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Early diagnosis of Mycobacterium tuberculosis is very important to reduce the
number of fatal cases and allow fast recovery. This can be done by using
smear microscopy method; however, the interpretation of results requires
skilled personnel due to tendency of the method to produce false-negative
results (lack of sensitivity). Therefore, in this study, sandwich-type
electrochemical immunosensor and aptasensor were compared for detection of
CFP10-ESAT6 complex antigen as a biomarker of Mycobacterium tuberculosis,
based on graphene/polyaniline (GP/PANI) modified screen-printed gold
electrode (SPGE). GP/PANI nanocomposite was synthesized and
characterized using Raman spectroscopy and Field Emission Scanning
Electron Microscope (FESEM) in order to confirm the formation of
nanocomposite. Then, it was dispersed in 3-aminopropyltriethoxysilane
(APTES) and used as an electrode modifier. The morphology of the fabricated
GP/PANI-SPGE was analyzed using FESEM and it showed a rough and
porous surface while Energy Dispersive X-ray (EDX) spectroscopy has shown
all the presence elements of GP/PANI on SPGE surface. Based on cyclic
voltammetry (CV) characterization, the fabricated GP/PANI-SPGE has shown a
large surface area compared to unmodified electrode. Capturing probes (anti-
CFP10-ESAT6 antibodies or aptamer) were immobilized onto the surface of
GP/PANI-SPGE. Iron/gold magnetic nanoparticles (Fe3Os/Au MNPs)
conjugated with anti-CFP10-ESAT6 was used to complete the sandwich
system. The FesOs4/Au MNPs was synthesized and characterized using
Ultraviolet-Visible (UV-Vis) spectrophotometer, High Resolution-Transmission
Electron Microscopy (HR-TEM) and X-ray Diffraction (XRD) before conjugating
it with anti-CFP10-ESAT®6. Differential pulse voltammetry (DPV) technique was
used to investigate the analytical performance of both immunosensor and
aptasensor with its corresponding CFP10-ESAT6 antigen. The detection time



was within 2 hours. Under optimum conditions, both sensors showed
comparable results with almost the same limit of detection (LOD) of 1.47 ng/mL
for immunosensor and 1.52 ng/mL for aptasensor. However, aptasensor
showed better specificity and reproducibility than immunosensor. The methods
developed from these processes were then integrated into a portable reader,
which provides a good correlation with conventional methods on detection of
M. tuberculosis in sputum samples. Henceforth, the developed biosensor
demonstrated potential as a practical screening tool for M. tuberculosis
detection.



Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia
sebagai memenuhi keperluan untuk ijazah Doktor Falsafah

PEMBANGUNAN ELEKTROKIMIA SENSOR JENIS SANDWIC
BERDASARKAN ANTIBODI DAN APTAMER BAGI PENGESANAN
Mycobacterium tuberculosis

Oleh

UMI ZULAIKHA BINTI MOHD AZMI

Disember 2020

Pengerusi : Nor Azah binti Yusof, PhD
Institut : Teknologi Maju

Pengesanan awal Mycobacterium tuberculosis adalah penting untuk
mengurangkan bilangan kes kematian dan mempercepatkan kesembuhan. Hal
ini boleh dilaksanakan dengan menggunakan teknik mikroskopik bagi sapuan
(smear); walau bagaimanapun, tafsiran hasilnya memerlukan kakitangan yang
mahir kerana kaedah tersebut cenderung untuk menghasilkan keputusan
negatif-palsu (kurang kepekaan). Oleh itu, dalam kajian ini, elektrokimia
immunosensor dan aptasensor jenis sandwic berdasarkan elektrod emas
bercetak skrin (SPGE) modifikasi grafin/polianilin (GP/PANI) telah dibandingkan
untuk pengesanan antigen kompleks CFP10-ESAT6 sebagai penanda bio
Mycobacterium tuberculosis dibentangkan. GP/PANI nanokomposit telah
disintesis dan dicirikan menggunakan spektroskopi Raman dan FESEM untuk
mengesahkan nanokomposit yang terbentuk. Selepas itu, ia disebarkan di dalam
APTES dan digunakan sebagai pengubah suai elektrod. Morfologi fabrikasi
GP/PANI-SPGE telah dianalisis menggunakan FESEM dan menunjukkan
permukaan yang kasar dan berliang manakala spektroskopi EDX mempamerkan
semua elemen GP/PANI yang hadir di atas permukaan SPGE. Berdasarkan
pencirian CV, fabrikasi GP/PANI-SPGE menunjukkan luas permukaan yang
besar berbanding dengan elektrod yang tidak dimodifikasikan. Prob penangkap
(antibodi CFP10-ESAT6 atau aptamer) telah dilekatkan di atas permukaan
GP/PANI-SPGE. Nanopartikel magnet besi/emas (Fe3Os/Au MNPs) yang
dikonjugasikan dengan  anti-CFP10-ESAT6 telah  digunakan  untuk
melengkapkan sistem sandwic. FesOs/Au MNPs telah disintesis dan dicirikan
dengan menggunakan spektrofotometer UV-Vis, HR-TEM dan XRD sebelum
dikonjugasikan dengan anti-CFP10-ESAT6. Teknik voltammetri nadi pembezaan
(DPV) telah digunakan untuk mengkaji prestasi analisis immunosensor dan
aptasensor dengan antigen CFP10-ESAT6. Masa pengesanan adalah 2 jam.
Dalam keadaan optimum, kedua-dua sensor menunjukkan hasil yang setanding



dengan had pengesanan yang hampir sama iaitu 1.47 ng/mL untuk
immunosensor dan 1.52 ng/mL untuk aptasensor. Walau bagaimanapun,
aptasensor menunjukkan kekhususan dan kebolehulangan yang lebih baik
berbanding dengan imunosensor. Kaedah yang dikembangkan dari proses ini
kemudian disatukan ke dalam pembaca mudah alih yang memberikan korelasi
yang baik dengan kaedah konvensional dalam pengesanan Mycobacterium
tuberculosis pada sampel kahak. Seterusnya, peranti menunjukkan potensi
sebagai sebagai alat saringan yang lebih praktikal.
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CHAPTER 1

INTRODUCTION

11 Background of study

Tuberculosis (TB) caused by Mycobacterium tuberculosis (M. tuberculosis)
pathogen is one of the largest causes of death after human immunodeficiency
virus (HIV). Other than lungs, this bacterium can actively spread to other parts
of the body when the immune system is weak. This contagious disease is
classified as airborne because it can be transmitted to other people when the
infected person expels the bacteria into the air through coughing, sneezing, or
even talking (Ariffin et al., 2020). Globally, the number of TB reported cases
increased from 9.6 million in 2014 to 10 million in 2019 (including deaths)
(WHO, 2015, 2019). In Malaysia, number of TB cases is high with a current
estimated incidence of 92 cases per 100,000 populations in 2019 due to high
influx of illegal immigration, HIV, drug resistance, delayed diagnosis, high
smoking rates, and diabetes (Mat Zaid et al., 2017; Mohd Bakhori et al., 2020;
WHO, 2020). Therefore, early and accurate detection of TB will be a good
initiative to isolate the patients and control the disease.

Several conventional methods that are commonly used for active TB detection
such as sputum smear microscopy and culture of M. tuberculosis from patient
samples. However, these conventional methods are time-consuming, lack of
sensitivity and specificity, unreliable and tend to give false result, especially for
individuals with HIV co-infection (Ariffin et al., 2020; Mohd Bakhori et al., 2020;
Tufa et al., 2018). Hence, the development of rapid and accurate diagnostic
tools are essential to improve TB control in developing countries such as
fluorescence microscopy, mycobacteria growth indicator tube (MGIT) and
biosensors (Golichenari et al., 2019; Srivastava et al., 2016). These methods
have been applied for different samples such as urine (Kim et al.,, 2017;
Mukundan et al., 2012; Phan et al., 2018), sputum (Kim et al., 2017; Liu et al.,
2014; Mohd Bakhori et al., 2018) and blood (Li et al., 2018). Among these
methods, biosensors have tremendously developed due to high sensitivity, low-
cost and effective for detection of various pathogens (Chan et al., 2016; Li et
al., 2018).

Biosensor can be generally defined as a device that consists of a biological
recognition system (aptamers, proteins, antibodies, enzymes) and coupled to a
transducer for signal processing, to detect and quantify a particular analyte.
Biosensors provide advanced platforms for biomarker analysis with a number
of advantages such as user-friendly, rapid and robust as well as offering
multianalyte testing capability (Srivastava et al., 2016); however, a specific
biomarker is necessary in order to detect a disease accurately (Phan et al.,
2018). Immunosensors or antibody-based sensors are based on antibody to
capture the target antigen (Felix & Angnes, 2018), while aptamer-based
sensors or known as aptasensors are based on nucleic acid to identify various
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targets such as proteins, peptides and amino acids (Kim et al., 2016). These
biosensors are core developments in clinical diagnosis especially in the
detection of M. tuberculosis for TB disease (Ansari et al., 2018; Ariffin et al.,
2020; Sypabekova et al., 2019). This is due to the highly specific molecular
recognition of antibody or aptamer with antigen and high sensitivity of the
sensor (Chan et al., 2016; Wei et al., 2010).

Electrochemical biosensor offers high sensitivity, simplicity and easily
miniaturize, which made the electrochemical biosensor among the top choices
in biosensing platform (Golichenari et al., 2019; Tufa et al., 2018). Generally,
electrochemical detection can be performed either by labelling or without
labelling. Label-based or sandwich-type electrochemical biosensor consists of
two biorecognition elements used to anchor the target biomarker; (i) capture
probe and (ii) detection probe, unlike label-free electrochemical biosensor
(Kokkinos et al., 2016). According to this principle, the specific binding between
target biomarkers and the immobilized biomolecules on the electrode, such as
antigen-antibody, DNA-DNA and antigen-aptamer, has been extensively used
to capture analytes or probes to improve the selectivity of the sensors.
Meanwhile, the enhancement of detection sensitivity can be achieved by
conjugating nanomaterials with biorecognition element, known as detection
probe (Zhang et al., 2016). It is also important to ensure that the sensors are
capable to detect a very low amount of analytes.

The utilization of nanomaterials in the development of biosensors has been
frequently used in order to enhance the performance. Nanomaterials are
proven can increase the rate of electron transfer as well as improve the
electrochemical signals as they have good conductivity and electrocatalytic
effect (Cho et al., 2018). In addition, the usage of nanomaterials in modifying
working electrodes provides more roughened surfaces that facilitate the
attachment of the biological elements to electrode surfaces. Apart from that,
nanomaterials can increase the electroactive surface area; hence, leads to
better sensitivity and reduce the detection limits. Different nanomaterials have
been used in biosensors, including, carbon nanomaterials, conducting
polymers, magnetic nanoparticles or magnetic beads (MBs), gold nanoparticles
and nanocomposites (Chen et al., 2007; Li et al., 2018; Liu et al., 2014; Zhang
et al., 2016).

1.2 Problem statements

The common method used for diagnosing M. tuberculosis is sputum smear
microscopy (Mukundan et al., 2012). Sputum is a thick fluid that is produced in
the lungs and the airways leading to the lungs. Sputum sample is typically
collected from an infected person who has cough (Mat Zaid et al., 2017).
Bacteria in the sputum sample are then examined under a microscope.
Although this method is simple and inexpensive, it is insensitive and unable to
identify half of the positive TB infections (Kim et al., 2013; Liu et al., 2014;
Torati et al., 2016). Another method called culture method is a ‘gold standard’
in determining M. tuberculosis. However, this method requires 4 — 8 weeks to
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grow the mycobacterium. Besides these methods, chest x-ray, tuberculin skin
test, fluorescent microscopy and serological test have been used due to their
high accuracy. Nevertheless, these methods are time-consuming, require
expensive instrumentation and some of the techniques are unsuitable for active
TB detection (Mat Zaid et al., 2017).

In order to overcome these issues, electrochemical biosensors based on
antibodies and aptamer are recently developed as a promising way for antigen
detection in clinical diagnosis including M. tuberculosis. These types of
biosensors provide several advantages such as high specificity, low detection
limit, requires small amount of analytes and can be easily miniaturized (Butmee
et al., 2020; Golichenari et al., 2019). However, electrochemical detection of M.
tuberculosis antigen at an early stage is very challenging because the growth is
slow in real samples. Therefore, the selection of biomarkers, which are
secreted earlier such as CFP10-ESAT6 complex is essential to aid the
detection of the bacteria at an early stage (Felix & Angnes, 2018; Mohd
Bakhori et al., 2020).

The electrode in an electrochemical biosensor provides a solid support for the
immobilization of the biorecognition element (i.e., antibody or aptamer) as well
as a sensing means for the electrons produced from the biological reaction
(Cho et al., 2018). Therefore, the selection of electrode combination with a
proper surface modification is crucial to provide an effective electrochemical
performance. The incorporation of screen-printed electrodes (SPE) with
nanomaterials can be used to improve the -electrochemical properties.
Graphene (GP) in the form of a two-dimensional honeycomb has a lot of useful
properties such as a large surface area and numerous active sites. GP is
superior than other carbon allotropes based on the following properties; high
electron transfer speed, high thermal conductivity, good mechanical flexibility
and biocompatible (Li et al., 2015; Roberts et al., 2019). Meanwhile, polyaniline
(PANI) is a conducting polymer that has been widely used because of its easy
fabrication process and inexpensive. In electrochemical sensors, PANI is
reported to have fast electron transfer and excellent electrochemical activity
(Shoaie et al., 2019). Therefore, GP and PANI is a highly potential combination
for our proposed electrochemical biosensors to immobilize the capture probes.

For detection probe, the core/shell iron oxide/gold magnetic nanoparticles
(FesO4/Au MNPs) were used in this study as a label to conjugate with primary
antibody (Ab). FesO4 MNPs are frequently used to isolate the target molecules
from sample solution by the application of an external magnetic field. However,
magnetic nanoparticles tend to lose their magnetic properties when applied in
complex biological systems (Silva et al., 2016). Gold nanoparticles (AuNPs)
have the ability to protect FesOs MNPs from oxidize as well as able to
functionalize through Au-S binding (Freitas et al., 2014). Despite, AuNPs
require a centrifugation step to separate the target molecules from the sample
solution, which is time-consuming. Thus, the formation of FesO4s MNPs as a
core and AuNPs as a shell are proposed in this study.



1.3 Novelty of research

In this study, the utilization of sandwich-type electrochemical biosensor
involving the immobilization of specific biorecognition elements (e.g. antibody
and aptamer) onto GP/PANI nanocomposite modified electrode as a capture
probe and FesO4/Au MNPs as a label for detection of M. tuberculosis is the first
to be reported. The binding of CapAb-CFP10-ESAT6 antigen was analyzed
using enzyme-linked immunosorbent assay (ELISA) technique, while CapApt-
CFP10-ESAT6 antigen was evaluated using surface plasmon resonance (SPR)
and circular dichroism (CD) technique prior to assays testing. For the
immunosensor, a mixture of N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide
hydrochloride / N-hydroxysuccinimide (EDC/NHS) was used to bind the amine
group of GP/PANI surface with carboxyl group of CapAb, while for aptasensor,
the GP/PANI surface was crosslinked with CapApt using glutaraldehyde due to
the presence of amine group in GP/PANI surface and CapApt. The optimized
bioassays were further integrated into a portable reader and applied on real
samples. Compared with existing methods, the use of portable electrochemical
biosensor represents the most practical and promising technique that could
meet the demands of on-site and remote areas point-of-care (POC) diagnostic
for M. tuberculosis detection. Unlike DNA-based biosensor, both
immunosensor and aptasensor do not require the sample to be extracted and
thus, reduce the time to obtain the result. Moreover, this non-invasive system
which is sputum-based detection could provide an affordable diagnostic test in
developing countries.

14 Objectives of research
The main aim of the research is to develop novel, ultrasensitive, non-invasive

and affordable electrochemical biosensors for the detection of M. tuberculosis.
The explicit objectives of this project are listed below:

1. To prepare and functionalize core/shell FesO4/Au MNPs as a label for
primary antibody;
2. To prepare GP/PANI nanocomposites and optimize the modification of

electrode for immunosensor and aptasensor for electrochemical
detection of M. tuberculosis;

3. To characterize the fabricated immunosensor and aptasensor for
detection of M. tuberculosis through electrochemical technique;

4, To evaluate the optimized parameters of developed immunosensor and
aptasensor into a portable reader and apply on clinical sputum
samples.



1.5 Scope and limitation

In this present study, the biorecognition elements used are specific towards
biomarker CFP10-ESAT6 antigen as it has high affinity with the active binding
site of antibody and aptamer. Apart from that, the Fe3sO4/Au MNPs conjugated
with primary antibody as detection probe provided better sensitivity for both
sensors (immuno and aptamer-based).

However, this study is limited to single biomarker, which is CFP10-ESAT6
antigen. Furthermore, the application of portable sensors on real samples is
limited due to the limited access for samples from hospital and clinic. Besides
that, the fabricated modified electrode is not stable for transportation and
requires proper packaging for on-site real sample testing.
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