGTGTTGTTGTTGATGTTTCACATGAAGATCCAGAGGGTTAAGTT

TAATTGGTATGTTGATGGTGTTGAGGTTCATAATGCTAAGACAAAACCTAGAGAAG

AGCAATATAATTCTACTTACAGGGTTGTTTCAGTTCTTACAGTTTTGCATCAGGATT

GGCTTAATGCTAAGAATACAAGTGTAAGTTTCTAATAAGGCTTTGCCTGCTCATCGA

AAAGACTATCTCAAGCTAAGGGACAACCTAGAGAGCACAGGTTTAATTAMCMCTTT

CCCTYCSMTCATTCWYGTCTGRTTMGCGACCGGTATGGKATGGAGYTGSATCTTC

YTGKKTTTACTYAKYGGWGCTGCTGGTGTTCATTGCGAGGTTCAGTTAGTTGAGTC

TGGAGGTGGTCTTGTTCAACCTGGTGGATCACTTAGATTGTCTTGTGCTGCTTCAG

GTTTTAATATTAAGGATACTTACATCCATTGGGTTAGACAGGCTCCTGGTAAAGGAT

TGGAATGGGTTGCTAGGATCTATCCAACTAATGGTTATACAAGATACGCTGATTCT

GTTAAGGGAAGGTTTACTATCTCTGCTGATACTTCAAAAAATACAGCTTATCTTCAG

ATGAATTCTTTGAGAGCTGAGGATACAGCTGTTTATTACTGTTCAAGGTGGGGTGG

AGATGGATTTTATGCTATGGATTACTGGGGTCAGGGAACTCTTGTTACAGTTTCTTC

AGCTTCTACTAAGGGTCCATCAGTTTTTCCTTTGGCTCCATCTTCAAAATCAACTTC

TGGTGGAACAGCTGCTCTTGGATGCTTGGTTAAGGATTATTTTCCTGAACCAGTTA

CAGTTTCATGGAATTCTGGTGCTCTTACTTCTGGAGTTCATACATTTCCTGCTGTTT

TGCAATCTTCAGGTCTTTATTCTTTGTCTTCAGTTGTTACTGTTCCATCTTCATCTCT

TGGAACTCAGACATACATCTGTAACGTTAACCATAAGCCTTCTAACACAAAGGTTGA

TAAGAAGGTTGAACCAAAGTCATGCGATAAAACTCATACATGTCCTCCATGCCCTG

CTCCAGAGCTTTTGGGTGGACCTTCTGTTTTTCTTTTTCCTCCAAAGCCAAAAGATA

CTTTGATGATTTCTAGAACTCCTGAAGTTACATGTGTTGTTGTTGATGTTTCACATG

AAGATCCAGAGGGTTAAGTTTAATTGGTATGTTGATGGTGTTGAGGTTCATAATGCT
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AAGACAAAACCTAGAGAAGAGCAATATAATTCTACTTACAGGGTTGTTTCAGTTCTT

ACAGTTTTGCATCAGGATTGGCTTAATGCTAAGAATACAAGTGTAAGTTTCTAATAA

GGCTTTGCCTGCTCATCGAAAAGACTATCTCAAGCTAAGGGACAACCTAGAGAGCA

CAGGTTTAATTAMCMCTTTCCCTYCSMT 

pEAQ-CFP10 

 

AGGGMTTTMWGTCYGRTTMGCGACCGGTATGSKATSSAKYWSSATCTTCYTGTKT

TTACTYATYGGWGCTGCTGGTGTTCATTGCGAGGTTCAGTTAGTTGAGTCTGGAG

GTGGTCTTGTTCAACCTGGTGGATCACTTAGATTGTCTTGTGCTGCTTCAGGTTTTA

ATATTAAGGATACTTACATCCATTGGGTTAGACAGGCTCCTGGTAAAGGATTGGAA

TGGGTTGCTAGGATCTATCCAACTAATGGTTATACAAGATACGCTGATTCTGTTAAG

GGAAGGTTTACTATCTCTGCTGATACTTCAAAAAATACAGCTTATCTTCAGATGAAT

TCTTTGAGAGCTGAGGATACAGCTGTTTATTACTGTTCAAGGTGGGGTGGAGATGG

ATTTTATGCTATGGATTACTGGGGTCAGGGAACTCTTGTTACAGTTTCTTCAGCTTC

TACTAAGGGTCCATCAGTTTTTCCTTTGGCTCCATCTTCAAAATCAACTTCTGGTGG

AACAGCTGCTCTTGGATGCTTGGTTAAGGATTATTTTCCTGAACCAGTTACAGTTTC

ATGGAATTCTGGTGCTCTTACTTCTGGAGTTCATACATTTCCTGCTGTTTTGCAATC

TTCAGGTCTTTATTCTTTGTCTTCAGTTGTTACTGTTCCATCTTCATCTCTTGGAACT

CAGACATACATCTGTAACGTTAACCATAAGCCTTCTAACACAAAGGTTGATAAGAAG

GTTGAACCAAAGTCATGCGATAAAACTCATACATGTCCTCCATGCCCTGCTCCAGA

GCTTTTGGGTGGACCTTCTGTTTTTCTTTTTCCTCCAAAGCCAAAAGATACTTTGAT

GATTTCTAGAACTCCTGAAGTTACATGTGTTGTTGTTGATGTTTCACATGAAGATCC

AGAGGTTAAGTTTAATTGGTATGTTGATGGTGTTGAGGTTCATAATMMTAAGACAA

AACCTAGAGAAGAGCAATATAATTCTACTTACAGGGTTGTTTCAGTTCTTAMAGTTT

GCATCAGGATTGGCTTAATGGTAAAGAATACAAGTGTAAAGTTCTAATAAGGCTTTG

CCTGCYCCAATCGAAAAGACTWTYYCAAAGCTAAGGACAACCTARARAGCCACAG

TTWWMMCCTTCCCYCCAYYTAGGGARAARATGACTAAGAATCAAGTTCMCTTACA

TGCCTTGGTTAAGATTTAACCCTYCTGATWTTGCCTKTGAATGAGTCATGTCMGCC

ARGAWACCTATAAACMTACCCYYCAGGTTKGAATYACARAWGGAGCCYTCCCTTC

TAGGGMTTTMWGTCYGRTTMGCGACCGGTATGSKATSSAKYWSSATCTTCYTGTK

TTTACTYATYGGWGCTGCTGGTGTTCATTGCGAGGTTCAGTTAGTTGAGTCTGGAG
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GTGGTCTTGTTCAACCTGGTGGATCACTTAGATTGTCTTGTGCTGCTTCAGGTTTTA

ATATTAAGGATACTTACATCCATTGGGTTAGACAGGCTCCTGGTAAAGGATTGGAA

TGGGTTGCTAGGATCTATCCAACTAATGGTTATACAAGATACGCTGATTCTGTTAAG

GGAAGGTTTACTATCTCTGCTGATACTTCAAAAAATACAGCTTATCTTCAGATGAAT

TCTTTGAGAGCTGAGGATACAGCTGTTTATTACTGTTCAAGGTGGGGTGGAGATGG

ATTTTATGCTATGGATTACTGGGGTCAGGGAACTCTTGTTACAGTTTCTTCAGCTTC

TACTAAGGGTCCATCAGTTTTTCCTTTGGCTCCATCTTCAAAATCAACTTCTGGTGG

AACAGCTGCTCTTGGATGCTTGGTTAAGGATTATTTTCCTGAACCAGTTACAGTTTC

ATGGAATTCTGGTGCTCTTACTTCTGGAGTTCATACATTTCCTGCTGTTTTGCAATC

TTCAGGTCTTTATTCTTTGTCTTCAGTTGTTACTGTTCCATCTTCATCTCTTGGAACT

CAGACATACATCTGTAACGTTAACCATAAGCCTTCTAACACAAAGGTTGATAAGAAG

GTTGAACCAAAGTCATGCGATAAAACTCATACATGTCCTCCATGCCCTGCTCCAGA

GCTTTTGGGTGGACCTTCTGTTTTTCTTTTTCCTCCAAAGCCAAAAGATACTTTGAT

GATTTCTAGAACTCCTGAAGTTACATGTGTTGTTGTTGATGTTTCACATGAAGATCC

AGAGGTTAAGTTTAATTGGTATGTTGATGGTGTTGAGGTTCATAATMMTAAGACAA

AACCTAGAGAAGAGCAATATAATTCTACTTACAGGGTTGTTTCAGTTCTTAMAGTTT

GCATCAGGATTGGCTTAATGGTAAAGAATACAAGTGTAAAGTTCTAATAAGGCTTTG

CCTGCYCCAATCGAAAAGACTWTYYCAAAGCTAAGGACAACCTARARAGCCACAG

TTWWMMCCTTCCCYCCAYYTAGGGARAARATGACTAAGAATCAAGTTCMCTTACA

TGCCTTGGTTAAGATTTAACCCTYCTGATWTTGCCTKTGAATGAGTCATGTCMGCC

ARGAWACCTATAAACMTACCCYYCAGGTTKGAATYACARAWGGAGCCYTCCCTTC

TGTACCAACAATCTTAGACACGACAGTTATATCTTACCCTCACCTATAAACCCGGCA

ACACCGGCCCATAACTACCCCGAGGGCCTTTACCCTGAGATACATGCCTCTACCT

CTAGGCCTAGGCCTTGAACTAGGGCTCGTAGCCTGGCGCGCGGTGCCTCATGCG

ATTATAAGGAAGCCACCCTCCTTCCGCACGATAGTTTTTCTTCTTATTGATGAATAG

GGTTTGGCGCGAATGTCCCTTCCTATGGATGATACTCCATACTCTCTGGGTGTGAG

GAAAGGATGAATTCTCTCTGCTGTGACTCCAGGGGGGACTTCTGGTCTCCGGATA

AGTGCTCGGAGAGAGGAGAAGACACCGGAGAATAACTGTCCTCGAAGTAATGTTG

AGAAATAACATGCTCCGTAGAATTGTAATGTGAAAGTTCTCGAGGTTTTCCCTCCAC

AGCCGCCAAGGAAACGACCTCTGAACCTTGGGTCGCTACCGCCACGTTATTTTCC

GGTTGTAGCAGCGCCTCTGGTTTAAGGGATGATGAATAATAACCTTCACCAACCGA
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TACTGCCACGAAGTACGGCTGCGGTCACTCCTCCAGTGAACACACCCCTGCCGGT

GAAGCACTATCCACATCTCAATACTCCGTGTCCACTGGTGACAGTGCTACATCCTC

ATCTCGTAGCACACACACATACATCTATCATGATCAACATGAGTCCTATCACACGG

ATGGATATGAGGATGGAGCAACGGACATACGCTATGGCTCACATATGTCTTCTACG

TGTTGTGCTACAGATCGAGTATGTACATCCTCTGGGACTCCCCCTTCTACCGAGAC

CGGATACACAGTTAATACCTATAGCTCTTGTGGAGACACGTGTGGTGGTGGTGGT

GCCTCATGTGGATATACAGATGATGAGGATTAGTTATATGGATATTGTGGTGATGC

TCATTAAACTGACACTCCATCTAGAGGAGAGCTATATTACTACACACACAATGGTG

GCTCAGCTCATACAGCGCGTCTCAATAGTCTCATTGTTATGGAGTACACGAGTGTT

GAGCTATTATGACGCCGTGTGTGCTACTCTAGGGGACACTATCACCGATATGAAGA

CCATATAGGGAGACAGAGATAACATCCTTTCTACCTATACAGGGGGTGTCAATGAG

TCTCGAGCTCTCACATGTGTCGTTAATGAGAAATCAATCCTGTTATAGTGTGTGTGT

GTGACACGTCACAGGGAATATATATATGCAAACANTTTTCCTGGTTGTACTACGGT

AAGCGTCCTTTCCTCBCPF 

 

pEAQ-pstS1 

 

CGGTATTCTGGCAATTCGCGACCGGTATGSKAWGSAKYWGSATCTTCTTGKTTWT

ACTTATYGGWGCTGCTGGTGTTCATTGCGAGGTYTGGGTASTTGAGTCTGGASGK

GGTCTTGTTCAACCTGGTGGATCACTTAGATTGTCTTGTGCTGCTTCAGGWTTTAA

TATTAAGGATACTTACATCCATTGGGTTAGACAGGSTCCTGGWAAAGGATTGGAAT

GGGTTGCTAGGATCTATCCAACTAATGGTTATACAAGATACGCTGATTCTGTTAAG

GGAAGGTTTACTATCTCTGCTGATACTTCAAAAAATACAGCTTATCTTCAGATGAAT

TCTTTGAGAGCTGAGGATACMGCTGTTTATTACTGTTCAAGGTGGGGTGGARATGG

ATTTTATGCTATGGATTACTGGGGWCAGGGAACTCTTGKTACMKYTTCTTCRGCTT

CTACTAASGGTCCATCAGTWTTTCCTTTGGCTCCATCTTCAAAATCAACTTCTGGTG

GAACAGCTGCTCTTGGATGCTTGGTTAAGGATTATTTTCCTGAACCAGTTACAGTTT

CATGGAATTCTGGTGCTCTTACTTCTGKAGWTCATACATTTCCTGCTGTKTTGCAAT

CTTCAGGTCTTTATTCTTTGTCTTCAGYTGTTACTGTTCCATCTTCATCTCTTGGAAC

TCAKACATACATCTGYAACGTTAACCATAAGMCTTCTAACACAAAGGTTGATRAGAA

SGTTGAACCAAASTCATGCGATAAAACTCATACATGTCCTCCATGCCCTGCTCCAG
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AGCTTTTGRGTGGACCTTCTGTTTTTCTTTTTCCTCCAAGCCAAAGATACTTTGATG

ATYTCTASAACTCCTGAAGTTACATGTGYTGGTGTTGATGTTTCACATGAWGATCCA

GAGGWTAAGTTTAAYTGGTATGTTGATGGWGTTGAGGTTCATARCGCGTAAGACA

AACCTAGAGAMAGSAATATATTCYMCTTACAGGKYYGKTWCMGTCTTACAGYTTTG

CATCATGATGGCSTTAATSGTAAAGAATWMYASTGTARGTTYYTAAKACGYTYTGC

CTGCCTCCATCGAMAGACTATCTCAAAGGCTAAAGAYCRCCTRAAKAGCCMMGGG

TTMTACMCTTCCTCCCATYCTACSGAAMRATGACTAGATCAGGTTTMCTTACMTGC

MTTGGTTAAGCTTTRACCCTYCTGATTGYCTGTGTGMAKKGGATSCAATGCACCCG

RAATACCTWAGACMYACCCTCCAGTTTKGATYSAAGGGCCTYCCTCCTCTCGGTAT

TCTGGCAATTCGCGACCGGTATGSKAWGSAKYWGSATCTTCTTGKTTWTACTTATY

GGWGCTGCTGGTGTTCATTGCGAGGTYTGGGTASTTGAGTCTGGASGKGGTCTTG

TTCAACCTGGTGGATCACTTAGATTGTCTTGTGCTGCTTCAGGWTTTAATATTAAGG

ATACTTACATCCATTGGGTTAGACAGGSTCCTGGWAAAGGATTGGAATGGGTTGCT

AGGATCTATCCAACTAATGGTTATACAAGATACGCTGATTCTGTTAAGGGAAGGTTT

ACTATCTCTGCTGATACTTCAAAAAATACAGCTTATCTTCAGATGAATTCTTTGAGA

GCTGAGGATACMGCTGTTTATTACTGTTCAAGGTGGGGTGGARATGGATTTTATGC

TATGGATTACTGGGGWCAGGGAACTCTTGKTACMKYTTCTTCRGCTTCTACTAASG

GTCCATCAGTWTTTCCTTTGGCTCCATCTTCAAAATCAACTTCTGGTGGAACAGCT

GCTCTTGGATGCTTGGTTAAGGATTATTTTCCTGAACCAGTTACAGTTTCATGGAAT

TCTGGTGCTCTTACTTCTGKAGWTCATACATTTCCTGCTGTKTTGCAATCTTCAGGT

CTTTATTCTTTGTCTTCAGYTGTTACTGTTCCATCTTCATCTCTTGGAACTCAKACAT

ACATCTGYAACGTTAACCATAAGMCTTCTAACACAAAGGTTGATRAGAASGTTGAA

CCAAASTCATGCGATAAAACTCATACATGTCCTCCATGCCCTGCTCCAGAGCTTTT

GRGTGGACCTTCTGTTTTTCTTTTTCCTCCAAGCCAAAGATACTTTGATGATYTCTA

SAACTCCTGAAGTTACATGTGYTGGTGTTGATGTTTCACATGAWGATCCAGAGGWT

AAGTTTAAYTGGTATGTTGATGGWGTTGAGGTTCATARCGCGTAAGACAAACCTAG

AGAMAGSAATATATTCYMCTTACAGGKYYGKTWCMGTCTTACAGYTTTGCATCATG

ATGGCSTTAATSGTAAAGAATWMYASTGTARGTTYYTAAKACGYTYTGCCTGCCTC

CATCGAMAGACTATCTCAAAGGCTAAAGAYCRCCTRAAKAGCCMMGGGTTMTACM

CTTCCTCCCATYCTACSGAAMRATGACTAGATCAGGTTTMCTTACMTGCMTTGGTT

AAGCTTTRACCCTYCTGATTGYCTGTGTGMAKKGGATSCAATGCACCCGRAATACC
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TWAGACMYACCCTCCAGTTTKGATYSAAGGGCCTYCCTCCTCTGTAATACTGTCAC

GACTCGACAGCAATACCTCACCGGTACGTATACTCCAGGCAACACCGGTCCTTTAC

TACCGCGAGGGCCTTCACGCCATTATCCGCCAAGATTGCCGTTGTCCTGATGGGA

CTCCTTGCTGAAGCCCAGTGACCCATGCAGCCGCTCAGCGCCCTGCTTCTGGGTA

CCGCCGACGACCAAATCCTGATGGTTCTTAGCGATGCCCACCACATAGCTCTATTG

ACCATACGTACTCCCGATGCTCTCGACGAACAGAATGCCCCTCTTCTATCCGCTAC

GAAGGCTCACACTGAAGCTTCCGTGCCGACGGAAATCTCCATGCGTGGATCACCT

AACACGCCACTTCACAGGCCGGCCCCGCCTCCCTACCTCGATACTGCCGACACAG

GAATCGATTCAATAATTTTTGCAAACAAGCTGCTCAGACCTGTACATCTGCGCCAA

CGACCTGCAAACATTCAATCGCTTCAGCCACCGGGACTGGGGGCACTATCGGTAG

CGCGGGCAGCTGGAACCCGCCTGGGTACCGGACCCTGACTGGGACAACGGGATT

GGCCTGACCTTGGCGCAAAAGCTGCAAAGGTACCACGTCATGCGGACCTTGGAAG

ACCCGGAAATAAAGAGAGTCCGCCCATGACAATCGGGCATCCTCATCAAGAAGGA

ATTTCAGACGTATGCCGTTTGGCTAACCTGAATGATATTACACCCAAGGTTAGTATC

CTGGCGCTGCGGCCTTCCTCTATCGCAAACGCATGCCGGCTGCGCGTTCCGCTAC

ATATCGCGTAAACACATCCTGTGGGAAACCGGCTTCTGTCATGCCGCTACACCCAT

ATGACCTATGCGTCTAAAGGAGACATAAGCCGTTACAGATATGACACACGTGTATA

TGCAGAAAATGTGGCTTCGTAATATGGATATTATGCTGATGCATATGACGCATGAG

ACGCATCTAGAGCGAGCTATATCATCCACACACATTCCTGAATCAATCGCACACGG

GTACCTCGATATCGGCATTGCCACCGAGTATATCCGTGTGAACTTATTGTGTCCCG

TGTGTGTCTATCTCCCGACAATATCACCGACGATTGACTAGATCGGGTGAAACAAT

TGACATACTCCTTCTTACATTCTGCCGCAGGGAGAATATAACAAGAAATAATAAGTG

CCGTTGATGAGCCAGCAATCCTGATAGTTTGTGTGTCTGGAAGCGACTGTACAGG

AGGTATATAAGAGACCTATTCTTCCCGGTATACGCGAAATTCCTTCTTCTC 

 

pEAQ-ESAT6 

 

TRGATACKAGGAAKACGCGCCGATCTCTGCAACTTTGKSATAWAGTTTCTTAAGAT

TGAATCCTGTTGCCGGTCTTGCGATGATTATCATATAATTTCTGWTGAATTACGTTW

MGCATGTAATAATTAACATGYAATGCWTGACRWTATTTATGAGATGGGTTTTTATG

ATTAGAGTCCCGCAATTATACATTTAATACGCGATAGAAAACAAAATATASTGCGCA
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AACTARGATAAATTATCGCGCGCGGYGKCMTCTATGKKACTAGATCGRGGGCTGG

YCCTCWGTGKTGAAGAGAAAAACCACCCCTGWACATTAAAAACGTCCGCAATGCG

TTATTAAACTGTCTAAATGTACTGTTGTGTACTCCCCTTTATATCCTGCCGCCCGSC

CCCCRACAGCTCCCCRACCGTSACMTCGSSACAAAATCACCACTCGATACAGGCA

GCCCATATTTCCGGGACTATCGCRKCGGGAGAGCCGWTTGCGGSACTCTACTTTG

CTCATGCCACCTATGCTATTCGGAARAACGTYACCTGAKCTGCCGKACWTGAAACA

CGKATGATCTCRSARAKGATATSATGWTGATTGYAACAACGACARARSGATGCTGY

CTGWGAACAMATATCATCTCCCTCTYWGAGATCCGAATTATCRAMCTTCTKATTCA

TATCTCGATTATCAACMATCTTSCTCCAASGWCGWCACGATRGATACKAGGAAKAC

GCGCCGATCTCTGCAACTTTGKSATAWAGTTTCTTAAGATTGAATCCTGTTGCCGG

TCTTGCGATGATTATCATATAATTTCTGWTGAATTACGTTWMGCATGTAATAATTAA

CATGYAATGCWTGACRWTATTTATGAGATGGGTTTTTATGATTAGAGTCCCGCAAT

TATACATTTAATACGCGATAGAAAACAAAATATASTGCGCAAACTARGATAAATTAT

CGCGCGCGGYGKCMTCTATGKKACTAGATCGRGGGCTGGYCCTCWGTGKTGAAG

AGAAAAACCACCCCTGWACATTAAAAACGTCCGCAATGCGTTATTAAACTGTCTAA

ATGTACTGTTGTGTACTCCCCTTTATATCCTGCCGCCCGSCCCCCRACAGCTCCCC

RACCGTSACMTCGSSACAAAATCACCACTCGATACAGGCAGCCCATATTTCCGGG

ACTATCGCRKCGGGAGAGCCGWTTGCGGSACTCTACTTTGCTCATGCCACCTATG

CTATTCGGAARAACGTYACCTGAKCTGCCGKACWTGAAACACGKATGATCTCRSAR

AKGATATSATGWTGATTGYAACAACGACARARSGATGCTGYCTGWGAACAMATAT

CATCTCCCTCTYWGAGATCCGAATTATCRAMCTTCTKATTCATATCTCGATTATCAA

CMATCTTSCTCCAASGWCGWCACGAGATTATGTGCCCTTTTATTAGATATGGCCAC

CAGGAATGTATATCGACACAGGCCACACCGATCCGCCATCCCTACATCCACTCGG

CTGCCCTCCGCGAATCCTCCCGTCGCTCAACCCCGGCGGCGTGGTGCCCGGTAT

GCCGAAATGAATCCGTGACTCAGCAATGTCCGGCGCCTTACACCGGCCTTTCCGG

CGGACGCGGCCCGGGACTGTGGGGCCTACTGTTTCGGTTGGTGACTATATCGCG

ATTTTTAGGGCGCGGGGCTTTGGAATTCGCTTTGGCATCATGAATTATCGTGTTAA

CAAATACTCGCCATGGCCACCTAATGGCATAAGGCCGGGTGTGTATCGCCGCAAT

GGTGTGTTATTATAAACACCAGGAAGAGGATGGAGAAGGTCTAGTAAAATAGAGGT

GACGACGCGCGGTAATTTTTCTTTAGTTTCGGCGTTCACAGGTGTTTTAGGGGTTA

TATAAGTGTATATGGAAAAGGGCAGGACCATAAACACTTTTTGCATAAGAAACTTCA
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TGAAGCCAACATGAATTATTGTAGCCTTACAATGATTCAATGGGATGTGGTGGTAAT

GCTACTTCCGGCTCGGCGCGGTTATTAATTGTTAGTAGATATATTGGCAAAAGGTT

AGACCAACCGGCCGGGGCTCGGGGCAGACATAACAACAGCATCGTATCTCAGTAA

ATGCTATAAATGAGBCP 
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APPENDIX B 

Chapter two published article 
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APPENDIX C 
 

Ethics clearance certificate 
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APPENDIX D 

 

Plagiarism report (Turnitin) 
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