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ABSTRACT

Tuberculosis (TB) is an infectious disease that, despite all efforts devoted towards its
eradication, remains a threat to many countries including South Africa. Current diagnostic
assays do offer better performance than the conventional sputum smear microscopy and
tuberculin skin tests. However, these assays have been proven to be affected by various factors
including the condition of an individual’s immune system and vaccination history. By far,
electrochemical biosensors are amongst the currently investigated techniques to address the
shortcomings associated with these diagnostics. At large, human health is prone to attack by
various pathogens, toxins and chemicals such as bisphenol A (BPA) which is a chemical found
in many household appliances owing to special properties such as light weight, high thermal
resistance and transparency. This chemical is also a potential endocrine disruptor which mimics
the functionality of estrogen receptors leading to adverse health problems including
miscarriages, obesity, diabetes and cancer while its interference with functionality of the
immune system alters secretion of cytokines such as interferon gamma (IFN-y). IFN-y is a
cytokine secreted as immunological response specific to TB infection and has risen as the best
biomarker for early TB screening. Hence, devices for IFN-y quantification with high sensitivity
and specificity are of crucial demand as they can indicate both TB infection and endocrine
disruption. Herein, two conducting polymer nanocomposites have been prepared for use as
redox probes and charge transfer mediators for assays developed to quantify the endocrine
disrupting BPA and the TB biomarker, interferon gamma (IFN-y). Metallic nanoparticles (gold
nanoparticles and titanium dioxide nanoparticles) were employed to enhance the charge
transfer efficiency of the conducting polymers; polyaniline (PANI) and poly(3,4-
propylenedioxythiophene) (PProDOT). Their incorporation and effect on properties of the
polymers was investigated using voltammetry (cyclic voltammetry, square wave voltammetry

and differential pulse voltammetry), spectroscopy (Raman spectroscopy and ultraviolet-visible
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spectroscopy), microscopy (scanning electron microscopy and transmission electron
microscopy), chronocoulometry and electrochemical impedance spectroscopy. The sensing
platform for bisphenol A was fabricated by immobilization of manganese peroxidase onto the
PANI nanocomposite grafted with polymethyl methacrylate (PMMA) and titanium dioxide
(TiO2) nanoparticles. The biosensor system showed satisfactory performance during square-
wave signalling of BPA by monitoring current changes during its oxidation. The biosensor
could detect BPA with a low detection limit of 0.17 nM (corresponding to 0.039 pg/mL) and
an analytical range between 0.2 nM and 1.2 nM. These values fall below the minimum tolerable
daily intake value of 4 pg/kg bodyweight implying the potential application of this biosensor
system in quantification of BPA in real household and environmental samples. Interferon
gamma (IFN-y) was signalled by meonitoring changes in the phase angle with its varying
concentrations. The sensing platform was a ternary system of PProDOT, gold nanoparticles
and a thiol-modified DNA aptamer specific to IFN-y. During recognition and subsequent
binding of IFN-y, the aptamer underwent conformational changes which retarded charge
transfer and induced the observed shifts in phase angle. The aptasensor showed feasibility to
detect IFN-y in clinical samples, following its good performance during signalling of IFN-y in
pleural fluid. A detection limit of 0.2 pg/mL and a linear range with a minimum value of 0.4
pg/mL and a maximum value of 1.4 pg/mL were achieved. These detection limit values fall far
below the current cut-off limit of 15 pg/mL for IFN- y and set minimum value of 50 pg/kg for
BPA, further highlighting the promising potential for application of the sensor systems towards

early TB diagnosis and indication of endocrine disruption.
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PART 1: BACKGROUND

CHAPTER 1

Research background, aims and objectives

Overview

Tuberculosis (TB) has been, and is still, a global burden amongst other highly infectious
diseases, with alarming new cases reported annually by the World Health Organization
(WHO). Although incredible commitment has been devoted in preventing the spread of the
bacteria causing the disease, inventing of modernized diagnostic methods and therapy
monitoring techniques, South Africa and other high burden countries (as categorized by the
WHO), still show the highest TB incidents. On the other hand, endocrine disrupting
chemicals (EDCs) have found applications in household appliances owing to the interesting
properties they have. However, they have negative and harmful effects on human health,
resulting from disruption of the endocrine system and interference with the immune system.
More importantly, EDCs have been proven to interfere with secretion of cytokines including
IFN-y, a cytokine specific to TB infection. Therefore, much work ranging from invention of
highly sensitive, reliable detection methods for the EDCs to development of new vaccines,
highly sensitive point-of-care diagnostics and treatment drugs effective against all TB strains

still remains.

This chapter gives a brief introduction to TB (causes, transmission, treatment, diagnostics
and their challenges) and EDCs (applications and effects on human health), followed by

current perspectives around TB and EDCs that led to conduction of this study.
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1. Introduction to tuberculosis
1.1. Tuberculosis: infection and pathogenesis

Tuberculosis (TB), a highly infectious disease that primarily targets the lungs, is caused by
invasion of the human immune system by the bacterial human pathogen Mycobacterium
tuberculosis (MTb), whose organisms are known as tubercle bacilli =31, Amongst other human
pathogens (Mycobacterium africanum and Mycobacterium canetti) within the mycobacterium
tuberculosis complex (MTBC), MTb is the only significant pathogen that causes TB in humans
[ All other bacterial species are collectively referred to as mycobacterium other than
tuberculosis (MOTT) or non-tuberculous mycobacterium (NTM) organisms Bl However,
although Mycobacterium bovis is an animal pathogen, it is also known to cause the TB disease
in humans . Upon intake by the human system, MTb organisms bind to the alveolar
macrophage and get recognised by different receptors such as the C-type lectin receptors, toll-
like receptors and nod-like receptors [l. The stage of infection in which the bacilli reside in a
dormant manner within the system, without evident signs of sickness, is known as latent TB
infection (LTBI) [8. The advanced stage in which symptoms are evident, following a series of
interaction mechanisms occurring between the defensive immune system and the bacilli-
infected cells is active TB, commonly referred to as pulmonary TB (PTB). Common symptoms
of PTB include persistent coughs with presentable bloody sputum, haemoptysis, excessive
night sweats, loss of appetite, chest pain, short breaths and weight loss . The time period
between this symptomatic stage and bacillary entry is known as the incubation period % and
it is during this period that the bacilli can travel to infect other parts of the body (such as the
lymph nodes, kidneys, liver and meninges) 'Y or progress to therapy-resistant strains resulting
from chromosomal mutations 2. These therapy-resistant forms of TB include multi-drug

resistant TB (MDR-TB) which is resistant against at least two first-line anti-TB drugs
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(rifampicin and isoniazid) while the extensively drug-resistant TB (XDR-TB) is resistant to
both these first-line drugs and one of the fluoroquinolones and injectable second-line anti-TB
drugs (ofloxacin (OFX) and amikacin (AMK)) [*3l. The different categories of treatment drugs
will be discussed in detail in the next section. The TB of any body part other than the lungs is
referred to as extra-pulmonary TB (EPTB) [*4 and the symptoms differ according to the site of
infection (51, Examples of EPTB include TB lymphadenitis, TB meningitis and hepatic TB,

resulting from infection of the lymph nodes, the meninges and the liver, respectively [*6-18],

The mechanism of defence against MTb infection is quite understandable and depends
mainly on the condition of an individual’s immune system. The immune cells respond by
forming a barrier, known as granuloma, which engulfs the tubercle bacilli confining them to
an environment designated to hinder bacilli replication and spreading °l. Specifically
responding to MTb infection, the helper T (Th) CD4+ cells and CD8+ cells then secrete
antimicrobial intermediates (such as the reactive oxygen intermediates (ROIs) and the reactive
nitrogen intermediates (RNIs)) and cytokines (such as tumor necrosis factor alpha (TNF-a),
interleukin 2 (IL-2) and interferon gamma (IFN-y)) responsible for killing or hindering
replication of the bacilli 2% 21, When the immune system is weak (i.e. deficient in certain
immunity cells), it fails to engulf and control the bacilli. This allows replication of the bacilli,
empowering them to defeat the immune system 22l and these due to small sizes get carried to
other body parts leading to extra-pulmonary TB. However, not only a weaker immune system
permits progression of LTBI to active TB, but also the deceitful character of the tubercle bacilli
rendered by the glycolipids forming its cell wall. The glycolipids contain mycolic acids, Wax-
D and cord factors which are the main root for the special deceitful character of the tubercle
bacilli. As a result, the bacilli have an ability to resist attack from the toxic intermediates
secreted by the immune cells for defence, creating an environment comfortable enough for

their growth and survival. The high concentrations of glycolipids are associated with resistance
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of the bacteria to many antibiotics (development of the MDR-TB and XDR-TB strains). The
bacilli can also inhibit cell apoptosis at the site of infection [2%1. The driving force beyond this
inhibition is the MTb nuoG mutant gene which accommodates the reactive oxygen
intermediates, leading to increased apoptosis within the infected cells 4. During all this time,
viable bacilli get a chance to replicate within the granuloma and, after breaking the granuloma
wall due to a damaged immune system, escape to re-circulate within the host. This behaviour
is directly linked to re-activated infection (or secondary infection), which is a symptomatic

active TB disease usually observed months or years after the initial infection [2°],

Despite the remarkable worldwide commitment initiated by the World Health
Organization (WHO), co-infection with other pathogens and immunosuppressing conditions,
mainly the human immunodeficiency virus (HIV) and diabetes mellitus (DM) complicates the
control over TB [26271 Also, malnutrition has been associated with TB mortality. The world,
generally, is aware and cautious against TB, thanks to strategies such as directly observed
treatment short course therapy (DOTS), the STOP-TB Strategy and the recent End-TB Strategy
(28291 "implemented to engage with communities about TB and fulfil various goals with the
universal vision of a TB-free world. However, although some people have adapted to healthy
nutritional lifestyles, deficiency of vitamin D (Vit D), alone, increases the risk of LTBI
progression to active TB disease with a current serum-measured value of <20 nmol/L regarded
as Vit D deficiency . Calcitriol or 1,25-dihydroxyvitamin D3z (1,25(0OH)2D3), one active
metabolite of Vit D, modulates immune response by inducing formation of the antibacterial
RNIs and ROIs 1321, Hence, it has been shown that a Vit D-supplemented therapy accelerates
recovery but such observations still need validation B3I, This Vit D deficiency points out that

various factors have an effect on control of the TB epidemic.
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1.2. Transmission, prevention and treatment

The tubercle bacilli carried by airborne particles called droplet nuclei, are small organisms of
0.5 um in width, usually 3 pm long B4, The MTb-containing droplet nuclei can remain
suspended in air for 8-10 days while they can last for 20-30 hours in expelled sputum. When
an infected individual (with active TB disease) sneezes or coughs, the bacilli are expelled in
aerosol form. The main transmission route, therefore, is the respiratory tract through which the
bacilli is expelled (from the active TB-infected individual) and inhaled (by the individual being
infected) ®3%1 and one individual can transmit the disease to an average of 12-15 persons 381,
With reference to M. bovis, the organism enters the human system through ingestion of
unpasteurized bacilli-contaminated cow milk 1. After acquiring MTb infection, different
population groups are prone to LTBI progression to active TB disease, mainly healthcare
workers in frequent exposure to active TB individuals, infants with immature immune systems,
immunocompromised individuals visiting healthcare centres and close contacts with active TB-

infected individuals. Hence these population groups are classified as high risk groups 3.

Currently, there is only one gold standard vaccine, the M. bovis Bacillus Calmette-
Guérin (BCG) which is administered through intradermal injections at birth by many countries
including South Africa . However, as an additional cautious measure against infection of the
high risk groups, the vaccine is also administered after infancy or regularly (especially to
healthcare workers). Like most systems, the BCG vaccine has a limitation which is the over-
stimulation of CD4+ and CD8+ cells, thereby affecting results from different diagnostic and
therapy-monitoring techniques. Although the vaccine protects against MTb infection and
progression from LTBI to active TB 0 it has been proven to have variable efficacy in
preventing pulmonary TB or transmission of the bacteria and fails to give total protection in

certain age groups or populations, following the high incident of TB infected infants who had
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been vaccinated 1. As a result, development of new and effective vaccines is under research,
with some developed vaccines undergoing clinical trials. Amongst these is the Modified
Vaccina Ankara 85A (MVVA85A) in which the MV A expresses high levels of the antigen 85A.
The MVAB85A has been trialled in BCG-vaccinated infants in South Africa, for safety
precautions, and it has shown no superior efficacy than the BCG 2. Hence, new vaccines are

still on demand.

The current TB therapy is a fixed-dose multi-drug regimen containing first-line and
second-line TB drugs, ranked by the WHO according to their effectiveness against the disease
bacteria. The first-line drugs, mainly used in treatment of drug-susceptible TB, include
rifampicin (RIF), isoniazid (INH), pyrazinamide (PZA), ethambutol (EMB) and streptomycin
(STR) which usually replaces EMB in EPTB cases, mainly TB meningitis. These drugs are
administered for 2 months in the initial phase of treatment, known as the intense phase. This
phase adopts the name from the efficacy and potency of the first-line drugs towards eradication
of the bacteria. To complete the standard six-months duration, the intense phase is followed by
a continuous phase in which only RIF and INH are administered for four months, mainly to
prevent relapse and ensure eradication of the slowly-growing bacteria 344, To monitor the
effect of the drugs, sputum specimens are examined on a monthly basis 1. The anti-TB drugs
have adverse effects on human health resulting from their toxicity, with the most critical
condition being permanent lung tissue and liver damage 6. The treatment for the drug-
resistant TB strains (MDR-TB and XDR-TB) varies from the standard treatment regimen for
drug susceptible pulmonary TB, with administration of second-line drugs and is administered
over longer periods, ranging between nine and twenty months, a period including nine months
of only the intensive phase 13471, The second-line drugs are divided into fluoroquinolones
(ofloxacin (OFX), levofloxacin (LEV), moxifloxacin (MOX) and ciprofloxacin (CIP)) and

injectable drugs (kanamycin (KAN), amikacin (AMK) and capreomycin (CAP). The long
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treatment period is directly linked to patient non-compliance as many people start by defaulting
treatment, leading to the high number of reported drug-resistant TB cases and death, resulting
from re-emergence of the disease [“¢4°1. The mutations in the inhA promoter and katG genome
regions are responsible for INH resistance while mutations in the rpoB and pncA genome
regions lead to RIF and PZA resistance, respectively %, Upon initiation of treatment, the drugs
are metabolized by enzymes, mainly cytochrome P450 (CYP450) enzymes, into intermediates
and metabolites effective against the bacteria. However, the drugs inhibit and induce the actions
of these enzymes % and lead to adverse effects including liver damage. As a result, attempts
including shortening of the therapy duration by at least two months and varying the drug
dosages have been proposed as potential benefits that could minimise the emergence of drug-
resistant TB strains and toxicities associated with long therapy durations. A study evaluating
significance of a smear-positive result for tubercle bacilli after five months of treatment
(treatment monitoring) showed that the positive results resulted from non-viable Mtb bacilli
and/or MOTTs while a recent clinical trial study evaluating administration of a high rifampicin
dosage has discovered no association between high RIF doses and cytotoxicity 452, This view
has opened doors to the newly emerging field of host-directed therapies (HDTs) which target
biological pathways in the host to modulate immune response using readily approved
immunomodulatory agents. Some agents include metformin (used against diabetes mellitus),
niraparib (used in breast cancer) and Vit D3 (given as a dietary supplement) 5354 All these
research interests show potential towards elimination of drug toxicities associated with the long
therapy durations and drug interactions in patients simultaneously treating TB with other
diseases and encourage patient compliance, which in turn, would have a positive effect on

control of the TB disease.
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1.3. Principles and challenges of current diagnostic methods

The tuberculin skin test (TST) is one of the oldest techniques for latent TB infection diagnosis.
The technique is based on a delayed-type hypersensitivity reaction which occurs when an MTh
infected individual is subjected to intradermal injections of five tuberculin units (TU) of
purified protein derivative (PPD) or two TU of PPD RT23 culture filtrates [*%°. In the case of
a positive reaction, an induration appears (within 48-72 hours) at the site of injection. The
positive reaction is then interpreted based on the diameter of the induration. Although this old
technique is still operatory to date, it only detects LTBI (and not active TB) and it is important
to note that the culture filtrates do not only contain strains from the MTb genome, but include
strains from the BCG and some MOTT genomes 81, As a result, the specificity performance
of the TST is highly affected by BCG vaccination and exposure to MOTT strains giving false-
positive results; while the sensitivity decreases with different factors (such as malnutrition and
HIV co-infection which reduces CD4+ T cells) and give false-negative results, respectively 57,
Hence, absence or presence of a reaction does not solely rule out or indicate TB infection due
to different factors, such as suppression of the reaction in immune-compromised individuals or

overstimulation of the CD4+ and CD8+ T cells induced by the BCG vaccination.

The sputum smear microscopy (SSM) is based on identification of the acid-fast bacilli using
fluorescent microscopy (from a sputum sample stained with Ziel-Neelsen stain or auramine
stain). Although the technique gives results at high specificity within fourty eight hours, it has
reduced specificity which needs confirmation by other methods as it fails to differentiate MTh
from other mycobacterial strains such as mycobacterium kansasii and mycobacterium marinum
(581 The technique also has variable sensitivity in special populations including young children,
diabetic and HIV co-infected individuals who fail to present MTb positive smears 590 As a

result, three polymerase chain reaction (PCR)-based technigues that also use sputum specimens
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were later endorsed. One technique is the Gene Xpert MTB/RIF Assay (Xpert) which rapidly
detects MTb infection and resistance to rifampicin (RIF) within two hours. The Xpert uses
enclosed cartridges that minimise many errors such as sample cross-contamination 162, The
Genotype MTBDRplus technique (DRplus) and the Line Probe Assay (LPA) also detect early
Mtb infection and, in addition to RIF resistance, measure resistance to isoniazid (INH) anti-TB
drug 863841 However, the Xpert and the DRplus cannot discriminate non-viable from viable
bacteria, leading to increased DNA amplification which limits their application in treatment

monitoring 1 while the LPA can only be performed on confirmed positive smears [°],

Interferon gamma release assays (IGRAs) were designed to address the limitations
associated with the afore-mentioned techniques (i.e. post-BCG vaccination and MOTT false-
positive results, HIV co-infection false-negative results due to low CD4+ T cell counts,
inability to differentiate LTBI from active TB and DNA amplification due to non-viable
mycobacteria). There are two commercially available IGRAs approved by the U.S. Food and
Drug Administration (FDA), namely; the QuantiFERON-TB Gold-in-Tube (QFT GIT) assay
(Cellestis, Australia) and the T-SPOT.TB assay (Oxford Immunotec, UK). Both techniques are
based on quantification of the antigen IFN-y by peripheral blood cells, after stimulation by the
antigens culture filtrate protein-10 kDa (CFP-10) and the early secreted antigenic target-6
(ESAT-6) 571, These antigens have genomes within the region of difference 1 (RD1) specific
to Mtb, excluding the BCG and other MOTT genomes. Therefore, performance of the IGRAs
is not affected by past BCG vaccination or cross-reactivities with MOTTs [%8, The results from
both assays are reported as a difference between the antigen response and negative control
samples. The T-SPOT.TB assay is an enzyme-linked immunosorbent spot (ELISPOT)-based
technique which measures the number of T cells (known as spots) producing IFN-y. The
reference for a positive result is >8 spots. The QFT GIT assay is an enzyme-linked

immunosorbent assay (ELISA)-based technique which uses an additional antigen TB7.7 to
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measure the amount of IFN-y produced by the T-cells, expressed in international units (1U) per
millilitre (mL) .The reference concentration for a positive result is > 0.35 TU/mL [6869,
Although the IGRAs seem to have addressed limitations associated with other diagnostic
techniques "%, there are still controversial reports regarding the sensitivity of IGRASs in

immunocompromised individuals where it is reported that the IGRAS sensitivity is diminished

in young children and those living with TB/HIV co-infection 571721,
2. Endocrine disrupting chemicals
2.1. Bisphenol A

Bisphenol A (BPA) is a monomer widely used in the production of epoxy resins and
polycarbonate plastics owing to its properties such as light-weight, transparency and thermal
resistance ["374, These epoxy resins and polycarbonate plastics yield material perfectly applied
in packaging material and household appliances including compact discs, currency notes, flame

retardants, plastic containers, eyewear and lining of metal food cans [">~"7],

Unfortunately, exposure to BPA is associated with adverse effects harmful to human
health, aquatic species and the environment. BPA has been proven to leach out of the food-
packaging material, making its way to the contents while it can degrade from disposed material
to finally reach ground waters I8, In its chemical structure, BPA has two reactive phenolic
groups through which it binds to estrogen receptors and interfere with both the endocrine and
immune systems [7*-821, Specific disorders resulting from this interference include miscarriages,
cancer (breast cancer and prostate cancer), obesity, neurodevelopmental disorders, birth
defects, cardiovascular diseases and diabetes B3#71" As a result of the adverse effects arising
from exposure to the chemical, BPA is classified within a group of chemicals collectively
known as endocrine disrupting chemicals (EDCs). As a protective measure to mitigate

exposure to EDCs, various organisations and regulatory bodies implemented fixed values
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regarded as no-observable-effect values and the current value for BPA is 50 pg/kg bodyweight

per day [,
3. Problem statement
3.1. Current TB statistics

Up to date, the World Health Organization (WHQO) has shown remarkable progress towards
controlling the TB epidemic which affects both young and old individuals around the world
891 Despite the high cure rates and the fall in overall TB-related incidents achieved through
different strategies implemented by the WHO, another important aspect accredited to the WHO
is the endorsement of new innovations which have a great impact on the overall aim of
eradicating TB, shown by a smooth transition from the STOP-TB era (which ended in 2015)

to the new END-TB era destined to 2035.

Although TB is a curable disease, marked by 43 million lives saved between 2000 and
2014 [ jt has resulted in an estimated 7.4 million deaths between 2011 and 2015 (Figure 1),
a value averaged at 1.5 million deaths per year. In 2015, the WHO reported an estimated 10.4
million TB cases which included 1.2 million TB/HIV co-infections in adults and a total 1.0
million TB cases in children . When compared to previous years (i.e. 2011-2014), incidents
reported on both TB/HIV- and TB/HIV+ infected adults show a gradual increase while the TB
cases on children doubled. This phenomenal pattern may be attributed to either advances in
diagnostic methods (allowing all WHO countries to report on incidents when compared to
previous years in which many cases might have been missed undiagnosed) or the spread of the
disease as the greatest proportion of the reported cases is constituted by low- and middle-
income countries characterized by factors which favour spread of the bacteria causing the
disease. These factors include nutritional deficiency, overcrowded populations (mainly in

prisons) and infections with other infectious and non-communicable diseases!®>%l, Also, this

http://etd.tjwc.ac.za



PART 1: BACKGROUND CHAPTER 1

may relate to the limited efficacy of the BCG vaccine towards prevention against the TB
disease.

In all these WHO Global TB reports, South Africa (SA) has been prominently
appearing amongst the high burden countries (HBCs), ranked according to the mortality and
morbidity rates of TB. Despite the remarkable progress towards TB control, SA still has the
highest TB incidents and lower rates towards TB mortality reduction within the African region
[%41 and TB, nationally, has been the leading cause of death between 2012 and 2015 [#59],
Among the alarming new cases of TB, there is a substantially increasing proportion of MDR-

TB and XDR-TB cases which, despite emerging from treatment defaulting 71, can be directly
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Figure 1:Annual TB trends that occurred between 2011 and 2015, highlighting the incidents of

TB/HIV co-infection in adults and total TB incidents in children [?1 98.99.100.77]

acquired after exposure to drug-resistant TB strains [1°1. SA prisons hold the largest population

with the highest risk of rapid LTBI progression to active TB due to factors such as over-
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crowding (with approximately 1.6 million inmates as in 2016 (sentenced and un-sentenced
inmates) poor nutrition, limited access to healthcare facilities and prolonged close-contact

exposure to infected individuals (102 1031,

3.2. Problem identification

TB continues to be a global threat to human health, in spite of all efforts ranging from
preventing the spread of the disease to clinical evaluation of new vaccines and drugs and
endorsement of highly sensitive diagnostic methods, characterized by a rapid turn-around time
towards early diagnosis of TB. Although extensive attention has been paid to co-infection with
HIV as one of the main factors with a negative retarding impact on the control of TB, the
surprisingly increasing number of diabetes conditions worldwide, with a large number in
LMICs has triggered an alarm that recently led the WHO to launching a global report on
diabetes [*%, As documented on the report, diabetes led to 1.5 million deaths in 2012, with an
additional 2.2 million death cases associated with diabetes-induced conditions. Alongside the
complexity of the DM condition leading to complications such as blindness, cardiovascular
disease and leg amputation, the TB/DM co-morbidity has been shown to be even higher than
the TB/HIV co-morbidity with an estimated 522 million individuals to be infected with DM by
2030 and some correlation among antigens secreted by T-cells as an immune response to co-
infection of these two diseases has been shown [71%1 At a national level, the increase in
number of TB deaths in SA, from 1.5 million in 2014 to 1.8 million in 2015, may be directly
linked to the large number of treatment defaults [*°! which may, in turn, have resulted in the

steady increase in drug-resistant TB strains and TB-related deaths (%71,

In addition to the immune-suppressing medications and co-infection with HIV and
diabetes, BPA alters with the cytokine-secretion functionalities of the immune system leading

to overstimulation of IFN-y levels while imitation of the estrogenic functionalities leads to
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adverse health disorders at concentrations much lower than the fixed allowable values. This
aspect implies the ability of BPA to interfere with the plans headed towards onset identification
of TB infection. This also adds to one of the limitations associated with current diagnostics
where the IGRAS sensitivity is attenuated by a suppressed immune system. Moreover, the PCR-
based Xpert and DRplus techniques are limited by false results arising from their failure to
discriminate viable from non-viable bacteria while the LPA can only be performed on positive
smears. Drawing from these aspects, a point-of-care diagnostic device that can identify onset
TB infection with a fast turnaround time performance without hinging on other techniques is
on demand. Additional crucial characteristics of such a device include portability, user-friendly
handling and a sensitivity performance unaffected by the condition of the immune system. In
view of the challenges around TB control, including the limitations of current diagnostic
devices and factors deteriorating the immune system hence making human health prone to
attack by various pathogens, this study sought to fabricate a system that addresses the afore-
mentioned limitations of TB diagnostics by employing gold nanoparticles due to their signal-
amplifying ability (with the aim of achieving high sensitivity) while the conducting polymer
poly(3,4-propylenedioxythiophene) (PProDOT) is expected to facilitate charge transfer
allowing easy monitoring of all binding and detection processes. In addition, use of the IFN-y
specific aptamer is hoped to increase the selectivity of the fabricated system, automatically
avoiding interferences by NMTs and other pathogens. Separately, the study also fabricates a
system for quantification of BPA that would potentially benefit both the medical field towards
early identification of endocrine disruption or immune system interference and the regulatory
sector by ensuring that BPA levels are within the allowable limits. The system is based on
charge transfer mediation by a nanocomposite of polyaniline (PANI) grafted with polymethyl

methacrylate (PMMA) and titanium dioxide (TiO2) nanoparticles. The enzyme MnP was then
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immobilized as a recognition element employed due to its ability to degrade phenolic

compounds.
4. Motivation

Amongst the available devices or techniques used in diagnostics, electrochemical biosensor-
based systems still over superior performance by addressing the limitation of poor sensitivity
and specificity. Such performance arises from the use of highly electroconductive materials
(polymers such as polyaniline PANI) whose properties are enhanced by different nanomaterials
such as quantum dots (e.g. cadmium sulfide (CdS)), gold nanostructures (e.g. nanospheres or
nanoparticles, nanorods and nanotubes) and carbon nanomaterials (e.g. carbon nanotubes and
graphene) %1121 The resulting composites or hybrids are perfect candidates for biosensor
fabrication as they act as both electron-transfer mediators (allowing easy monitoring of all
mechanisms and interactions that occur) and as biocompatible receiving matrices for the
biomolecules (ensuring non-destructive immobilization which, in turn, reserves the catalytic
activity of the biomolecule). To increase the specificity of electrochemical biosensor systems,
aptamers and enzymes are amongst the most studied biomolecules due to their high affinity
towards their targets. Aptamers have been selected against pathogens and disease biomarkers
including hepatitis (hepatitis C virus (HCV)), TB (interferon gamma (IFN-y) and 10-kDa
culture filtrate protein (CFP-10)), HIV (HIV glycoprotein 120 (HIV gpl120)) and Burkitt
lymphoma (Ramos cells) 131171 Therefore, use of aptamers in bioassays eliminates non-
specificity and minimizes interference, hence maximizing sensitivity and performance of the

fabricated systems.

Due to the specificity and high binding affinity of aptamers towards target analytes and
the bio-recognition character of enzymes towards their substrates, these biomolecules have

been employed in electrochemical biosensors for detection of disease biomarkers such as IFN-
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v and endocrine disruptors such as BPA. Motivated by studies where detection limits as low as
0.34 pg/ml for IFN-y and 0.19 pM for BPA were obtained 1112118 1191 "thijs study sought to
develop rapid detection assays for TB and endocrine disrupting chemicals which both affect

the human immune system negatively.
5. Research aims and objectives

The main and overall aim of this study was to develop an aptasensor system based on a highly
electroactive nanocomposite manipulating the thiol-gold chemistry between the sulphur
element of poly(3,4-propylenedioxythiophene) (PProDOT) and the gold element of gold
nanoparticles (AuNPs). Integration of the thiolated IFN-y binding aptamer onto this
nanocomposite platform would then yield an aptasensor for quantitative detection of the
tuberculosis biomarker, interferon gamma (IFN-y). Due to interference of BPA with the
immune system, leading to reported stimulation of IFN-y levels, an enzyme-based system was
separately prepared for its electrochemical quantification. The biosensor system employs a
conducting polymer nanocomposite of polyaniline (PANI), polymethyl methacrylate (PMMA)
and titanium dioxide (TiO2) nanoparticles. Onto this nanocomposite, the enzyme manganese
peroxidase (MnP) would then be immobilized to successfully fabricate a biosensor system for

quantification of BPA.
Refined objectives of the study included:
A. An aptasensor for IFN-y detection

(@). Novel polymerization of poly(3,4-propylenedioxythiophene) (PProDOT) from its
monomer using a gold salt as an initiator, followed by structural, optical, morphological and

electrochemical characterization using necessary techniques.
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(b). Incorporation of gold nanoparticles to the PProDOT, with the aim of obtaining a PProDOT-
AUNPs nanocomposite of improved electroactivity to act as a redox probe and a receiving
matrix for the aptamer during device fabrication. Successful incorporation of the gold

nanoparticles was monitored using different techniques.

(c). Fabrication of the aptasensor device through attachment of a thiolated IFN-y binding
aptamer (as an analyte recognition element) onto the PProDOT-AuNPs nanocomposite
platform. Confirmation of binding between the aptamer and the nanocomposite, conferring
successful fabrication of the aptasensor, was evaluated using electrochemical and optical

techniques.

(d). Diagnostic application of the aptasensor system for detection of interferon gamma in

spiked pleural fluid samples using electrochemical transduction methods
B. An enzyme biosensor for BPA quantification

(a). Polymerization of a PANI-based nanocomposite from the aniline monomer with fixed
amounts of PMMA and TiO2 nanoparticles, followed by structural, optical, morphological and

electrochemical characterization using necessary techniques.

(b). Fabrication of the biosensor system through immobilization of MnP (as an analyte
recognition element) onto the PANI-PMMA-TiO2 nanocomposite platform. Confirmation of

enzyme attachment to the nanocomposite was evaluated using cyclic voltammetry.

(c). Investigation of the biosensor feasibility towards BPA quantification using cyclic

voltammetry (CV) and square wave voltammetry (SWV).

(d). Application of the biosensor system for detection of BPA using SWV.
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PART 2: LITERATURE REVIEW
Overview

This section is based on literature reviewed during conduction of this project.

Chapter 2, titled ‘Poly(3,4-propylenedioxythiophene), derivatives and composites: Properties
and applications’ reviews and summarizes trends in the synthesis, properties and
applications of conducting polymers, with specific reference to poly(3,4-
propylenedioxythiophene), its derivatives, its nanocomposites with different nanomaterials

and its applications.
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Chapter 2

Poly(3,4-propylenedioxythiophene), derivatives and composites: Properties and

applications

ABSTRACT

Poly(3,4-propylenedioxythiophene) (PProDOT) is a polythiophene- derivatized
electrically conducting polymer with interesting optical and electrochemical properties
that can be further enhanced by different strategies including substitution of the monomer
with or incorporation of different molecules and materials at different sites. Hence,
PProDOT has been applied in electrochromic devices, energy storage devices, sensors,
memory devices and photocatalysis. This study reviews trends in the synthetic routes,
properties displayed by and applications of PProDOT, its derivatives, copolymers and

nanocomposites.

KEYWORDS: conducting polymers, polythiophene derivatives, polymer

nanocomposites, poly(3,4-propylenedioxythiophene), biosensor
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1. Introduction

Conducting polymers (CPs), characterized by the m-conjugation responsible for charge
mobility along their backbones, are amongst the most widely studied materials for various
applications including biosensors, lithium-ion batteries, supercapacitors, electrochromic
devices, bioelectronics and memory devices [120-12%1. Conducting polymers exhibit interesting
properties such as easy synthesis through a wide range of strategic routes, tuneable conductivity
between insulating and conducting metallic states, high optical activity, compatibility with
many biomolecules and accessible modification with different material 1211241251 This ever-
increasing attention towards CPs is also driven by the high demand for high performance
devices ranging from electronic displays to energy storage devices and human health-related
devices including diagnostics and therapeutics. This demand is catered for by the advances in
functionalization of polymers with different materials including nanomaterials and other
polymers 11261271 'yielding composites with outstanding properties for the desired applications.
Structures of the most widely investigated CPs; polypyrrole (PPy), polythiophene (PTh) and

polyaniline (PANI) in neutral states, are shown in Figure 2.
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Figure 2: Chemical structures of polythiophene, polyaniline and polypyrrole in neutral states.

Despite the attractive properties that CPs exhibit, their applications were limited by
their instability, insolubility in certain solvents and undesired wide band gaps for photovoltaics
applications until the era of their functionalization with different ions, molecules and materials
[128.129]  polythiophene is one of such CPs whose applications had been limited due to its
insolubility until it was discovered that substituting the monomer with different molecules or
blending with other polythiophenes could tune the different properties 124130131 Hence,
substituted polythiophene derivatives, poly(ethylenedixythiophene) (PEDOT) and poly(3,4-
propylenedioxythiophene) (PProDOT) which are polythiophene compounds substituted at the
3- and 4- positions (see Figure 3), have predominantly gained potential in many academic and

industrial applications.
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4
S n
Poly(3,4-ethylenedioxythiophene Poly(3,4-propylenedioxythiophene)
(PEDOT) (PProDOT)

Figure 3: Chemical structures of PEDOT and PProDOT based on repeating monomer units,
showing 3- and 4- positions of the polythiophene ring and the dioxypropyl bridge extending

the thiophene ring in PProDOT.

2. Poly(3,4-propylenedioxythiophene)

Poly(propylenedioxythiophene) (PProDOT), alongside PEDOT, is a polythiophene derivative
whose existence evolved as an addressing measure to the limited applications of polythiophene
[1321 Basically, the PProDOT monomer, propylenedioxythiophene (ProDOT) is a thiophene
molecule extended with a dioxypropyl bridge at the 3- and 4- positions of the thiophene
heterocyclic ring (33134 as can be seen in Figure 3. PProDOT has found applications in
electrochromic devices and supercapacitors, elicited by its environmental stability, low

oxidation potentials, high thermal stability, high electrical conductivity and optical activity %31,

3. Polymer growth methods

3.1. Mechanochemical polymerization

This is one of the most applied preparation routes in which polymerization is initiated by an
oxidizing agent in a solvent-free solid-state manner [*¢1. The monomer (and its dopants) and
the oxidizing agent, usually ferric chloride (FeCls), are ground together and PProDOT (and

doped-PProDOT) formation is then usually indicated by a distinguishable coloured powder
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than the starting material, depending on the doping level and the obtained polymer state. During
the grinding (also known as milling), an excess potential energy accompanied by shear and
friction forces exerted on the starting material causes defects and changes which lead to a
polymer of improved reactivity [*3]. Using this method, an irregular sponge-like morphology
(revealed by transmission electron microscopy (TEM) and scanning electron microscopy

(SEM)) has been evidenced for PProDOT [238],

3.2. Chemical oxidative polymerization

This route uses an oxidizing agent and, sometimes, a catalyst which both act as dopants by
forming a charged species residing closely to the opposite charge on the polymer backbone
[138.139] | addition to these, nanomaterials and other polymers are also incorporated into CPs
with the aim of enhancing different properties and it is documented that the amount and nature
of these dopants greatly affect different properties of CPs, including their morphology, optical
activity and electrical conductivity %141 To emphasize the critical role that preparation
conditions (nature of oxidising agent, supporting solution, dopants and initial monomer
concentration) have on polymer properties (this case refers specifically to morphology), Osman
and co-workers obtained an irregular morphology for a PProDOT polymer prepared chemically
using ferric chloride from a monomer solution dissolved in chloroform 421, Using auric
chloride as an oxidizing agent and a ProDOT monomer solution in acetonitrile, a rod-like
morphology was revealed by SEM while the presence of surfactant, sodium dodecyl sulfate,

revealed a globular morphology (authors work in Figure 4).
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EHT = 5.00kV Signal A = InLens Date 20 May 2016 EHT = 5.00 kv Signal A= InLens Date :20 Sep 2016
WD = 45 mm Mag = 100.00 K X Time :10:34:19 — WD = 48mm Mag = 10000 KX Time :10:23:43

Figure 4: SEM image of PProDOT prepared chemically at room temperature (from a ProDOT
monomer solution in acetonitrile) using auric chloride as an oxidizing agent. (A) Surfactant-

free PProDOT and (B). Sodium dodecyl sulfate-templated PProDOT.

Besides the possibility of large-scale production which allowed commercialization of
various CPs, another advantage of using the chemical polymerization route is the ability to
exploit different materials known as templates (categorized as soft templates such as
polyanions and surfactants, hard templates such as anodized aluminum oxide and reactive
templates such as methyl orange and bovine serum albumin), towards production of nanoscale

conducting polymers with specific desired morphologies including spheres, tubes and ribbons

[143-27]
3.3. Electrodeposition

There is a wide range of techniques associated with this preparation method including
galvanostatic (constant current), potentiodynamic (sweeping potential between specific limits)
and potentiostatic techniques (constant potential) 147-14%1. The most common and versatile is
the potentiodynamic method in which the polymer is grown within a fixed potential range, and

polymer growth is monitored through current changes induced by nucleation, oxidation and
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reduction processes which yield various polymer structures; one-dimensional (1-D), two-
dimensional (2-D) and three-dimensional (3-D) [*°0151  Although the above mentioned
techniques can be exploited and optimized to yield the desired polymers and/or polymer
composites, the electrochemical deposition method is highly favoured for its ability to directly
deposit the polymer onto the substrate of choice (carbon steel, titanium sheets, stainless steel
mashes and gold plates), leading to increased adhesion while it also favours environmental
benign conditions such as room temperature and use of potential and current instead of the
harsh oxidizing agents 1431511521551 " Electrodeposition also avoids formation of undesired
oligomers as this can be avoided by optimising parameters such as initial polarization and the
potential limits. Other parameters that need consideration, towards preparation of desired
morphologies, include the number of deposition cycles and scan rate (in the case of
potentiodynamic deposition) or deposition time and applied potential (in the case of
potentiostatic and galvanostatic methods) for controlled film thickness and polarization
necessary for a desired polymer state (reduced or oxidized state) (151151 These parameters
greatly govern or direct the morphology of the polymer and have a positive effect on the
electrical conductivity and mechanical properties of the deposited film. With specific reference
to potentiodynamic electrodeposition, the first few cycles of the process are usually different
from all other cycles and are characterized by a cross-over loop and a large wave associated
with onset oxidation of the monomer. This cross-over loop is associated with nucleation
mechanism while the new waves at various potential values, increasing with the number of
deposition scans, are associated with polymer growth and its doping/de-doping with the

electrolyte anions (depending on the electrolyte solution) (1211491571,

The major disadvantage of electrochemically deposited polythiophene-based polymers is
their poor mechanical stability and poor adhesion onto certain substrates. Some reasons for this

poor behaviour include poor interaction between the substrates and the polymers due to
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different polarities, mechanical instability which causes the polymer to detach from the
substrate as it thickens and dissolution of the polymer in the solvent used in the support
electrolyte [1431%8.1591  Hence, different strategies such as copolymerization and
functionalization of monomers have been invented not only to address the poor adhesion of
polymers onto substrates during electrodeposition, but to also enhance all optical,

electrochemical and mechanical properties using various methods.
4. Enhancing different properties of PProDOT

Although PProDOT exhibits satisfactory optical properties which led to its application in
electrochromic and energy storage devices, much work is ongoing on enhancing its different
properties for high performance devices with improved stability and longer life-times.
Amongst available strategies for improving these properties, functionalization of the monomer,
ProDOT, is the most advanced strategy which has led to a wide range of polymers, made
possible by easy exploitation of the propyl molecule (from the dioxypropyl bridge) extending
the thiophene-based ring. The following sub-sections discuss some examples of conducted
strategies (yielding PProDOT polymers from functionalized or substituted monomers, co-

polymers and nanocomposites) and highlights the significant outcomes accomplished.

4.1. Functionalized or substituted PProDOTs

4.1.1. Dimethyl substituted PProDOT

Schwendeman and co-researchers fabricated an electrochromic device based on dimethyl-
substituted PProDOT (PProDOT-Mey) (Figure 5(b)) 6%, The PProDOT-Me; was fabricated as
a top layer with the electrochemically = complimentary  poly[3,6-bis(2-
(3,4,ethylenedioxy)thienyl)-N-methylcarbazole] (PBEDOT-NMeCz) as a back layer. The main
strategy was based on color switching between the two layers where, when the PProDOT-Me>

was oxidatively doped from its neutral state, the carbazole polymer switched from the oxidized
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to a neutral state and vice-versa. The device exhibited improved electrochromic contrasts of
55% in the visible region, 80% in the near-infrared (NIR) region and 50% in the IR region. The
device had a switching time of 3 s and exhibited a stability of 10 000 switches with only a 20%

loss of the initial contrast over a period of 6 days.

4.1.2. Sulfonated PProDOT

Sulfonated PProDOT (PProDOT-sultone) (Figure 5 (a)) was synthesized from a
hydroxymethyl-substituted ProDOT monomer (PProDOT-OH) which had been previously
shown to easily electropolymerize and exhibit a high contrast 611, In their study, Jain and co-
researchers made use of the free hydroxyl group to introduce a propane sultone molecule
through alkylation catalysed by (1,4-diazabicyclo[2.2.2]Joctane) (DABCQ’ [162  The
electrochromic device, fabricated with two layers of PProDOT sultone (achieved through the
layer-by-layer technique) exhibited coloration and decoloration times of 100 ms and 50 ms,
respectively, between light blue and dark purple-blue upon application of different potentials.
This color switching, associated with the neutral and oxidized states of the polymer, occurred
on only one layer without noticeable degradation or memory effect giving the device an

important self-switching character without hinging on a reduction counterpart for switching.

4.1.3. Acrylated PProDOT

Acrylated PProDOT (PProDOT-Ac) (Figure 5(c)) with potential application in eyewear and
smart windows was developed by Otley and co-researchers (631, The work was based on
improving cycling stability and addressing spotting issues in electrochromic devices caused by
defects hypothesized to occur as a result of left-over unpolymerized monomers based on the
obtained 0.5% vyield after PProDOT-Ac polymerization. They proposed a strategy of
interlocking the conjugated polymer and unreacted monomers through photochemical cross-

linking into a gel matrix that hindered diffusion of the unpolymerized monomers towards
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nucleation spots on the counter electrode, thereby avoiding spot formation. Compared to a
PProDOT-Me> device (Figure 5(b)) which showed spotting after 4000 cycles, the PProDOT-

Ac device exhibited an exceptional performance of above 10 000 cycles without spots.

() PProDOT-sultone (b) PProDOT-Me, (c) PProDOT-Ac
Figure 5: PProDOTSs substituted with different molecules. (a) Propyl sulfonated ProDOT
(PProDOT-sultone), (b). dimethyl- substituted PProDOT (PProDOT-Me;) and (c) Acrylated

PProDOT (PProDOT-AC).

4.2. Bulky branched and linear disubstituted PProDOT

Based on improving different properties such as coloration efficiency, quantum efficiency and
electrochromic contrast, Reeves and co-researchers exploited the C, of the dioxypropyl bridge
of ProDOT to synthesise different monomers (Figure 6) by varying the size of the
alkylenedioxy ring, the number of constituents and their placement through different reaction
mechanisms such as alkylation, etherification, Grignard metathesis and Mitsunobu chemistry
[64] The polymers, based on substituted ProDOT monomer repeating units are shown in Figure
6. The resulting quantum efficiencies were 0.43, 0.38 and 0.4 for PProDOT(EtHX).,
PProDOT(CH20EtHx). and PProDOT(C18), respectively. It was noticed that the quantum
efficiencies of PProDOT(CH.OEtHx), and PProDOT(C18) films deposited by drop casting

(followed by vacuum drying) dramatically dropped when compared to polymers in solution
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and this behaviour was associated with rapid decay at inter-chain sites. Although
PProDOT(C18) showed the best electrochromic behaviour by switching between red and dark-
purple at different temperatures, it was impossible to electropolymerize as there was no solvent
that could dissolve the monomer and not the polymer. The switching times were found to be
independent of structure, except for this long linear polymer which also showed a smaller band
gap than the branched polymers. This was associated with limited conjugation in the branched

polymers.

(a) PProDOT-(EtHX), (c) PProDOT-(C18), (b) PProDOT-(CH,OEtHXx),

R: (C18)
Figure 6: A series of dialkyl-substituted PProDOTs with various branched and linear
molecules. Branched substituents: (a) (EtHx).) and (b) (CH20EtHXx).). Linear substituents: (c)

(C18),

http://etd.tjwc.ac.za



PART 2: LITERATURE REVIEW CHAPTER 2

4.3. PProDOT co-polymers

4.3.1. Poly(3,4-propylenedioxytiophene-co-N-phenylsulfonyl pyrrole)

In their study, Guler and Sarac investigated the effects of N-phenylsulfone pyrrole (PSP) on
PProDOT [**3, They potentiodynamically copolymerized ProDOT and PSP monomers (Figure
7 (a)) onto single carbon fibre microelectrodes (SCFMEs) with varied PSP concentrations.
They found that the PSP feed concentration had an effect on the morphology and conductivity
of the copolymer. Although they concluded that the substitution of the sulfonyl group in PSP
hindered electrochemical polymerization, the copolymer exhibited promising electrochemical

properties for potential application in electrochemical biosensors.

(a) Poly(ProDOT-co-PSP)

C4Ho C.Ho
C4Hg C4Hg
S
N
\ w
| N\
S

(b) Poly(4,7-bis(3,3-diethyl-3,4-dihydro-2H-thieno[3,4-b][1,4] dioxepin-6-
yl)benzo[c][1,2,5]thiadiazole)

Figure 7: Chemical structures of PProDOT co-polymers based on repeating monomer units.

http://etd.ﬁwc.ac.za



PART 2: LITERATURE REVIEW CHAPTER 2
4.3.2. Poly(5,8-bis(2,3-dihydroxythieno[3,4-b][1,4]dioxin-5-yl)-2,3-dihexy-1quinoxaline)

It was mentioned earlier that some ProDOT derivatives such as the bulky ProDOT-C18 do not
electropolymerize due to solvent difficulties as it is crucial that the solvent/electrolyte does not
dissolve the polymer (%4 Li and co-researchers developed a monomer, (5,8-bis(2,3-
dihydroxythieno[3,4-b][1,4]dioxin-5-yl)-2,3-dihexy-1quinoxaline) ~ (Figure 7(b)), and
potentiodynamically deposited a stable and uniform polymer film from a monomer solution in
acetonitrile (in which the polymer was insoluble) with a few drops of dichloromethane (in
which the monomer dissolved) [¢°1. They fabricated an electrochromic device which exhibited

an excellent contrast of 80% in the mid-infrared region and a switching time of 1s.

4.4. Nanocomposites
4.4.1. PProDOT-titanium dioxide (T1O2) nanocomposite

TiO. nanoparticles are transition metal oxide-based particles with interesting properties such
as non-toxicity, biocompatibility, low cost, high optical, photocatalytic activity, luminescent
activity and possess antibacterial properties 166172, TiO, has then been incorporated into CPs
to improve different electrical (electrical conductivity), optical (refractive index) and
mechanical (Young’s modulus and hardness) properties [17317°. Osman and co-researchers 1421
incorporated TiO2 nanoparticles into PProDOT and yielded a nanocomposite of highly

capacitive behaviour and improved specific capacitance of 219 F-g.

4.4.2. PProDOT-zinc oxide (ZnO) nanocomposite

Similarly to TiO2, zinc oxide (ZnQ) is a transition metal oxide which possesses unique optical,
photocatalytic, mechanical and antibacterial properties [176-17°1, Different CP properties such as
Young’s modulus, antibacterial activity, tensile strength and dielectric constants have been

improved through incorporation of ZnO nanoparticles 18182 A PProDOT nanocomposite
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with ZnO nanoparticles exhibited a comparable capacitance value of 220 F-g?, increased
electrical conductivity and improved photocatalytic activity towards degradation of methylene

blue (MB) dye 1831,

4.4.3. PProDOT-gold nanocomposite

Metallic gold nanoparticles (AuNPs) have excellent biocompatibility, high optical activity and
electrical conductivity and have found applications in disease diagnosis, drug delivery,
biosensors and disease therapy [*8+-1871 The synergistic effect of AUNPs on the conductivity of
PProDOT in neutral pH media is shown in Figure 8 (author’s experimental work), where the
cyclic voltammogram (CV) of PProDOT shows two broad redox pairs labelled 11/11" (-430
mV/0.0 mV) and 1l:"/1l;" (-0.1 mV/0.33 mV), attributed to reduction/oxidation transitions
between the polaron and bipolaron states of the polymer, respectively 1881, After incorporation
of the AuNPs, a dramatic change is observed in the current peaks, with a two-fold increase for
the reduction peaks. Such behaviour is attributed to the synergistic effect of the high surface
area and electroactive AuNPs yielding a nanocomposite of improved electrical conductivity
and reversibility exhibited by the well-resolved oxidation/reduction pairs I2/1," (-448 mV/160
mV) and 112°/112" (-150 mV/290 mV). CV results for both the PProDOT and PProDOT-AuNP
nanocomposite show that reduction peaks I and I do not show any potential shifts with
increasing scan rates, a typical behaviour associated with surface-confined and reversible
electron transfer reactions 3" 189 However, it is worth noting that oxidation peak 1:" in the
PProDOT film becomes prominent at higher scan rates than lower scan rates, implying that the

polaronic state of the polymer prefers fast kinetics.

http://etd.tjwc.ac.za



PART 2: LITERATURE REVIEW CHAPTER 2

(a) 180+
120 -
< 60
2
= 0
g ]
o 604
-120
180 PProDOT-AUNP
I,
T T T T T T T T T T T T T T
-750 -500 -250 0 250 500 750
Potential (mV) vs Ag/AgCI
(b) 150 -
100 -
f:,; 50 -
=
o 0+
5
@)
-50 4
-100 -

T T T T T T T T T T T T T
-750 -500 -250 0 250 500 750

Potential (mV) vs Ag/AgCI

http://etd.tjwc.ac.za



PART 2: LITERATURE REVIEW CHAPTER 2

of II
(c) 2104 2 I,
140 -
< 70
= |
s °
o 704
-140 -
] |2
-210-
1 I
-280 - 2

T T T T T T T T T T T T
-750 -500 -250 0 250 500 750

Potential (mV) vs Ag/AgCI

Figure 8: (a) CV graph depicting the synergistic effect of gold nanoparticles on electrical
conductivity of PProDOT drop-casted onto screen printed carbon electrodes, recorded at 40
mV/s. CV profiles of (b): PProDOT and (c): PProDOT-AuNPs nanocomposite at incremental
scan rates of 20 mV-s, from 20 - 100 mV-s in increments. Experiments were conducted in

0.1 M LiClOa.

4.4.4. PProDOT-tin oxide nanocomposite

Similarly to ZnO and TiO., tin oxide (SnO) is a transition metal oxide semiconducting
nanomaterial which has gained vast applications in photocatalysis due to its wide band gap and
electron-hole recombinations which are optimized to yield nanomaterials that produce
powerful radicals necessary for degradation of various compounds under UV light illumination
(1% In hybrid form with different conducting polymers, SnO, has been applied in

supercapacitors, lithium-ion batteries and gas sensors [*9-2%41 A PProDOT nanocomposite with
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SnO. showed variable morphologies, stability and capacitive behaviour depending on the
amount of SnOz and preparation method %I, Although PProDOT/SnO2 nanocomposites
prepared by hand grinding and ball milling exhibited higher specific capacitance (SC) and
stability than pure PProDOT, the hand ground PProDOT nanocomposite with 15%wt SnO- had

the highest SC of 259 F-g~* and a good cycle performance with only 18% loss after 1000 cycles.

5. Applications of PProDOT

5.1. Electrochromic devices

The performance of the electrochromic device (ECD) is determined by the ability of the
electrochromic material employed during its fabrication to change optical properties
(absorbance, transmittance, reflectance, contrast and luminescence) between transparent (also
known as bleached) and coloured states upon insertion or removal of charge from the material
while maintaining a stable charge balance on opposite sides of the device during this
insertion/removal process induced by application of current, voltage and temperature [1641%-
1981 PProDOT has found considerable attention towards preparation of electrochromic devices
with proven fast switching times, improved contrast, high transmittance, improved stability

and full spectrum transmissions with promising applications in multicolour EC displays [16319-

202]
5.2. Photocatalysis

Organic dyes, produced in large amounts by textile industries, are amongst the most toxic and
non-biodegradable water pollutants with adverse effects on both human health and aquatic life.
Photocatalytic degradation of these dyes (such as methylene blue, Congo Red and methylene
orange) is one of the most effective low cost methods of water treatment, towards assurance
of quality safe drinkable water 2291, TjQ; is characterized by high catalytic activity imposed

by its ability to form highly reactive radicals induced by UV irradiation and to enhance this
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property by avoiding the undesirable electron-hole recombinations, it has been coupled to
different materials 2°6-20%1, PProDOT nanocomposites with transition metal oxides ZnO and
TiO2 have been shown to exhibit good catalytic activity towards degradation of the toxic dye,

methylene blue (MB) with degradation efficiencies of 52% and 90.5%, respectively [138183],

5.3. Sensors

Sensors cover a wide scope of devices identified according to the signal transduction methods
including calorimetry, surface plasmon resonance, amperometry, fluorescence and
conductivity for various applications 2102131, PProDOT, characterized by excellent optical
properties within the polythiophene family of polymers, was employed as a surfactant
colorimetric sensor due to its ability to switch from purple to blue in a non-ionic surfactant
environment and from purple to black in the presence of a cationic surfactant %41, The
surfactants included the widely employed surfactants towards production of highly soluble and
nanostructured, oriented and porous polymers; anionic surfactants (sodium dodecyl sulfate
(SDS) and sodium dodecyl benzene sulfonate (SDBS)), non-ionic surfactants (Tween 80 and
Triton X-100 (TX-100)) and cationic surfactants (cetyltrimethylammonium bromide (CTAB)

and cetylpyridinium chloride (CPyC).

Although electrochemical characterizations pinpoint the potential use of PProDOT in
electrochemical biosensors, little has been published on this field. To investigate biosensing
feasibility of PProDOT, the PProDOT-gold nanocomposite (section 4.4.3) was applied in
fabrication of a biosensor system for detection of bisphenol A (BPA), a chemical associated
with environmental pollution and harmful effects on human health. The biosensor system was
completed by immobilization of the enzyme manganese peroxidase (MnP), followed by its
preliminary application towards BPA quantification using square wave voltammetry (SWV)

and the corresponding results are shown in Figure 9.
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Figure 9: SWV graphs for the PProDOT-gold nanocomposite and the fabricated manganese
peroxidase (MnP) biosensor response during BPA detection. (a): The electrochemical
behaviour of the PProDOT-gold nanocomposite revealing an oxidation peak at 407 mV (vs
Ag/AgClI), (b):confirmation of MnP attachment is depicted by a decrease in peak current and
(c) — (F): current response profiles of the biosensor system during detection of BPA. Decreasing
peak current values correspond to BPA concentrations of (c) 2 nM, (d) 10 nM, (e) 15 nM and
(F) 30 nM. Experiments were performed in 0.1 M phosphate buffer solution (pH 7.4) at an

amplitude of 30 mV and a frequency of 4 Hz.

The SWV graph of the nanocomposite reveals a peak observed at 407 mV (vs Ag/AgCl) with
a maximum current response of 77 pA. This peak is associated with oxidation of the
nanocomposite. During biosensor fabrication, MnP attachment onto the nanocomposite was

monitored and confirmed by the observable decrease in peak current to 59 pA. In the presence
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of BPA, further decrease in peak currents with increasing BPA concentrations is observed and
this is accompanied by potential shifts towards more positive values implying ability of the

biosensor to catalytically oxidize BPA.

5.4. Energy storage devices

The key requirements for high performance supercapacitors, which are devices that store
energy in an electric double-layer between the electrolyte and the electrode, include improved
cycling stability over a wide range of potential, high specific capacitance, high stability in the
electrolyte, faster ion diffusion during charge-discharge cycling, thermal stability at different
working temperatures and high energy density determined by the electrode material used 215
2171 Amongst various materials, CPs and other carbon-based material have been used as
cathode materials due to their redox activity essential for ion intercalation/de-intercalation
during charge/discharge, high surface area associated with high capacitance and porosity which
facilitates ion diffusion 218211 Supercapacitor devices based on PProODT were fabricated and
shown to degrade in ethyl methyl imidazolium bis(trifluoromethanesulfonylimide) (EMIBTI)
ionic liquid-based electrolyte and this phenomenon was associated with irreversible oxidation
of PProDOT at high potentials 2. Most importantly, it was proven that the presence of
impurities in the EMIBTI used during polymer growth and as an electrolyte had a great effect
on the performance of the device. The device fabricated on PProDOT deposited from purified
EMIBTI tolerated higher voltage operations and retained 93% of its initial capacity after 10
000 cycles while the device fabricated from un-purified EMIBTI retained only 53% of its initial
capacity after the 10 000 cycles. A photo-supercapacitor based on diethylene-substituted
PProDOT (PProDOT-Et) exhibited a specific capacitance of 0.48 F cm™2, energy density of
22 Wh cm™2, a power density of 0.6 mW cm2 and an energy storage efficiency of 0.6% while

providing a photocharge voltage of 0.75 V, suitable for electronic devices 221,
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Interestingly, a device employing technologies from electrochromics and dye-
sensitized solar cells was fabricated by Amasawa and co-researchers 2221, The device exhibited
high cyclic stability with an electrochromic switching time of 1s, 4.5% conversion efficiency,
34% transmittance and only 3% degradation after 5000 cycles. A polymeric matrix of sodium
alginate (SA) and PProOT was also fabricated into a battery which exhibited a better binding
strength associated with a longer lifetime, improved Young’s and strength modulus and

maintained a specific capacitance of 170 mAh g at over 400 cycles 2%,
6. Conclusion

Conducting polymers exhibit interesting properties desirable for applications in a wide range
of devices including electronic displays, sensors, biomedical electronics and energy storage
devices. The increasing demand for high performance of these devices, stipulated by factors
such as the alarming global energy consumption, exponentially growing cases of different
diseases and environmental pollution gave conducting polymers the visible attention they have,

up to today, as they have credential potential of producing devices that address these needs.

Due to the high demand for high performance devices, the different strategies of
improving the properties of conducting polymers for the desired applications have been
conducted. PProDOT, amongst these conducting polymers, is produced through various
techniques including mechanochemical polymerization, electrodeposition and chemical
polymerization. The special dioxypropyl group of the ProDOT monomer allows easy
functionalization through the middle carbon element of the propyl group while the sulfur
element of the thiophene ring can form bonds with gold surfaces or groups. These together
yield polymers, composites, co-polymers, nanocomposites and fabricated devices of

outstanding properties and performance.
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Although intensive research has been conducted on development of strategies aimed at
enhancing different properties of PProDOT, little has been headed towards its applications in
sensors. In fact, the scarcity of reported work on PProDOT application in sensors motivated
our group to investigate and prove potential application of PProDOT in electrochemical
biosensors. By fabricating a manganese peroxidase biosensor for detection of BPA. A vast
amount of research has focussed on application of PProDOT in (a) photocatalytic devices with
an ability to degrade environmentally toxic dyes with good efficiency, (b) detection of
surfactants which, despite their potential use as dopants and addressing measures towards
production of highly processable polymers, become toxic when released to the environment,
(c) electrochromic devices that could essentially prompt end-users about food expiration under
different storage conditions and (d) highly stable energy storage devices that can tolerate
different conditions such as voltage and temperature. Different research studies have reported
on the potential characteristics of PProDOT for use in biosensor applications and, therefore, it
can be concluded that taking advantage of the current functionalization trends and integration
techniques will open doors for its biosensor applications, following the fact that PProDOT has

recently gained application in biomedical applications.
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PART 3: RESULTS AND DISUSSION
Overview

This section is based on results obtained for all prepared materials, their characterization

and applications.

Chapter 3, titled ‘Detection of Bisphenol A Using a Biosensor Based on a Polymethyl
Methacrylate-Grafted Polyaniline Nanocomposite” is based on a polyaniline hanocomposite
with grafted PMMA and titanium dioxide nanoparticles (TiO2). This nanocomposite served as
a receiving matrix and electron transfer mediator for a biosensor fabricated for detection of

an endocrine disrupting chemical, bisphenol A (BPA).

Chapter 4, titled ‘Gold nanoparticles amplified poly(3,4-propylenedioxythiophene)
(PProDOT) properties’ explores the effect of incorporating gold nanoparticles into PProDOT
as a means of enhancing its electroconductivity for later application as a redox probe and

charge transfer mediator in biosensors.

Chapter 5, ‘Electrochemical Poly(3,4-propylenedioxythiophene) DNA Aptamer Biosensor for
Signalling Interferon Gamma (IFN-y) TB Biomarker, focusses on fabrication, characterization
and application of an aptasensor system fabricated onto the nanocomposite (intensively
characterized in Chapter 4) for electrochemical signalling of the tuberculosis biomarker

interferon gamma.
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Chapter 3
Detection of Bisphenol A Using a Biosensor Based on a Polymethyl Methacrylate-

Grafted Polyaniline Nanocomposite

ABSTRACT

Bisphenol A (BPA), a potential endocrine disrupting chemical found in many household
appliances, has been proven to cause adverse problems in both human health and wildlife.
As aresult, atolerable daily intake value has been set by regulatory bodies, with the current
minimum value of 4 pg/kg bodyweight revised due to proven serious effects at
concentrations much lower than the former 50 pg/kg recommended by the United States
Environmental Protection Agency. This study developed an electrochemical enzyme-
based biosensor system employing manganese peroxidase and a highly electroconductive
nanocomposite of polyaniline, = poly(methyl - methacrylate) and titanium dioxide
nanoparticles for quantification of BPA. The voltammetric results showed that the
nanocomposite had enhanced electroactivity in neutral phosphate buffer medium which is
favourable for faster electron transfer between the electrode and the interface at which
enzyme/analyte interactions occur. The nanobiosensor system showed high sensitivity
towards different concentrations of bisphenol A, with a detection limit of 0.17 nM, a
sensitivity of 2.11 pA nM* within a dynamic linear range extending from 0.2 nM to 1.2

nM.

KEYWORDS: bisphenol A, conducting polymer nanocomposite, manganese peroxidase,

electrochemical biosensor, electrochemical polymerization, square wave voltammetry.
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1. Introduction

Endocrine disrupting compounds have been under intensive investigation by academic and
industrial researchers globally, due to their detrimental toxicity which leads to negative effects
on human health, wildlife and the environment [8387.2241 Bisphenol A (BPA), amongst other
phenolic chemicals, is categorized under these compounds due to its estrogenic behaviour,
through which it mimics the human oestrogen system by binding to the a- and - estrogen
receptors 7981 BPA is a monomer used in the manufacture of polycarbonates and epoxy resins
which are used in consumer products such as children’s toys, plastic food containers, metal
canned food and beverage liners, water pipes, dental sealants, electronics and flame retardants
[7576.225] The excellent light-weight, transparency, durability and thermostability properties of
BPA vyield thermosets of excellent thermal and mechanical properties which best suit the
increasing demand for the plastic-based re-usable products, making BPA one of the highest

volume chemicals produced per year [2261,

Despite the diverse applications in which BPA is found, this chemical has been proven to
degrade from the epoxy resins or leach out of the polycarbonates and migrate into the contents
of different packaging material. BPA is also a potential pollutant which enters the environment
as waste from manufacturing companies, research institutions and by degradation as a leachate
from landfills ["®1. Many studies have reported that human exposure to BPA is associated with
abnormalities and behavioural disorders in children 1227228l cancer [#4#%1  diabetes and
hypertension [#22°1 miscarriages [?®! and altered male reproduction %1, As a result, BPA is
amongst the chemicals under regulation, assessment and monitoring by bodies such as the
World Health Organisation (WHO), the United States Environmental Protection Agency
(EPA) and the European Food Safety Authority (EFSA). 'Following the banning of the use of

BPA especially in baby-products, there has been a tremendous shift towards the dominance of
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BPA-free products in the markets. This notwithstanding BPA is still used in other products and
has been shown to cause adverse effects at concentrations much lower than the set TDI value
of 50 pg/kg per day as recommended by the EPA and EFSA [2262322331  Ag 3 result of such
reports, EFSA has revised the TDI to a new temporary value of 4 g kg bodyweight per day
(2331 Therefore, there is a mandatory need for faster and reliable highly sensitive methods for
trace level detection of this compound in order to protect human health, wildlife and the

environment.

Electrochemical techniques, especially biosensors with incorporated nanoparticles, have
gained much interest as detection methods for BPA and other toxic chemicals. BPA has been
detected and monitored using biosensors and other methods in a variety of samples such as
human fluids (urine, serum and blood) 234231 water samples (bottled water and wastewater)
[237-2%9 " canned food (fish, corn and tomato paste) %8242 and consumer packaging materials
(beverage cans and plastic containers) [24324°1  Conductive polymers have received
considerable attention due to their conductivity which allows charge transport and their
biocompatibility which makes them suitable candidates for biomolecule immobilization during
biosensor fabrication. Amongst these is polyaniline (PANI), a m-conjugated conductive
polymer which has vastly gained applications in biosensors, lithium-ion batteries and fuel cells
[246-248] " However, PANI has been associated with drawbacks such as poor mechanical
properties and selective conductivity wherein it shows poor electroactivity in neutral pH media
[249.250] ' As a result, PANI composites have emerged as the best transducer material for
electrochemical sensor applications. Various composites of PANI doped with nanoparticles
(e.g. nano-graphene, carbon nanotubes, quantum dots and titanium dioxide nanoparticles) and
other polymeric materials (e.g. polymethyl methacrylate and polyurethane) have been
synthesized and applied [49251-2%8  Titanium dioxide (TiO2) nanoparticles are

electrochemically active transition metal oxides which possess properties such as high surface

http://etd.tjwc.ac.za



PART 3: RESULTS AND DISCUSSION CHAPTER 3

area and high photocatalytic activity. These properties have gained TiO2 applications in
sensors, solar cells, water purification systems and most importantly, photocatalytic removal
of various environmental pollutants 2542571 Poly(methyl methacrylate) (PMMA) is a
hydrogellic polymer which is applied mainly in biomedicine due to its biocompatibility
towards human tissue and has gained applications in biosensors, following its consideration as

a good matrix for enzyme immobilization and stabilization 258251,

In this study, a polyaniline-based nanocomposite employing the combined properties of the
biocompatible poly(methyl methacrylate) and the transition metal titanium dioxide
nanoparticles (TiO2) is reported. The combined effects of these materials (i.e. high
electroconductivity, biocompatibility and high surface area) were utilized to yield a
nanocomposite with (a) a high surface area for high enzyme loading, (b) improved
biocompatibility for non-destructive enzyme immobilization and to maintain the activity of the
enzyme and (c) enhanced electroconductivity for increased sensitivity and faster electron
transfer between the enzyme and the electrode. The nanocomposite employed here was
extensively characterized and the synergistic effects of both PMMA and TiO> as dopants to
PANI were investigated structurally, morphologically, optically and electrochemically [26%,
Herein, we report for the first time, a manganese peroxidase (MnP) biosensor for detection of
the endocrine disruptor, bisphenol A. MnP is a fungal enzyme well-known for degradation and
catalytic oxidation of various phenolic compounds in a wide pH range. The enzyme was
immobilized onto the polyaniline nanocomposite through drop casting. The response properties
of the biosensor towards BPA were studied by cyclic voltammetry (CV) and square wave

voltammetry (SWV).
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2. Experimental section

2.1. Reagents

All reagents were of analytical reagent grade and purchased from Sigma Aldrich. Aniline was
purified by vacuum distillation and used in the electrochemical synthesis of polyaniline (PANI)
in acidic medium sulphuric acid (H2SOa4). The following chemicals were used without further
purification: Bisphenol A (BPA), Ti(IV) oxide rutile nanopowder (TiO2), poly(methyl
methacrylate) (PMMA), N-Hydroxysuccinimide (NHS), N-Ethyl-N'-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), sodium phosphate monobasic dihydrate (NaH2PO4-2H20),
disodium hydrogen phosphate dibasic dihydrate (Na;HPO4-2H20), tetrahydrofuran (THF),
bovine serum albumin (BSA) and absolute ethanol. NaH2PO4-2H,0 and Na2HPO 4-2H>0 were
used in the preparation of 0.1 M phosphate buffer (PBS), pH 7.4. A 4.2 uM MnP stock enzyme
solution was prepared from manganese peroxidase (from Nematoloma frowardii; EC
1.11.1.13). De-ionized water, used throughout the experiments, was prepared with a Milli-Q
water purification system. Analytical grade argon, obtained from Afrox South Africa, was used
for degassing of the cell solutions where necessary. Micro-alumina powders (1.0 pm, 0.3 pm
and 0.05 um) and microcloth pads (Buehler, IL, US) were used for pre-conditioning of the

glassy carbon working electrode (GCE) prior the experiments.

2.2. Characterization of the nanocomposite

2.2.1. Electrochemical characterization and electrochemical biosensing techniques

Electrochemical measurements (cyclic voltammetry (CV) and square wave voltammetry
(SWV)) were recorded using a Princeton Applied Research Potentiostat Model 273A integrated
to a conventional three-electrode system with a glassy carbon working electrode (GCE),
Ag/AgCI (3 M NaCl) reference electrode and a platinum wire counter electrode. Prior to use,

the working electrode was pre-conditioned by polishing in micro-alumina slurries of 1.0 um,
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0.3 pum and 0.05um, followed by ultrasonication for 5 minutes in ethanol and water,

respectively. All experiments were conducted in a 10-ml phosphate buffer solution (pH 7.4).

The electrochemical transitions of the nanocomposite were explored by CV cycling between -
300 mV and +1300 mV (vs Ag/AgCl) at varying rates from 1 mV-s' and 8 mVs™.Using
electrochemistry, electrode interface significant parameters such as the diffusion coefficient,
surface concentration and the number of electrons transferred during reduction-oxidation
processes can be determined as these parameters play a crucial role towards performance of

different devices employing them [26%,

2.2.2. Bond properties and structural confirmation

Baseline-corrected Raman spectra of PANI and the PANI/PMMA/TiO2 nanocomposite were
recorded in the frequency range 500 ¢cm to 2000 cm* using a Dilor XY Raman spectrometer
in which samples were illuminated by a Coherent Innova 300 Argon laser (A = 514.5 nm). This
technique was employed to confirm successful doping of PANI by identifying the characteristic
transmission bands and Raman shifts associated with the obtained polymer state, bond

deformations and vibrations [262:263]

2.2.3. Morphological view of doped and undoped PANI

The morphology of the samples was investigated using a Hitachi S3000N scanning electron
microscope at an acceleration voltage of 20 kV. SEM studies have the potential to clearly show
how the dopants are attached to the PANI backbone. The polymer dopants have been shown to
affect the polymer morphology in a series of ways where they can form the core-shell
architectures, adsorb and attach on the surface of the polymer or distribute evenly within the

polymeric network [264-2661
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2.2.4. Energy absorption and chromophore identification in the nanocomposite

The ultraviolet-visible (UV-Vis) spectra of samples dissolved in dimethyl sulfoxide (DMSO)
were recorded on a Nicolet Evolution 100 spectrophotometer (Thermo Electron Cooperation,
UK) between 280 nm and 900 nm. PANI is characterized by tuneable optical activity where it
absorbs energy at different wavelengths of the spectrum and has gained application in optical
devices following the tuning of its optical properties through incorporation of different
chromophores to its backbone. Therefore, this techniques allows identification of incorporated
or foreign chromophores to PANI based on alterations in its conjugation lengths and doping

level [267:268]

2.3. Stepwise BPA biosensor fabrication strategy

2.3.1. Potentiodynamic deposition of PANI-PMMA-TiO, nanocomposite film

A monomer solution containing distilled aniline refluxed with 0.02% wt TiO2 and 100 pl of a
PMMA solution (0.2 % wt in THF) was prepared in 10 ml of 1 M H2SO4. The solution was
degassed under argon gas for 10 minutes. The GC/PANI/PMMA/TiO2 nanocomposite film was
potentiodynamically deposited onto a glassy carbon electrode by subjecting the monomer
solution to a 30-segments potential cycling at 30 mV/s between -200 mV and +1200 mV (vs
Ag/AgCI). A green film (denoted GC//PANI-PMMA-TIiO,), characteristic of PANI in its
conducting emeraldine salt form, was obtained. A short schematic presentation for deposition
of the nanocomposite is shown in Figure 10 with the proposed interactions between PANI,

PMMA and TiO,.
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Figure 10: Schematic presentation for the preparation the nanocomposite and proposed

interactions between its components.

2.3.2. Biosensor fabrication and detection of BPA

The PANI-PMMA-Ti0, nanocomposite (above) was used as a receiving matrix for the enzyme
MnP. A 1:1 solution (3 pl) of 0.1 M EDC:NHS was drop-coated onto the nanocomposite,
followed by drop-casting of 3 ul of MnP:BSA solution where BSA acted as a blocking agent
to unreactive sites of the enzyme. The stable, amide bond-linked biosensor system, denoted as
GC/IPANI-PMMA-TiIO2-MnP, was immersed in 3 ml 0.1 M PBS (pH 7.4) to remove any
unbound enzyme and was kept at 4 °C for 4 h before use. The preparation scheme is shown in

Figure 11.
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Figure 11: Schematic representation for fabrication of the MnP nanobiosensor system achieved

through covalent bonding between the amine and carboxyl groups from both the

nanocomposite and the enzyme.

3. Results and discussion

3.1. Chemical structure confirmation using Raman spectroscopy

The molecular structure of PANI and its signature bonds were identified in its pristine and
doped form using Raman spectroscopy (Figure 12).The PANI film (Figure 12(a)) exhibits the
characteristic signature of peaks associated with its benzenoid and quionoid rings. The peak at
578 cm, 848 cm™ and 1197 cm * are assigned to the in plane N-H bending deformations of
the amine groups and C-H in plane bending vibrations of the benzenoid and quinoid rings
associated with PANT’s emeraldine salt form %, The peaks at 1259 cm™ and 1460 cm™ are
assigned to C-N stretching mode of secondary amine typically representing a benzenoid
structure and C=N stretching mode of a quinoid ring, respectively, while the peak at 1346 cm"
1is associated with C-N bond characteristic to a localized polaronic structure. The peaks at

1590 cm™ and 1630 cm respectively represent C-C and C=C stretching vibrations of both the
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benzeniod and quinoid units of PANI while the peak at 1520 cm™ depicts N-H bending
deformations of a protonated amine [2622692701  Therefore, it can be concluded that the
electrodeposited PANI film was obtained in the emeraldine salt form of PANI and the Raman

bands confirm presence of a polaronic structure and protonated amine groups associated with

the sulfuric acid used during polymerization, acting as a dopant to PANI [272:
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Figure 12: Chemical structure confirmation using Raman spectroscopy. (a) PANI, (b) PANI-

PMMA-TiOz and (c) a magnified view of the red-squared area. (in (b))
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The nanocomposite also reveals that characteristic signature peaks of PANI. The peaks
at 578 cm™ and 1460 cm™, assigned to the in plane N-H deformations of amine groups and
C=N stretching vibrations of a quinoid unit were also observed at the same wavenumbers in
PANI. The peak at 1524 cm™, assigned to N-H bending deformations of a protonated amine
was also evident in the PANI film at 1520 cm™ while the C-H in plane vibration peak at 823
cm™ was observed at 848 cm™ in PANI. The highly pronounced peak at 680 cm™ may be
attributed to either Aly vibrations of the TiO, dopant or C-H bending vibrations of the PANI
rings at higher intensity induced by overlapping C-H vibrations of the PMMA while the peak

at 710 cm™ is solely attributed to C=0 vibrations of PMMA [272,

Absence of an obvious peak for the C-N* vibrations associated with presence of polaronic
structures became suspicious and led to zooming in to the area marked by the red square in the
spectrum (Figure 12(b)). As a results, well resolved coupled peaks were revealed (Figure
12(c)). The first three peaks at 1132 cm™, 1161 cm™ and 1193 cm™ are responsible for the C-
H bond deformations while the pairs at 2144 cm™ - 1268 cm™ and 1326 - 1357 cm™ are
respectively assigned to C-N and C-N* vibrations of the benzenoid and polaronic structures of
PANI. These peaks are assigned relatively to PANI as above. These pairs are attributed to
overlapping symmetric and asymmetric vibrations while the observable shifts to higher and
lower wavenumbers and increased intensity confirm interactions between PANI and its

dopants, thus inferring their incorporation into the PANI backbone [273:2741,

3.2. Energy absorption properties

Ultraviolet-visible (UV-vis) spectroscopy was used to confirm the state of PANI obtained in
both undoped and doped films through identifications of electronic energy transitions by
different chromophores. Figure 13 displays the UV-Vis spectrum of PANI and the PANI-

PMMA-TiO2 nanocomposite. PANI shows two characteristic absorption peaks at 335 nm and
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457 nm corresponding to m-n* transitions of the C=C bonds in the benzenoid ring and n-n*
polaronic transitions of the C=N bonds in the quinoid ring, respectively, while the large broad
peak commencing around 800 nm, also known as the free-carrier tail, corresponds to n-n*
polaronic transitions associated with delocalized proton charge carriers indicative of the

protonated emeraldine salt form of PAN| [275:276],

Absorbance (a.u)

0,0

400 ' 600 | 800

Wavelength (nm)

Figure 13: Energy absorption properties of (a) PANI and (b) PANI-PMMA-TiO; induced by

different chromophores in the polymer matrix.

The nanocomposite also exhibits the characteristic T-n* transitions at 330 nm. This peak is
observed at a lower wavelength than in the PANI film and this shift is associated with
conjugation of the dopants to PANI which decreases the energy level of the m-orbital, change
the benzenoid to quinoid ratio and eventually shorten its conjugation length 2762771 The

incorporation of the two dopants to PANI is also confirmed by disappearance of the free-carrier
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tail and the peak corresponding to n-n* polaronic transitions observed at 457 nm in the PANI
film. Instead, a new peak centred at 604 nm is revealed and is attributed to the n-n* polaronic
transitions n from the highest occupied energy level of the benzenoid unit to the lowest
unoccupied energy level of the quinoid units 278, Therefore, it may be concluded that the
dopants form strong bonds with the PANI through its amine groups, thereby displacing the
protons responsible for the free-carrier tail revealing the deprotonated emeraldine base form of

PANI with only polarons and bipolarons as charge carriers 279,

3.3. Electron exchange and charge transfer properties

PANI has three interconnected oxidation states which differ according to chemical structure
namely; pernigraniline, emeraldine and leucoemeraldine 2802811 Amongst these, emeraldine is
the most conductive form whose electrochemical properties can be switched between a base
and a salt through oxidation and reduction but this phenomenon is pH dependent as pure PANI
shows high electroactivity only in acidic media (pH < 4). Hence, this property is addressed by
incorporation of dopants. With respect to PANI, its composites show improved electroactivity
in neutral pH media but with less ability than in acidic media 2692821, Two redox pairs or even
one pair are usually obtained for PANI composites in neutral media due to overlapping of the

redox processes observed in acidic media 28,
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Figure 14: CV graph obtained for the PANI-PMMA-Ti10, nanocomposite in 0.1 M PBS at 2
mV/s. The nanocomposite exhibits two well-resolved redox pairs attributed to electronic

transitions between PANI’s emeraldine, leucoemeraldine and pernigraniline states.
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Figure 15: Representative chemical structures depicting the electron exchange between the

PANI oxidation states in the nanocomposite.
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Figure 14 shows the CV curves of PANI and the PANI-PMMA-TiO2 nanocomposite
in phosphate buffer solution (PBS, pH 7.4) at 2 mV/s. PANI exhibits no reduction or oxidation
peaks due to loss of its electroactivity in the neutral pH PBS medium. Its nanocomposite
exhibits two redox pairs, labelled I/1” (50 mV/ 220 mV vs Ag/AgCl) and I1/11" (519 mV/ 659
mV), assigned to PANI’s interconnected transitions between leucoemeraldine/emeraldine and
emeraldine/pernigraniline, respectively [284281  The chemical structures of these PANI
transition processes are also shown in the Figure 15. The increase in the current peaks observed
for the nanocomposite is associated with the synergistic effect of the incorporated dopants
which reduce the migration length for electrolyte ions leading to a reduced resistance of charge

flow, hence increasing the charge transfer capability of the nanocomposite 221,

The PANI-PMMA-TiO2 nanocomposite was then evaluated at varying scan rates to
determine different parameters including its reversibility, surface concentration and the rate of
electron diffusion. The CV curves of the nanocomposite at scan rates between 1 and 8 mV/s
are shown in Figure 16 with the insert representing the linear relationship correlating current
dependence of the anodic peak I” on scan rate (with a linear correlation value r =0.999). It is
observed that current peaks for all processes increase with increasing scan rates indicating a
reversible electron transfer determined process at lower scan rates (between 1 mV/s and 3
mV/s) and a quasi-reversible process a higher scan rates (from 4 — 8 mV/s) while the shift in
potential peaks indicates electron hopping along a well surface adhered polymeric network
[238.287] The nanocomposite exhibited a diffusion coefficient of 4.7 x 10 cm/s2 which in range
with reported values for doped PANI films 1288289 The nanocomposite also reveals that peak
I1” showed a potential shift towards negative values between 1 mV/s and 3 mV/s while peak |

broadens and almost disappears with increasing scan rate. Such phenomena is associated with
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difficulty in oxidizing emeraldine to pernigraniline at the lowest scan rates and the

characteristic loss of reversibility induced by faster scan rates 21,
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Figure 16: CV graph for the behaviour of the nanocomposite at scan rates varied between 1

mV/s and 8 mV/s. Insert graph depicts current response dependence on scan rate.
3.4. Design of the biosensor interface

The schematic presentation for the design and construction of the biosensor is depicted in
Figure 11. The first step was electrodeposition of the polymeric network of PANI with PMMA
and TiO2 nanoparticles in which the dopants PMMA and TiO2 bound to the PANI through
hydrogen bonding between the amine groups of PANI, the oxygen group of TiO. and the
carboxyl group of PMMA. At fixed concentrations, both PMMA and TiO> were grafted into
PANI, with the strategic reason of achieving covalent bonding with the carboxyl groups of
manganese peroxidase and free amine groups of PANI. Also due to the binding competition

between the two dopants, the tacticity of PMMA and the tetragonal conformation of TiO2 may
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leave some of their functional groups exposed. Hence, MnP may also bind to these exposed

functional groups through the amine terminus of its amino acids.

The enzyme immobilization and binding step was confirmed using CV at 50 mV/s in
the PBS pH 7.4 medium. The parameters were used in accordance with published literature of
some biosensor systems for electrochemical BPA quantification in phosphate buffer media [2%%
293 The CV confirmation of the stepwise fabrication of the nanobiosensor system is shown in
Figure 17. The CV graph excludes the cyclic voltammogram of the PANI nanocomposite
(Figure 16) due to the high peak current which mask the CV graphs of other films. When

compared to the nanocomposite alone, immobilization of the enzyme (MnP) drastically

Current (uA)

1B)
=204

-30 4

(©

T T T T T T T T T T .
-1500 -1000 -500 O 500 1000
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Figure 17: CV graph illustrating current and potential changes during the stepwise fabrication
of the biosensor system. (A) PANI, (B) MnP and (C) PANI-PMMA-TiO2-MnP. Enzyme
transitions are represented by the peaks 11/11" (for Fe**/?* redox transitions) and | (for reduction

of Mn?* to Mn). the enzyme heme.
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decreased the current peaks and this can be attributed to the adsorption of MnP, confirming its
binding to the nanocomposite [2%42%1 The decrease in current can also be associated with
elongation of the polymer chain given the very high molecular weight of the enzyme, leading
to an increase in the inter-chain distance and possibly a lag in the electron hopping process
within the PANI-PMMA-TiO2-MnP/electrode interface 2%2%l The MnP enzyme exhibits a
redox pair (11/11") centred at +85 mV/250 mV (vs Ag/AgCl) and a reduction peak (I) centred at
-740 mV (vs Ag/AgCl) respectively attributed to the redox transitions of Fe**/?* and reduction

of Mn?* to Mn contained in the heme [297],

3.5. Feasibility of the MnP biosensor towards detection of BPA

The feasibility of the nanobiosensor system was evaluated in absence and presence of BPA at

a concentration of 0.04 nM using CV and SWV (Figure 18). In the presence of 0.04 nM BPA,
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Figure 18: (a) CV, (b) oxidative SWV and (c) reductive SWV profiles demonstrating the

performance of the biosensor in (A) absence of BPA and (B) in presence of 0.04 nM BPA.
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there is an observable increase in current peaks potential shifts of the Mn reduction peak from
-740 mV to -765 mV (vs Ag/AgCl), a shift from +250 mV to +190 mV (vs Ag/AgCl) for
oxidation of Fe?* to Fe®" and a slight shift from +85 mV to +81 mV (vs Ag/AgCI) for reduction
of Fe3* to Fe?*. Potential peak shifts after enzyme immobilization and increased current peaks
in presence of BPA have been observed in reported literature %2971 These changes are
accompanied by formation of a new peak observed at +760 mV (vs Ag/AgCl) that can be
assigned to the irreversible oxidation of BPA [2%l All these observations are also evident in
the reductive and oxidative SW graphs illustrating a two-fold magnitude of current peaks when

compared to the nanobiosensor system in absence of the analyte.
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Figure 19: SWV profile portraying the nanobiosensor performance during BPA quantification
in 0.1 M PBS (pH 7.4) at 50 mV/s. Detection was conducted through successive additions of

0.4 nM BPA from a minimum concentration of 0.4 nM to a maximum concentration of 2.2 nM.

The nanobiosensor system was then evaluated against increasing concentrations of
BPA ranging from 0 nM to 2.2 nM (Figure 19) where it was observed that current peaks for

the labelled processes 11" and I, increased with successive additions of higher BPA
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concentrations. According to literature BPA has a polymerization tendency %! and to avoid
interference of its polymeric film with the detection signal, peak 1I” was considered for the
investigation of biosensor parameters and performance. It is worthy to note that at higher
concentrations of BPA, the difference in peak currents with successive additions of BPA
deteriorates and such behaviour can be correlated to both the hindered charge transfer induced
by the insulating poly-BPA film (inferred by the smoothly increasing current peaks with
increasing concentrations observed through the peak associated with its oxidation) and
saturation of the enzyme associated with decreased availability of binding sites with increased
binding of BPA. During performance of enzyme-based biosensors, the apparent Michaelis-
Menten constant (K,;*) and the maximum current density (Imax) are crucial kinetic parameters
respectively associated with affinity and catalytic activity (saturation) of the enzyme in the
presence of its substrate. According to literature, a lower value for the Michaelis-Menten
constant identifies stronger affinity between the enzyme and its substrate yielding a stable
enzyme-substrate complex that gives the biosensor ability to detect very low concentrations of
the substrate with high sensitivity at a constant rate. The Imax identifies saturation of the enzyme
system where a smaller value implies that the system requires less amounts of substrate to

saturate and this is linked to a broader analytical linear range
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Figure 20: The calibration plot for the biosensor system showing the dependence of current on

BPA concentration. Insert graph is the plot of the dynamic linear range.

The calibration plot illustrating the response and behaviour of the biosensor during signalling
of BPA is shown in Figure 20. By fitting these results into the Michaelis-Menten model, a
K,;’? value of 0.7 nM and the Imax value of 0.03 pA were estimated. The dynamic linear
range of the biosensor system was estimated between 0.2 nM and 1.2 nM as illustrated by the
linear relationship between BPA concentrations and the current response (Figure 19 insert).
From the slope which satisfied Equation 1, a sensitivity of 21.1+ 0.621 pA/nM and a
detection limit of 0.17 nM were achieved. The detection limit shown by this biosensor is in
close proximity with or lower than some sensor systems developed against BPA. For
comparison, Table 1 summarizes and compares the performance parameters of this biosensor
system with published work on detection of BPA using various sensing elements (aptamer-

based sensors, biomolecule-free methods and enzyme-based sensors and transducer materials.

[299-306]

http://etd.gfjwc.ac.za



PART 3: RESULTS AND DISCUSSION CHAPTER 3

i, =21.11 £ 0.621 X [BPA] + 3.55 Equation 1

Table 1: Performance of sensors for detection of using different sensing elements BPA

Sensor components LOD (pg/mL or M) and Reference
linear range
BPA binding aptamer, its complementary 0.284 pg/mL,
DNA and methylene blue 0.1-1000 pg/mL [307]
Tyrosinase onto a nanocomposite of reduced 0.74 nM,
graphene oxide and chitosan 0.01-50 uM [(307]
Manganese peroxidase enzyme onto a PANI 0.17 nM,
nanocomposite grafted with PMMA and (0.2-1.2 nM) This study
TiO2 nanoparticles
A nanocomposite of B-cyclodextrin (B-CD), 0.003 uM,
reduced graphene oxide and gold 0.01-50 uM [308]
nanoparticles

4. Conclusion

A novel polyaniline (PANI) nanocomposite with grafted poly(methyl methacrylate) and
titanium dioxide nanoparticles was used as an electron mediator and a receiving support for
the enzyme manganese peroxidase, towards construction of a nanobiosensor system for
quantification of bisphenol A. The performance of the biosensor system was investigated

using cyclic voltammetry and square wave voltammetry where a low detection limit of 0.17
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nM (0.039 pg/mL) was achieved at good sensitivity. These results implicate the potential of

the nanobiosensor system towards quantification of BPA in real samples.
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Chapter 4

Gold nanoparticles amplified properties of poly(3,4-propylenedioxythiophene)

ABSTRACT

A poly(3,4-propylenedioxythiophene)  (PProDOT) nanocomposite  with  gold
nanoparticles, achieved by exploiting the gold-thiol surface chemistry between the two
components is reported. A distinct change is observed in the PProDOT prepared in absence
and presence of a surfactant, sodium dodecyl sulfate. The effects of AUNPs on optical and
electrochemical behaviour of the PProDOT were investigated using UV-Vis, voltammetry
(CV and DPV) and chronocoulometry. The better reversibility and improved electrical
conductivity observed for the nanocomposite are attributed to the incorporated high

surface area gold nanoparticles.

KEYWORDS: poly(3,4-propylenedioxythiophene), conducting polymer nanocomposite,

gold nanoparticles, electrical conductivity
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1. Introduction
Conducting polymers (CPs) in composite form with nanomaterials still have undivided
attention emanating from the superior performance of their devices induced by the synergistic
effect of combining the unique properties of each component. Ever since the emergence of the
‘nano’ technology, various efforts have been carried out towards synthesis of nanoscaled
polymers as the nano-dimensions give materials outstanding properties. Besides the easy, cost-
effective and easily accessible preparation methods of CPs, their chemical structures allow
facile functionalization with a wide range of materials through various coupling mechanisms
including covalent bonding and electrostatic interaction %319, Hence, the different materials,
especially nanomaterials, are incorporated into CPs to further enhance the properties of CPs
and manufacture special material for specific applications 113141,

Poly(3,4-propylenedioxythiophene) (PProDOT) is a conducting polymer derived from
polythiophene as an addressing measure to overcome the limitations of polythiophene,
amongst which is insolubility. However, there came an era where the properties of the
PProDOT itself became unsatisfactory for certain applications. As a result, various strategies
have been developed to enhance its properties. One of these strategies includes further
functionalization of the monomer, catered for by the propyl group extending the thiophene ring.
A library of monomers derived from the monomer 3,4-propylenedioxythiophene (ProDOT)
functionalized or substituted with various molecules, based on satisfying certain needs towards
various applications, have been reported [162 188 315 3161  Qther strategies include co-
polymerization with other monomers and incorporation of nanomaterials such as manganese

oxide, tin oxide and titanium dioxide nanoparticles (138195 317, 318]

Gold nanostructures are noble gold metal nanoparticles characterized by unique properties
such biocompatibility, high electrical conductivity and signature surface plasmon resonance.

They can be easily prepared through different methods into various shapes including
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nanoparticles (or nanospheres), nanorods, nanotubes and nanostars %1, Gold nanoparticles
(AuNPs) are among the most applied gold nanostructures due to their biocompatibility and
shape which merits their cellular internalization as therapeutic agents. Thus, AuNPs have been

applied in energy devices, sensors, nanomedicine and therapeutics [319:3201,

During biosensor fabrication, CP nanocomposites have shown excellent behaviour as
electron shuttles and biomolecule hosts. Herein, a gold nanoparticles-based PProDOT
nanocomposite is presented as a proof of concept that will be further investigated in the future
to explore different properties and parameters including the type and amount of surfactant,
cycling stability of the nanocomposite, effect of AuNPs amount in the nanocomposite

performance and preparation using other polymerization methods.

2. Experimental section

2.1. Reagents
All reagents used were of analytical grade and purchased from Sigma Aldrich (South Africa)
and used without further purification: 3,4-propylenedioxythiophene (ProDOT), gold chloride
trihydrate (HAuCls-3H20), acetonitrile, sodium citrate trihydrate, sodium dodecyl sulfate

(SDS), hydrochloric acid (HCI) and lithium perchlorate (LiClOa).

2.2. Morphological view

The morphology of the polymer and its nanocomposite was investigated using a Hitachi
S3000N scanning electron microscope at an acceleration voltage of 5 kV and a Tecnai G2
F20X-Twin MAT high resolution transmission electron microscope (HR-TEM) at an
acceleration voltage of 200 kV. SEM studies do not only give estimated nature and size of the

material but also have the potential to clearly show how the dopants are attached to the polymer
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backbone while the TEM gives an internal view of such arrangements at different

magnifications.

2.3. Energy absorption

The ultraviolet-visible (UV-Vis) spectra of PProDOT and its nanocomposite were recorded on
a Nicolet Evolution 100 spectrophotometer within wavelength limits between 230 nm and 950
nm in ethanol. PProDOT has been proven to exhibit high optical activity where it absorbs
energy at different wavelengths of the spectrum and has gained application in electrochromic
devices following the tuning of its optical properties through incorporation of different
chromophores to its backbone and functionalization of the monomer. Therefore, this technique
will allow identification of incorporated or foreign chromophores to PProDOT based on

alterations in its absorbance wavelengths.

2.4. Electron transfer capability

Electrochemical measurements investigating the electron transfer behaviour of PProDOT and
the nanocomposite were performed using a CHI 760E electrochemical workstation and a
conventional three-electrode system with a glassy carbon working electrode (GCE; surface
area = 0.071 cm?), Ag/AgCl (3 M NaCl) reference electrode and a platinum wire counter
electrode. Prior to use, the working electrode was pre-conditioned by polishing in micro-
alumina slurries of 1.0 um, 0.3 um and 0.05um, followed by ultrasonication for five minutes
in ethanol and water, respectively. All experiments were conducted in 6-ml electrolyte

solutions.

The electrochemical transitions of the nanocomposite were explored by CV cycling
between -800 mV and +1300 mV (vs Ag/AgCl) at varying rates from 1 mV/s and 8 mV/s.
Using electrochemistry, electrode interface significant parameters such as the diffusion

coefficient, surface concentration and the number of electrons transferred during reduction-
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oxidation processes can be determined as these parameters play a crucial role towards

performance of different devices employing them.

2.5. Oxidative chemical polymerization of PProDOT
2.5.1. Template-free synthesis of PProDOT

An acetonitrile solution of ProDOT was mixed with a 0.1 M HCI solution to a final solution
yielding a clear solution containing 26.7 mg/mL of ProDOT. The solution was slowly stirred
at room temperature, followed by addition of 15 mM auric chloride solution. The solution
immediately turned to green with visible precipitates forming. The reaction was stopped after
1 hour. The polymer was obtained as a bluish green powder. To investigate the effect of
temperature, the same procedure was followed by heating the ProDOT monomer solution to
boil at 116 °C (the optimum temperature for the synthesis of AuNPSs) followed by addition of

the oxidizing agent.

2.5.2. Surfactant-templated PProDOT polymerization at room temperature

Sodium dodecyl sulfate was chosen as a surfactant towards preparation of a growth-directed
PProDOT. The SDS was mixed with the monomer solution to a final concentration of 0.04 M.
After addition of the oxidizing auric chloride, the solution changed from clear to dark purplish
blue. It was also noted that a higher yield was obtained than with the surfactant-free PProDOT.
This polymer will be referred to as SDS-PProDOT. The schematic presentation for the

polymerization of PProDOT from its monomer is shown in Figure 21.
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Figure 21: General schematic presentation for the polymerization of PProDOT to its neutral

state.

2.6. Synthesis of citrate stabilized gold nanoparticles

Gold nanoparticles (AuNPs) were prepared through the citrate reduction method as
documented in literature. An auric chloride solution of 0.25 mM in 50 mL purified water was
heated to boil. This solution showed a clear yellow colour. Under continuous stirring, 1ImL of
0.1 M sodium citrate was rapidly added. The solution first changed from clear yellow to purple

and then to wine red. The AuNPs colloidal solution was purified and kept at 4 °C.

2.7. One-pot polymerization of the PProDOT-AuNPs nanocomposite

The nanocomposite was prepared at room temperature in the presence of readily prepared
AUNPs and SDS under the same conditions as for the SDS-PProDOT. The AuNPs and ProDOT
were mixed together for 1 hour under ultrasonication to get adsorption between the two starting

materials. The ProDOT initial concentration was maintained at 0.04 M.
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2.8. Fabrication of the PProDOT and PProDOT-AuNPs film

All electrochemical characterizations were conducted on the SDS-templated PProDOT. Films
of the SDS-PProDOT and the PProDOT-AuNPs were drop casted onto glassy carbon
electrodes from pastes of the polymer powders in acetonitrile which was chosen because of its
high evaporation rate. Layers of 3 pL were fabricated once and twice, to observe any effects
of film thickness on its properties. During the investigation of such properties, the single
layered and double layered films are denoted as PProDOT-m and PProDOT-b, with the letters
m and b representing the first letters of monolayer and bilayer, respectively. For comparison
with the nanocomposite, the SDS-PProDOT will only be referred to as PProDOT while in

composite form with AuNPs it will be referred to as PProDOT-AuNPs.
3. Results and discussion

3.1. PProDOT

3.1.1. Morphological view

3.1.1. (a). Surfactant-free PProDOT
The surface morphologies of the PProDOT samples prepared without a surfactant or template
at room temperature and at 116 °C were investigated using SEM and TEM. SEM and TEM
images of the room temperature-prepared PProDOT (which will be referred to as PProDOT-
RT) are shown in Figure 22 below. The SEM image reveals a tubular morphology that might
result from closely packed spheres as can be seen from the ends of the tubular structures. The
TEM reveals structures resembling short sticks with sharp ends. These sticks have defined
mean diameters (< 20 nm) and lengths (ranging between 60 nm and 150 nm). Vertically aligned
sticky nanofibres of superhydrophobicity have been prepared from ProDOT derivatives using

cyclic voltammetry as a polymer deposition tool £23,
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EHT = 5.00kV Signal A= InLens Date :20 May 2016
WD = 4.7mm Mag = 100.00K X Time :10:17:12

Figure 22: (a) SEM and (b) TEM images of the surfactant-free PProDOT prepared at room

temperature.

A similar morphology (Figure 23) is revealed by the PProDOT prepared at 116 °C
(which will be referred to as PProDOT-116). The SEM image of PProDOT-116 reveals some
kidney-shaped and elliptical structures which are broader than the PProDOT-RT tubular
structures and spheres. The TEM confirms changes induced by heat where PProDOT-116
exhibits pod-shaped structures of approximately <25 nm in width and lengths ranging between
50 nm and 125 nm. From the SEM results, it may be concluded that a higher temperature
prevents chain formation or causes the polymer to degrade, provided that the tubular structures
in the PProDOT-RT were polymer chains while the TEM results shows that PProDOT
exposure to a temperature higher than room temperatures yields well defined pod-like
structured polymer. Should this phenomenon be associated with polymer degradation, the

result would be in agreement with literature (221 but further investigations are still needed.
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EHT = 5.00 kV Signal A = InLens Date :20 May 2016
WD = 4.7 mm Mag = 100.00 KX Time :10:21:46

Figure 23: SEM (a) and TEM (b) images of the surfactant-free PProDOT prepared at 116 °C.

3.1.1. (b). SDS-templated PProDOT

Some of the key limitations of CPs have been their insolubility in certain solvents, poor thermal
stability and their compact structures that retard ion diffusion hence minimizing the
performance of relative energy devices 23324, Hence, strategies such as designing the

morphology of the structures by using templates and incorporation of surfactants into CPs

EHT = 500 kv Signal A = InLens Date :20 Sep 2016
WD = 48mm Mag= 100.00KX Time :10:21:49
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Figure 24: (a) SEM image, (b), (c) TEM images under different magnifications and (d) EDS

spectrum of the SDS-templated PProDOT.

addressed the limitations mentioned here 3253261 Sodium dodecylsulfate (SDS)-templated
PProDOT (SDS-PProDOT) shows a totally different morphology from both PProDOT-RT and
PProDOT-116 prepared without a surfactant or template. The SEM image (Figure 24(a)))
shows globular particles of around 125 nm being closely packed in such a way that squeezes
the middle ones into irregular-shaped structures. From the TEM (Figure 24(b) and (c)), an

irregular sponge-like morphology was revealed. The nanospherical morphology revealed by
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the SEM is accredited to the SDS incorporation which confines the morphology of the resulting
polymer 273281 Similar irregular morphologies investigated by TEM have been evidenced in
literature for PProDOT 18 while spherical nanoparticles have found for a polyaniline
nanocomposite prepared in the presence of sodium dodecylbenzene sulfonate (SDBS) as a
surfactant and a template %1 The energy dispersive X-ray spectrum (Figure 24(d)) depicted
presence of gold (Au) in the SDS-PProDOT (Silicon (Si) and copper (Cu) came from the
preparation grids). Then, the back-scattered electron detector was employed to investigate
metal distribution. The subsequent back-scattered electron SEM image (Figure 25(a)) shows
the bright spots corresponding to Au in the sample. This was further confirmed by the TEM at
higher magnification (Figure 25(b)) in which evenly distributed dots of approximately 2.5 nm
diameters are evident. From the distribution of these particles, it was then concluded that during
synthesis, bulk Au got attached to the thiophene ring of PProDOT following the gold-thiol (Au-
S) chemistry while the chloride ions reside closely to the carbon atom. The proposed polymer

structure is shown in Figure 26.

EHT = 5.00kV Signal A= ESB Date :20 Sep 2016
WD=49mm Mag= 1.00KX Time :10:46:28

Figure 25: (a) Back scatted electron SEM image and (b) a high magnification TEM image of

the SDS-PProDOT obtained in the presence of SDS.
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_n

Figure 26: The proposed structural backbone of the SDS-PProDOT depicting the Au-S bonding

and the chloride anion acting as a dopant residing closely to the carbon proton.

3.1.2. Energy absorption properties
The absorbance properties of PProDOT-RT are shown in Figure 27. Within the chosen
wavelength range, PProDOT exhibits characteristic absorbance bands of carbon-carbon double
bonds inducing the n-n* transitions appearing as a shoulder at 355 nm while the transitions of
polarons and bipolarons induce the transitions at 477 nm and 759 nm, respectively 2%, With
reference to similar conjugated polymers, these transitions are ascribed to the aromatic (red)
and quinoid (blue) units forming the polymer backbone 239331 depicted by different colours in
the insert in Figure 27 (a).

PProDOT-116 exhibits slight deviations by absorbing light at 358 nm resulting from n-
7* transitions. Polaron transitions show maximum absorbance at 410 nm and 497 nm, a
phenomenon that may be associated with the polymer segments of different conjugation
lengths, hence distributing the polarons at different sites along the conjugated polymer chain.
Similarly to PProDOT-RT, PProDOT-116 also shows the free-carrier tail centred around 750-

850 nm, resulting from bipolaronic transitions 1833321 Therefore, it may be deduced that the
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PProDOT obtained using both preparation routes was obtained in its protonated conducting

state.

@
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Figure 27: Energy absorption properties of (a) PProDOT-RT (insert graph represents the
proposed chemical structure showing the Au-S bonding and (b) PProDOT-116 (insert graph

represent is the magnified view of the red-circled area.
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The SDS polymer (Figure 28) shows similar energy absorption bands to the PProDOT-
RT which may be ascribed to the similar preparation conditions. SDS-PProDOT exhibits a pair
of absorption bands with maxima at 259 nm and 296 nm, associated with the n-n* transitions
and the characteristic polaron transition band at 425 nm. A zoomed-in view of the free-carrier
tail shows various absorption bands at 796 nm, 878 nm and 918 nm that can be ascribed to the
presence of charge carriers being distributed along the polymer chain comprising units of

different conjugation lengths 12423321,

2,0

Absorbance (a.u.)

0,0 4 1,60 .
800

T T T T T T T T T T T T T T
300 400 500 600 700 800 900 1000

Wavelength (nm)

Figure 28: Energy absorption properties of the SDS-PProDOT which absorbs light at 259 nm,
296 nm and 425 nm. The free-carrier tail (the magnified view of the red-marked area shown in

the insert graph) absorbs light at 796 nm, 878 nm and 918 nm..
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3.1.3. Electron transfer and charge storage capability of SDS-PProDOT

The capability of the SDS-PProDOT to transfer electrons and store energy was evaluated using
various electrochemical techniques including cyclic voltammetry (CV), square wave
voltammetry (SWV) and chronocoulommetry (CC). The CV graph depicting the electron
transfer capability of PProDOT-m and PProDOT-b is shown in Figure 29(a). Both films exhibit
redox pairs labelled I/1" and 1I/I" centred at 56 mV/677 mV and 785 mV/1110 mV (vs
Ag/AgCl). These peaks I/I” are assigned to transitions between the polaron and bipolaron states
of the polymer 42 as depicted by the schematic in Figure 29(b) while the peaks II/II" are
suspected to be the redox transitions between Au®* and AuP 333 as it has been depicted earlier

that Au got attached to the sulphur element of PProDOT during polymerization.

80
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Figure 29: Electron transfer capability profiles for the PProDOT in 0.1 M LiClO4 at 30 mV/s
investigated using (a) CV, (c) oxidative DPV and (d) reductive DPV. (b) shows the structural

units giving rise to the polaronic transitions of the polymer.

The DPV graphs (Figure 29 (c) and (d)) confirm the observations revealed from the CV
as two oxidation peaks (at 472 mV and 1072 mV) and two reduction peaks (at 292 mV and 872
mV) (vs Ag/AgCI) are evident. From both techniques, the PProDOT-b exhibits higher peak
currents than the PProDOT-m. This behaviour may be associated with increased surface area
the casting of another layer of the porous conducting nanopolymer which results in an increased
amount of AuUNPs, hence the observed increase in electrical conductivity [B34,

Chronocoulometry was also used to investigate the amount of charge transported during the

reduction-oxidation processes [3%1, Again, the PProDOT-b shows a three-fold magnitude of
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charge than the PProDOT-m (Figure 30). This further confirms that the casted monolayer was

less efficient for charge transfer.

300 -
PProDOT-b
% 200
O]
o
«
e
O 100-
PProDOT-m
0 T T T T T T T T T
0 1 2 3 4
Time (s)

Figure 30: Chronocoulometric profiles of PProDOT-m and PProDOT-b. A thicker surface of
PProDOT (PProDOT-b) reveals better charge storage efficiency than the thinner surface

(PProDOT-m).

PProDOT is amongst the most potential applicants in electrochromic and energy
storage devices. Hence, its energy storage capability was observed in 0.1 M LiCIlO4 in which
the redox processes are associated with lithium ion insertion and removal which, in turn,
correspond to charge-discharge processes. Using chronocoulometry, an amount of charge
induced by a potential step is plotted as a function of time. During these potential steps, the
amount of charge passing at a certain time is related to bleaching and coloration processes or
charge-discharge processes corresponding to ion intercalation and de-intercalation [336337],
From the charge-time curves of both PProDOT-m and PProDOT-b, it can be observed that the

discharging profile does not go to the starting point, implying that the PProDOT-b has not
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undergone oxidation completely within the given time. The PProDOT-b also has a higher
charge storage capacity than the PProDOT-m, depicted by the area under the curve
corresponding to a 3-fold charge magnitude for the PProDOT-b as compared to the PProDOT-

m. These results are in agreement with the CV and DPV observations.
3.2.Citrate-stabilized gold nanoparticles (AuNPs)

To observe the alterations brought by the incorporated AuNPs onto PProDOT, autographic
absorbance properties and morphology of the AuNPs alone were investigated (Figure 31). The
TEM micrograph shows spherical nanoparticles of diameters ranging between 15 nm and 20
nm. Nanoparticles in this diameter range are usually obtained from the citrate reduction method
with small variations in size induced by the starting concentration of the gold salt, amount of
reducing agent and the temperature at which the boiling colloidal solution is maintained [3383%],
The TEM image also reveals multiple lattice fringes corresponding to the interplanar lattice
spacing of the (111) plane %34, The AuNPs exhibit the characteristic surface plasmon
absorbance band observed at 518 nm 3421,

Amongst the size-dependent properties of AuNPs is the band gap whose magnitude
determines the conductivity nature of the material categorized as conducting, semiconducting
and non-conducting. Using the formula in equation 4.1, the AuNPs show an energy band gap

of 2.4 eV which falls within the range for semiconducting material 3421,
E=he/, Equation 4.1

In the above equation, E denotes the band gap, h is Plancks constant, c is the speed of light and

A is the wavelength.
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Figure 31: (a) TEM morphological view and (b) the autographic surface plasmon resonance
absorption spectrum of the AuNPs respectively revealing spherical nanoparticles (of dimaeter

ranging between 15 nm and 20 nm) absorbing energy at 518 nm.
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3.3. The PProDOT-AUNP nanocomposite

3.3.1. Morphological view

The nanocomposite was achieved through a one-pot synthetic procedure exploiting the thiol-
gold chemistry between the sulfur element of the PProDOT and the gold element of the AuUNPs.
The SEM image (Figure 32(a) shows a similar morphology to the PProDOT-RT sample by
revealing closely-packed spherical particles of around 100 nm diameters. However, this film
exhibits less agglomerated particles than the SDS-PProDOT and this may be attributed to the

incorporated gold nanoparticles confining the growth of the polymer units 21,

EHT = 5.00 kV Signal A = InLens Date :20 Sep 2016
WD = 45mm Mag= 100.00 KX Time :10:34:08
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200 nm

Figure 32: (a) SEM image of PProDOT-AuUNPs reveals a spherical particles of approximately
100 nm. (b) and (c) TEM images of the PProDOT-AuNPs nanocomposite at different

magnifications. AuNPs (small dark particles) are well distributed in the PProDOT network..
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The TEM (Figure 32 (b) and (c)) shows the AuNPs attached to the PProDOT at both
lower and higher magnifications. The back-scattered electrons micrograph also shows evenly
distributed metal particles (Figure 33). At even higher magnification, the dots with diameters
around 2.5 nm are still evident. The bigger particles of diameter around 10 nm are associated

with the AuNPs, hence confirming their incorporation into the polymer.

EHT = 5.00kV Signal A = ESB Date :20 Sep 2016
WD= 48 mm Mag= 500KX Time :10:40:55
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Figure 33: (a) Back scattered electron SEM image and (b) high magnification TEM image of
the PProDOT-AuNPs nanocomposite showing the distribution of AuNPs within the PProDOT

polymer matrix.

3.3.2. Energy absorption properties of the nanocomposite

The UV-Vis spectra of the PProDOT-AuNPs nanocomposite is shown in Figure 34. The
spectrum shows absorbance maxima at different wavelengths. The peaks at 269 nm and 369
nm correspond to the autographic n-n* transitions induced by the C=C bonds of the benzenoid
and quinoid units of conjugated polymers. Polaronic transitions are also evident at 476 nm.
When compared to the SDS-PProDOT, these peaks are red-shifted to higher wavelengths while
the free-carrier tail is blue-shifted to 769 nm and 830 nm. These shifts are evidence of
interactions between PProDOT and the AuNPs in which the AuNPs incorporation increases
and decreases conjugation lengths of the aromatic and benzenoid polymer units 431 The peak
at 549 nm can be solely assigned to the surface plasmon absorption band of the AuNPs, further

confirming their presence in the nanocomposite.
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Figure 34: UV-Vis absorption spectrum revealing energy absorption by the PProDOT-AuNPs
nanocomposite. The insert figure is a magnified view of the red-marked spectral range. AUNPs

incorporation is confirmed by the absorption band at 549 nm.

3.3.3. Electron transfer and charge transport properties

The CV graph of the nanocomposite (Figure 35(a)) shows two redox pairs as was observed for
the PProDOT. However, the oxidation peak (peak ") attributed to the polaronic transitions of
PProDOT shows quenched electroactivity into a broad peak around +500 mV (vs Ag/AgCl).
This may be associated with the incorporated AuNPs masking the oxidation of PProDOT while
their prominence is witnessed by the enhanced current peak for its oxidation (labelled peak 117)
observed at +1090 mV (vs Ag/AgCl). Both reduction peaks show increased peak currents

attributed to the increased surface area induced by incorporation of the AuNPs into the polymer
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matrix %4, The peaks are observed at +320 mV and +762 mV (vs Ag/AgCI) and are

respectively assigned to reduction of the PProDOT polymer and Au.
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Figure 35: Electron transfer capability profiles of the PProDOT-AuUNPs investigated using (a)

CV, (b) oxidative DPV and (c) reductive DPV scans. Experiments were conducted in 0.1 M

LiClO4 at 30 mV/s.
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Figure 36: Charge-time chronocoulometric profile of the PProDOT-AuNPs nanocomposite

revealing better charge storage capability (almost 5000 pC) than the PProDOT (2200 pC).
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The DPV graphs (Figures 35(b) and (c)) show additional oxidation and reduction peaks
when compared to the CV. Similarly to CV, the peak labelled I11 (+1142 mV vs Ag/AgCl) may
be associated with further oxidation of the Au®* to Au® 3333441, peak IV (-83 mV vs Ag/AgCl)
may be attributed to the presence of oxygen moieties in the nanocomposite matrix which may
be from the citrate molecule stabilizing the AuNPs enhancing the signal for the oxygen from

the dioxypropyl molecule of PProDOT.

The nanocomposite also reveals symmetric chronocoulometric profile as shown in Figure
36. This profile shows a three-fold magnitude for the amount of charge transported during the
ion intercalation and de-intercalation processes when compared to PProDOT. This increase in
charge is ascribed to an increased charge induced by the incorporated AuNPs carrying a high
negative charge on their surface 43341, Another important property displayed by this profile
is the total symmetry of the forward and reverse scans whose ratio (Qi/Qq) equals one [47]
(subscripts i and d denote intercalation and de-intercalation, respectively). This relationship
explains better reversibility of the nanocomposite as the intercalation and de-intercalation

processes occur at the same rate.
4. Conclusion

A highly electroconductive polymer based on the conducting polymer poly(3,4-
propylenedioxythiophene) and gold nanoparticles has been prepared in the presence of sodium
dodecyl sulphate acting as both a template and a surfactant. The templating ability of the SDS
is evidenced by the nanospherical particles of PProDOT achieved in its presence when

compared to the pod-shaped nanostructutes of the surfactant-free PProDOT.

http://etd uwc.ac.za



PART 4: RESULTS AND DISCUSSION CHAPTER 4

The transmission electron microscopy studies confirm incorporation of the gold
nanoparticles into the nanocomposite by showing the spherical nanoparticles of mean diameter
around 10 nm. The synergistic effect of the incorporated gold nanoparticles is witnessed by the
enhanced electrical conductivity of the nanocomposite depicted in its voltammetric profiles. In
addition, the nanocomposite also shows potential for application in electrochromic and energy

storage devices.
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Chapter 5
Electrochemical Poly(3,4-propylenedioxythiophene) DNA Aptamer Biosensor for
Signalling Interferon Gamma (IFN-y) TB Biomarker

ABSTRACT

It is worth noting the incredible commitment of the world, united through the World Health
Organization, towards eradicating tuberculosis (TB). However, this disease persists as a
burden whose early diagnosis is very crucial as early treatment initiation can combat its
morbidity and, hence resulting in a reduction of its negative impact. This study reports on
a novel aptameric biosensor system developed towards early TB diagnosis by
electrochemically signalling its biomarker, interferon gamma (IFN-y). The sensing
platform is a ternary system exploiting the gold-thiol surface chemistry towards a stable
covalently bonded system achieved by immobilising a thiolated anti- IFN-y DNA aptamer
onto a nanocomposite platform  comprising  poly(3,4-propylenedioxythiophene)
(PProDOT) and gold nanoparticles (AuNPs). The nanocomposite showed high electrical
conductivity which was not lost after binding of the aptamer, thereby exhibiting potential
as electron shuttles to signal the aptamer- IFN-y binding. The biosensor showed admirable
sensitivity during IFN-y detection in pleural fluid samples with a mean detection limit of
2.2 pg/mL. This detection limit, alongside its linear range from 0.6 pg/mL to 2.2 pg/mL
falls below the current cut-off limit of 15 pg/mL hence highlighting feasibility of the

aptasensor system for signalling IFN-y in clinical samples.

KEYWORDS: electrochemical impedance spectroscopy, interferon gamma, tuberculosis,

detection limit, aptamer
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1. Introduction

Tuberculosis is a highly infectious disease whose severity is aggravated by co-infections with
other pathogens, communicable and non-communicable diseases including diabetes mellitus
and human immunodeficiency virus (HIV) 271053481 - Although the disease and its infection
(latent TB infection shortened as LTBI) can be prevented and cured, low sensitivities of current
diagnostic methods which delay early TB diagnosis also delay treatment initiation 341, giving
the disease bacteria a chance to replicate while gene mutations cause development of antibiotic-
resistant strains [*224, Other factors that influence LTBI progression to the active TB disease
include dietary deficiency, weakened immune systems due to medications or infections with
other pathogens, the deceitful behaviour of the bacteria by residing in the human system for a
long time until immunological response presents 29393521 As a result, the disease kills an
estimated 1.7 million individuals per year.

According to the latest World Health Organization (WHO) global TB report, South
Africa is among the high burden countries (HBCs) adapting the name from their worst TB
related cases %3, With specific reference to South Africa, such cases may be associated with
the high treatment default rate and crowded living spaces, especially prisons which hold large
populations in which individuals are in confined frequent exposure to active-TB individuals
thereby increasing their probability of acquiring LTBI infection [102103354:355]

The world has shown incredible devotion towards eradicating the TB epidemic by
endorsing the advanced diagnostic methods with superior performance than the conventional
sputum smear microscopy and tuberculin skin test. These techniques include the interferon
gamma release assays (IGRAs) and the GeneXpert MTB/RIF, the MTBDRplus and the Line
Probe Assay which also detect organism resistance to rifampicin and isoniazid therapy drugs.
However, each of these assays has a limitation associated with it. Their combined limitations

can be summarized as the inability to discriminate LTBI from active, post-BCG and non-

http://etd uwc.ac.za



PART 4: RESULTS AND DISCUSSION CHAPTER 5

tuberculous organism interference and inability to discriminate viable from non-viable bacteria
hinging on other techniques 5%, Moreover , it has been reported that the performance of
these techniques is affected by T cell counts which are low in immune-suppressed individuals
and over-expressed in BCG-vaccinated individuals 572 Therefore, highly sensitive
techniques for early TB diagnosis are still on demand.

Electrochemical nanobiosensors are amongst the most advanced techniques which display
potential as point-of-care devices to address the limitations of conventional techniques
mentioned earlier. Electrochemical nanobiosensors are also characterized by fast response
times, portability and easy operation %1 giving them promising characteristics as first-
generation devices that would be able to perform diagnostic and treatment-monitoring outputs.
Electrochemical biosensors have been shown to lose sensitivity in the presence of analytes in
real matrices ! hence, current research on electrochemical nanobiosensors is devoted to
addressing the limitations associated with their sensitivity.

Different strategies include use of analyte-specific molecules such as aptamers and use of
signal amplifiers. Aptamers are artificial single-stranded (ss) deoxyribonucleic acid (DNA) or
ribonucleic acid (RNA) molecules that are selected in vitro against specific targets (that can be
any molecule including oligosaccharides, peptides, proteins and cells) using the Systematic
Evolution of Ligands by Exponential (SELEX) enrichment process 6%, The technique is easily
accessible, easy to operate and most importantly, allows modification and labelling of the
aptamers with different materials at precise site-specific positions for different applications,
based on the high affinity and specificity binding in the presence of their targets 2621, Aptamers
are characterized by high thermostability, low or no immunogenicity and reversible
denaturation resistance 71 and have considerable applications as biosensor, diagnostic and
therapeutic agents 623 Amongst the variety of targets, aptamers have been selected against

pathogens and disease biomarkers including hepatitis (hepatitis C virus (HCV)), TB (interferon
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gamma (IFN-y) and 10-kDa culture filtrate protein (CFP-10)), HIV (HIV glycoprotein 120

(HIV gp120)) and Burkitt lymphoma (Ramos cells) 131171

This study saw need to develop an aptasensor system for early detection of TB based on
signalling of its biomarker, interferon gamma (IFN-y). IFN-y is a cytokine expressed as
immunological response to TB infection and its levels are associated with the level of TB
infection. The current cut-off limit for positive TB infection is 15 pg/mL IFN-y. In biosensors,
the use of biomarkers is believed to automatically avoid false results induced by interference
while aptamers minimize non-specific binding. To improve sensitivity a highly
electroconductive nanocomposite of poly(3,4-propylenedioxythiophene) (PProDOT) and gold
nanoparticles was used as both a charge transfer mediator and a receiving matrix for the
aptamer. The system proposed here is a next-generation point-of-care device hoped to rapidly
identify TB infection allowing early initiation of treatment and protection measures. Due to the
easy handling, room temperature operation and fast response of electrochemical aptasensors,

this system would practically benefit all end-users (medical practitioners and the society).

2. Experimental section

2.1. Reagents
Pleural fluid and an IFN-y binding aptamer, modified with a 5ThiolMCS-D group was supplied
by the by the Lung Infection and Immunity Unit (University of Cape Town). The aptamer
sequence was 5'-CGG CGA AGG CAC GTG TGG GGT GGT CGC GT-3. All other reagents
were purchased from Sigma Aldrich (South Africa) and used without further purification: 6-
mercapto-1-hexanol (MCH), 3,4-propylenedioxythiophene (ProDOT), sodium dodecyl sulfate
(SDS), acetonitrile (ACN), gold(I1I) chloride and sodium citrate trinydrate. A 0.1 M phosphate
buffer solution (adjusted to pH 7.4 and used through the study) was prepared from Na

H2PO4-2H20 and NaaHPO4-2H-0.
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2.2. Morphological characterization of the nanocomposite

The morphology of the PProDOT-AuNPs nanocomposite was investigated using a Tecnai G2
F20X-Twin MAT high resolution transmission electron microscope (HR-TEM) at an
acceleration voltage of 200 kV. For clear observations, morphologies of the PProDOT without

AUNPs were also investigated.
2.3. Electrochemical measurements

Electrochemical measurements were performed using a CHI 760E electrochemical workstation
and a conventional three-electrode system with a glassy carbon working electrode (GCE;
surface area = 0.071 cm?), Ag/AgCI (3 M NacCl) reference electrode and a platinum wire
counter electrode. Prior to use, the working electrode was pre-conditioned by polishing in
micro-alumina slurries of 1.0 um, 0.3 pum and 0.05um, followed by ultrasonication for five
minutes in ethanol and water, respectively. All experiments were conducted in 6-ml electrolyte
solutions.

Cyclic voltammograms (CV) were acquired within the potential limits between -800
mV and +1300 mV (vs Ag/AgCI) at 30 mV/s and a sensitivity of 1 mA/mV. The CV was the
first technique used to monitor the aptasensor fabrication steps and was complemented with
electrochemical impedance spectroscopy (EIS). The EIS measurements were acquired at a

frequency range between 1 Hz - 100 kHz.

2.4. Synthesis and fabrication of the nanocomposite
The nanocomposite comprising poly(3,4-propylenedioxythiophene) (PProDOT) and gold
nanoparticles (which will be denoted as PProDOT-AuNPs) was synthesized chemically from
a monomer solution containing 0.04 M ProDOT and AuNPs in acetonitrile (1:0.5 v/v). After
allowing an adsorption time of 1 h facilitated by ultrasonic radiation, a 15 mM auric chloride

solution was introduced. The polymer nanocomposite was collected as a greenish blue powder
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which was made into a paste using acetonitrile. Two layers of 3 uL PProDOT-AuUNPSs

nanocomposite paste were drop casted onto glassy carbon electrodes.
2.5. Aptasensor fabrication and application

The aptasensor was fabricated onto the PProDOT-AuNPs nanocomposite based on exploitation
of the gold-thiol chemistry between the three components. Before immobilization, the 5y M
aptamer solution was heated at 90 °C for 2 minutes. Then, 5 uL of the aptamer solution were
dropped onto the nanocomposite-modified electron and left to react for 4 h. Unbound aptamer
was removed by carefully rinsing the electrode in phosphate buffer solution (pH 7.4). This
aptasensing platform will be denoted as PProDOT-AuNPs-Apt. To avoid non-specific
adsorption, mercapto-1-hexanolphosphate (MCH ~ 5 uM) was used as a blocking agent. The
resulting aptasensing platform will be denoted as PProDOT-AuNPs-Apt-MCH. For detection
of IFN-y in real samples, pleural fluid was diluted to a working stock solution of 25 ng/mL in

the buffer solution.

3. Results and discussion

3.1. Morphological view of the hosting nanocomposite

The morphology of the nanocomposite was investigated using transmission electron
microscopy (TEM) (Figure 37). The TEM image reveals a morphology resembling that of its
components in which the irregular sponge-like morphology is ascribed to the PProDOT &
while the small nanospheres confirm the presence of AuNPs 3%l that are evenly distributed and

attached to the polymer.
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Figure 37: TEM image revealing the attachment of AuNPs onto the PProDOT polymer. Insert

graphs show morphologies of PProDOT and AuNPs individually.

3.2. Stepwise aptasensor fabrication

The aptasensing platform presented here is a ternary system exploiting the gold-thiol chemistry
between the sulfur elements of PProDOT and the aptamer and the gold element of the AuNPs.
The first step was CV and EIS characterization to investigate how the aptamer affected the
behaviour of the nanocomposite. From the CV graph (Figure 38), the nanocomposite shows a
well-resolved redox pair at 100 mV/370 mV which is associated with transitions between
polaron and polaron states of PProDOT while the broad peak at 1100 mV comes from oxidation
of Au®* to Au® 142331 For comparison, the CV profile of PProDOT is shown and has
suppressed peak currents, confirming the incorporation of the AuNPs into PProDOT. However,

a drop in peak current is observed after binding of the aptamer to the PProDOT-AuNPs. This
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is accompanied by appearance of a new peak which may be assigned to reduction of the thiol

group used as a label in the aptamer.

160

120 -
80

404

Current (uA)

-40 ¢

-80 4

-120 -

PProDOT-AuNPs

o-_~///

LN]

—_—

PProDOT

AProDOT-

AuNPs-Apt

-800 -400

0 400 800 1200

Potential (mV) vs Ag/AgCI

Figure 38: CV graph investigating the effect of aptamer binding on electroactivity of the

PProDOT-AuUNPs nanocomposite at 30 mV/s. PProDOT shows a redox pair for its oxidized

and reduced state with a 40 WA current response. AUNPs enhanced the electroconductivity with

a current response of 100 pA accompanied by a new oxidation peak related to its oxidation.

After incubation with the thiol-modified aptamer, new peaks assigned to reduction of its

modifying group are observed while an enhancement in the oxidation/reduction of Au is also

noticed.
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Figure 39: EIS Nyquist plots depicting charge transfer changes throughout the fabrication step.
PProDOT (Rct = 8.4 kQ) was conjugated with AuNPs, yielding the binary PProDOT-AUNPS
nanocomposite (Rct = 1.6 kQ). The thiolated aptamer was immobilized onto PProDOT-

AUNPs, yielding the ternary system (3.1 kQ).

EIS measurements were also conducted to supplement the information collected from
the CV. From the Nyquist plot (Figure 39), all films exhibit semicircles associated with charge
transfer and the linear parts denoting diffusion processes %41, PProDOT displays a high charge
transfer impeding behaviour with a charge transfer resistance (Rct) value of 8.4 kQ. The
incorporation of AuNPs dramatically increased the electroconductivity of the PProDOT,
leading a faster charge-transfer process with a smaller R¢t value of 1.6 kQ. However, after
aptamer binding, the Rt value increases 3.1 kQ and this is associated with a slow electron

transfer resulting from the nonconductive protein and, hence, this confirms its immobilization

[282]
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Figure 40: EIS Bode plot results for the fabrication process of the aptasensor. Plotted as a
function of frequency, (a) phase angle and (b) impedance changes for PProDOT, PProDOT-

AUNPs and PProDOT-AuNPs-Apt were monitored.
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The typical bode plots for the films are shown in Figure 40. and are in agreement with
the results obtained from the Nyquist plot. PProDOT displays a phase angle of 65° at 100 Hz
and an impedance magnitude of 4.1 kQ. The enhancing effect of the AuNPs is witnessed by
the lower impedance of the PProDOT-AuNPs nanocomposite (3.4 kQ) and a phase angle shift
to 45 ° suggesting its high conductivity at a higher frequency of 1585 Hz. This also confirms
that the incorporated AuNPs facilitate charge transfer properties of the PProDOT which in turn
can resist induced chemical changes [*%). As expected, the PProDOT-AuNPs-Apt exhibit a
higher impedance (3.7 kQ ) and a phase angle shift to 67° at a low frequency (5 Hz). These

changes are induced by the bound aptamer which hinders the charge transport 61,
3.3. Feasibility of the PProDOT-AuNPs —Apt towards IFN-y detection

The electrochemical behaviour of the sensing platform, PProDOT-AuNPs-Apt was evaluated
in the presence of IFN-y to investigate its feasibility towards detection of the biomarker (Figure
41). The CV graph shows an increase in the peak currents except for the peak associated with
reduction of Au™ at +500 mV (vs Ag/AgCI). To account for the increase in peak current, it is
assumed that aptamer-IFN-y interactions induce conformational changes orientated in a
manner that does not interfere with the electron transfer efficiency of the nanocomposite. The
decrease in in the reduction peak of Au® mat be associated with blocked electron transfer
induced by aptamer-analyte affinity binding interactions which occur after addition of IFN-y.
These observations are confirmed by the EIS Nyquist plot which reveals a higher charge
transfer resistance indicated by the increase in the semicircle diameter. In absence of the
analyte, the PProDOT-AuNPs-Apt shows a phase angle of 62 °© at a frequency of 7 Hz. Bode
plots show that presence of the analyte hinders charge transfer inducing shifts to a higher
impedance, a higher phase angle (66 °) at lower frequency of 5 Hz. These results imply

recognition of the analyte and its binding to the aptamer 671,
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Figure 41: (a) CV and (b-d) EIS profiles revealing feasibility of the PProDOT-AuNPs-Apt

platform towards IFN-y detection.
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3.4. Blocking agent effect

According to literature, blocking the remaining sites of the platform hosting the biomolecule
IS necessary to avoid defects in the recognition layer and, among the potential agents, 6-
mercapto-1-hexanol (MCH) is widely used due to its ability to penetrate the biomolecule and
reach exposed reactive groups on the hosting platform 683691 So CV and EIS were further
used to investigate the effect of MCH (Figure 42). A higher peak current is observed for the
MCH-blocked platform using the CV and this result is complemented by the Nyquist and Bode
plots which show better resistance of the platform to impedance changes, slightly faster charge
transfer efficiency and lower charge transfer resistance than the PProDOT-AuNPs-Apt
platform. Hence, the PProDOT-AuNPs-Apt-MCH. sensing platform was used in all

experiments in the following sections.

~—~
QD
L
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Figure 42: EIS experiments investigating the effect of blocking unreactive sites to minimize
non-specific adsorptions. After blocking, the sensing platform shows improved charge transfer

resistance and impedance properties.

The feasibility of this sensing platform was evaluated in the presence of 1 pg/mL of IFN-y
using EIS (Figure 43). The performance of this platform was compared with that of the
PProDOT-AuUNPs-Apt. From the Nyquist plot, the PProDOT-AuNPs-Apt-MCH shows a lower
charge transfer resistance than its counterpart suggesting that this platform has a potential to
maintain charge transport during signalling of the aptamer/IFN-y binding interactions. This
suggestion is further confirmed by the Bode plots which reveal a lower phase angle shifted to
higher frequency inducing a lower impedance modulus observed for the PProDOT-AuNPs-
Apt-MCH platform when compared to the PProDOT-AuNPs-Apt. As expected, the PProDOT-
AuUNPs-Apt-MCH platform shows a higher charge transfer resistance in the presence of IFN-y

when compared to its absence. This confirms the ability of the aptamer to recognize and bind
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its analyte as the observed charge transfer alterations are induced by the conformational

changes that occur during recognition and binding of the analyte [370:3711,
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Figure 43: EIS measurements comparing the feasibility of the PProDOT-AuNPs-Apt-MCH
sensing platform which shows better potential (than the PProDOT-AuNPs-Apt) towards IFN-

vy detection.
3.5. Effect of electrolyte pH on aptasensor response

The effect of electrolyte pH on the aptasensor response during IFN-y signalling was
investigated using CV and the result is shown in Figure 44(a). The experiments were conducted
in acidic (pH = 5.4), neutral (pH = 7.4) and basic (pH = 10.4) solutions. The peak currents at
which the aptasensor showed maximum response as a function of each solution pH is shown
in Figure 44(b). The results illustrate that under acidic and basic conditions, the aptasensor
shows poor performance which may be associated with distorted aptamer conformations while
optimum performance is achieved at pH 7.4. Similar behaviour of a DNA molecule was
observed by Mansor and co-researchers where they attributed the poor performance under
acidic and basic conditions to decreased DNA hybridization associated with protonation of the
DNA molecule B2, Hence, phosphate buffer solutions of pH 7.4 were used throughout the

biomarker detection experiments.
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Figure 44: (a) CV graphs showing response of the PProDOT-AuNPs-Apt-MCH sensing
platform in the presence of IFN-y under different pH conditions and (b) the current response

as a function of pH.

http://etd uwc.ac.za



PART 4: RESULTS AND DISCUSSION CHAPTER 5

3.6. Aptasensor performance during signalling of IFN-y in PBS

3.6.1. PProDOT-AuNPs-Apt-MCH sensing platform in PBS

The performance of the PProDOT-AuNPs-Apt-MCH sensing platform was first assessed in
phosphate buffer solutions at varying concentrations of IFN-y using EIS. The Nyquist plot
(Figure 45) illustrates a behaviour explained earlier (section 3.4) where the presence of the
analyte decreases the charge transfer efficiency of the platform induced by the aptamer/IFN-y
conformational occurring during recognition and binding between them B73. This trend
continues with increasing concentrations of IFN-y indicating occupation of more aptamer

binding sites.

“Zim (kQ)

Figure 45: EIS Nyquist plot for the electrochemical signalling of IFN-y. The Nyquist plot
monitors phase angle shifts induced by IFN-y binding from 0 pg/mL to 7 pg/mL (at increments

of 1 pg/mL).

http://etd 'uwc.ac.za



PART 4: RESULTS AND DISCUSSION CHAPTER 5

The Bode plot illustrating phase angle shifts as a function of frequency was also used to confirm
this observation (Figure 46). With onset addition of the analyte, the system shows a shift to a
higher phase angle (towards lower frequency. The calibration curve (Figure 47) shows a
shifting to higher phase angles with increasing concentrations of IFN-. The plot illustrates a
linear region between 0 pg/mL and 2 pg/mL. At concentrations higher than this range, the graph
starts to plateau due to commencing saturation of the aptamer B74, From the results, a limit of

detection of 0.14 pg/mL at a sensitivity of 5°-mL/pg was determined.

(h) 7 pg/mL

-Phase angle (degrees)

[IFN-y concentration] (pg/mL)

Figure 46: Electrochemical detection of IFN- y by monitoring shifts in the phase angle with

incremental IFN-y concentrations of 1, 2, 3,4, 5, 6 and 7 pg/mL in 0.1 M PBS (pH 7.4).
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Figure 47: The calibration plot for performance of PProDOT-AuNPs-Apt-MCH sensing

platform towards IFN-y in 0.1 M PBS. The insert graph represents the analytical linear range.

3.7. Aptasensor performance during signalling of IFN-y in pleural fluid
3.7.1. PProDOT-AuNPs-Apt sensing platform

Although the blocking agents are associated with increased sensitivity of fabricated biosensor,
MCH has been shown to interfere by replacing the aptamer binding (in the case of thiolated
aptamers) due to the thiol group. So, the feasibility of both the MCH-blocked and unblocked
sensing platforms towards IFN- signalling were both investigated. Figure 48 shows the Nyquist
and Bode plot results for the response of the PProDOT-AuNPs-Apt sensing platform at IFN-y
concentrations between 0 pg/mL and 2.2 pg/mL. The sensitivity and limit of detection for this

platform were estimated to be 14.4 5°-mL/pg and 0.19 pg/mL, respectively.
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Figure 48: EIS results for the PProDOT-AuNPs-Apt platform during signalling of IFN-y from
0 pg/mL to 2.2 pg/mL (at increments of 0.2 pg/mL). (a) Nyquist plot, (b) phase angle shifts as
a function of IFN-y concentration and (c) the calibration curve for the aptasensor performance

(insert graph represents the analytical linear range).

3.7.2. PProDOT-AuNPs-Apt-MCH sensing platform

The Nyquist and Bode plot results for the response of the PProDOT-AuNPs-Apt-MCH sensing
platform at IFN-y concentrations between 0 pg/mL and 2.2 pg/mL is shown in Figure 49. The
sensitivity and limit of detection for this platform were estimated to be 6.34 5°-mL/pg and 0.2
pag/mL, respectively. It is very important to note that the MCH-free (unblocked) sensing
platform shows a steeper curve than the MCH-blocked sensing platform. This may be attributed
to interferences resulting from the exposed active groups of the nanocomposite hosting the

aptamer, leading to the observed lower detection limit. The MCH-blocked sensing platform
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shows a curve that starts plateauing after 1.0 pg/mL indicating the less available binding sites

and, hence, its saturation commences.
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Figure 49: EIS results for the PProDOT-AuNPs-Apt-MCH platform during signalling of IFN-
y from 0 pg/mL to 2.2 pg/mL (at increments of 0.2 pg/mL). (a) Nyquist plot, (b) phase angle
shifts as a function of IFN-y concentration and (c) the calibration curve for the aptasensor

performance (insert graph represents the analytical linear range).

The performance of this aptasensor is within reported literature range for different detection
methods aimed towards early diagnosis of TB. For clear comparison, Table summarizes
different sensors employing various biomolecules, nanomaterials and signalling methods for
detection of TB through signalling of its identifiers such as the MTb strains and, mostly, its

specific antigens.
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Table 2: Detection limit performance of sensors fabricated for early detection of TB by

signalling its cytokines using various methods.

Sensor components Signalling Target | Sample; LOD

method analyte (M/ g/mL) | Reference
Silica nanotraps and trypsin MALDI-TOF- | CFP-10 | MTb culture;

MS 1.4nM [375]

Anti-IFN-y antibodies onto a
gold monolayer with signal SWASV IFN-y Serum;
amplification of quantum dots 0.34 pg/mL [376]
and methylene blue
Anti-IFN-y aptamer onto a
PProDOT-AuUNPs EIS IFN-y PLF; This study
nanocomposite 0.2 pg/mL
Protein conjugates of silica-
coated quantum dots and gold SPR Ag85B PBS; (3771
nanorods with antibodies 13 pg/mL

4. Conclusion

This work reports on electrochemical signalling of interferon gamma using its specific DNA

aptamer. The aptamer was hosted by a highly electroconductive nanocomposite of poly(3,4-

propylenedioxythiophene) and gold nanoparticles. The nanocomposite is a binary system

achieved through the covalent bonding between the sulfur element of PProDOT and the gold

element of the gold nanoparticles. Immobilization of the thiolated DNA aptamer onto the
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nanocomposite led to a ternary system in which the electron charge transfer efficiency was

maintained, although there was an observable decrease in the presence of the aptamer.

In accord with literature, a blocking agent was employed as a blocking agent to
minimise non-specific adsorptions. The presence of the blocking agent, mercaptohexanol,
slightly increased the charge transfer efficiency of the sensing platform. Feasibility of the of
both the MCH-blocked and unblocked sensing platforms as signalling assays for the
tuberculosis biomarker, interferon gamma, was evaluated using electrochemical impedance

spectroscopy.

After observing a positive response after single-shot additions of IFN-y, the assays were
evaluated against various concentrations of. Firstly, the MCH-blocked sensing platform was
evaluated against concentrations of IFN-y in phosphate buffer. The performance was
satisfactory and in agreement with calibration profiles of electrochemical biosensor system by
showing the polynomial profile whose plateau is defines saturation of the biomolecule. An
estimated detection limit of 0.14 pg/mL was achieved. When applied in pleural fluid-spiked
samples, the sensing platform still showed satisfactory performance with a detection limit of
0.2 pg/mL. The performance of this sensing platform was compared with that of the unblocked
platform which displayed detection limit of 0.19 pg/mL. This behaviour was associated with
the complexity of the matrices like the pleural fluid used here. Most importantly, both the
detection limits and analytical linear ranges of the sensing platforms fall below the cut-off
concentration of 15 pg/mL for IFN-y, hence highlighting the potential use of these platforms

in clinical samples towards early diagnosis of the disease tuberculosis.
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Chapter 6
Concluding remarks and future perspectives

The study reports on two biosensor platforms fabricated using an enzyme and an aptamer onto
different conducting polymer nanocomposites. The sensors were used for quantification of
bisphenol A (an endocrine disrupting chemical associated with negative human health effects
and environmental pollution) and interferon gamma (a cytokine produced as an immunological
response to tuberculosis infection). All concluding and future perspectives concerning this
study will be identified separately starting with the preparation of the nanocomposites to

fabrication and application of the biosensor systems.

(a). The poly(methyl methacrylate) and titanium dioxide-grafted polyaniline nanocomposite

The individual components of this nanocomposite possess properties which gained them
undivided attention for applications in various fields. Poly(methyl methacrylate) is a
biocompatible hydrogellic polymer which also has a swelling behaviour which gained it
applications in the biomedical field. Its biocompatibility has shown to non-destructively host
biomolecules during biosensor fabrication. Hence it was employed here to play the
biocompatible host for the enzyme manganese peroxidase.

Polyaniline (PANI) is an electroconductive polymer with reversible activity that can be further
enhanced by incorporation of different molecules to overcome its undesirable loss of
electroconductivity in neutral environments. Different molecules (including polymers and
nanomaterials) have been incorporated to PANI, yielding nanocomposites and nanohybrids
with outstanding properties and performance reflecting the synergistic effect of the combined

components. Titanium dioxide (TiO2) nanoparticles have been shown to tune different
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properties of PANI towards improving the performance of dye-sensitized solar cells and
photocatalysts. Hence, this study sought to prepare a nanocomposite that would reflect all the
properties of PANI, PMMA and TiO». Although the amounts of both PMMA and TiO>
nanoparticles were kept at a minimum, electrochemical characterization using cyclic and
square wave voltammetry shows that the dopants (individually and combined) significantly
increased the electroconductivity of PANI. Moreover, this phenomenon was attained in neutral
pH phosphate buffer electrolyte (at pH 7.4) and this was attributed to the effect of the
incorporated PMMA and TiO: increasing charge carriers and their delocalization along the
polymer backbone, hence the observed electrical conductivity with a fifty-fold magnitude
increase for the nanocomposite peak currents when compared to pristine PANI. The
nanocomposite showed good reversible charge transfer efficiency investigated and confirmed
by CV at varying scan rates.

Through UV-Vis spectroscopy, the nanocomposite was characterized to have an absorption
peak in the visible spectral range and exhibited a lower energy band gap, hence implying
improved biocompatibility when compared to PANI. This alone implies the possible
application of the nanocomposite in energy-harvesting devices which require narrow band
gaps. Based on the fixed amount of dopants used here, it would be necessary to further
investigate the following aspects:

I.  The effect of varying the amounts of dopants on optical properties of PANI based on
the electron donating behaviour of PANI and the electron withdrawing behaviour of
PMMA while the electron transfer from the highest occupied molecular orbital of PANI
to the lowest unoccupied molecular orbital of TiO> alleviates the electron-hole

recombinations of TiO».
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ii.  Thermal and cycling stability of the nanocomposite for trial in battery electrode and
supercapacitor materials following the portrayed electrical conductivity and porosity
necessary for enhanced charge diffusion and charge-discharge efficiency.

iii.  Direct quantification of bisphenol A using the nanocomposite which is expected to have
minimal electrode fouling effect usually observed during direct oxidation of BPA on
bare electrodes, induced by its polymerization.

iv.  Biodegradation studies of the nanocomposite into the less toxic carbon and nitrogen
compounds which would widen the application scope of the nanocomposite into the

biomedical field.

(b). Bisphenol A quantification

The step-wise fabrication of the biosensor system was confirmed by CV where the decrease in
peak currents was observed after introduction of the enzyme into the system. This was
correlated to the binding between the amine groups of PANI and the carboxyl groups from the
C-terminus of the amino acids in the enzyme or through hydrogen bonding between the amine
group from the N-terminus of the amino acids and the hydroxyl group from TiO2 and the
carboxyl group from the PMMA (as proposed in Figure 10). After an onset introduction of the
target analyte, BPA, into the system, a catalytic redox pair with a formal potential of +136 mV
(vs Ag/AgCI) was ascribed to the transitions of the iron heme group of the enzyme, coupled to
formation of the oxygenated complex induced by binding of BPA while a peak in the far
positive potentials (at +760 mV vs Ag/AgCl) conferred polymerization of BPA, forming an
insulating film that hindered charge transfer as witnessed by the subsequent drop in peak
current differences with increasing concentrations of BPA.

The biosensor system reported here was first-of-a-kind, based on manganese peroxidase for

quantification of BPA, an endocrine disrupting chemical whose negative impact on human
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health led to the minimum instated tolerable daily intake value of 4 ug/kg bodyweight by the .
The biosensor system portrays the signature polynomial profile associated with the behaviour
of many biomolecule-based sensors where the steep linear part correlates to the analytical linear
range while the plateau which commences at higher concentrations is associated with saturation
of the biomolecule. By monitoring changes in current (induced by binding of bisphenol A to
the enzyme active site) an estimated detection limit of 0.17 nM was obtained with a sensitivity
of 21.1 £ 0.621 pA/nM. These values are in accord with other electrochemical biosensor-based
techniques in which the sensitivity has been tuned by different strategies including the use of
BPA-specific aptamers and nanoparticle—based signal amplifiers. However, parameters such
as the concentration of the enzyme, specificity of the biosensor system, the binding affinity of
BPA to the enzyme, amount and nature of blocking agent, investigation of the sensor system
in real samples, reproducibility and validation using other methods still need further
investigation to widen the linear range, increase the sensitivity and broaden the application
scope of the nanobiosensor system for quantification of various analytes towards

environmental protection, human health protection and wildlife preservation.

(c). The poly(3,4-propylenedioxythiophene)-gold nanoparticles composite

Poly(3,4-propylenedioxythiophene) (PProDOT) was prepared from its monomer through the
chemical oxidative polymerization route using tetrachloro-auric solution as an oxidizing agent.
The procedure was a simple reaction performed at room temperature with a slight stirring
impact. The SEM and TEM images identified pod-like structures when the preparation
conditions were adjusted to a higher temperature while at room temperature irregular sticks
were observed. Similarly to other conducting polymers, PProDOT has been shown to have
poor solubility in most solvents, an undesirable behaviour that opened doors to the widely

investigated PProDOT analogues based on functionalization or modification of the monomer
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to tune its hydrophobicity and/or hydrophilicity. The chemical polymerization and solid-state
milling methods are the most investigated deposition methods, following the challenges of
electrochemically depositing PProDOT onto various substrates. All the polymerization routes
yield polymers with different morphologies and subsequently, varying properties. To enhance
different properties of PProDOT, especially its electroconductivity, a nanocomposite with Au-
S linking resulting from incorporation of gold nanoparticles was hypothesized. Gold
nanoparticles are among the most versatile metallic nanoparticles that can be easily prepared
through various methods, including the green chemistry approaches and can be functionalized
with different molecules for specific purposes. For example, gold nanoparticles have been used
in biomedicine as therapy vehicles to deliver agents such as drugs and silencing aptamers to
targeted sites. Considering the semiconductive nature of the polymer related to its
biocompatibility, this nanocomposite could also potentially be tested for therapeutic

applications.

Indeed, a nanocomposite comprising nanospheres of approximately 100 nm in diameter was
achieved and the TEM clearly showed the AuNPs being attached and distributed within the
PProDOT polymeric network. It was noted that very small nanoparticles of 2.5 nm diameters
were revealed by the TEM at higher magnification, suggesting possibility of a novel
preparation route towards carbon dots. Specifically withdrawing from this observation, this
study will be extended to investigate these nanoparticles and adapt to the other deposition
methods while continuously and precisely spotting the effects of different parameters including
the amount of oxidizing agent, solvent effects and a preparation method that would correlate
to better performance of the nanocomposite.

The nanocomposite was tested as an electron mediator and biomolecule host for fabrication of
an aptamer assay for signalling a tuberculosis biomarker. The nanocomposite showed good

charge transfer efficiency and also demonstrated better reversibility during the charge-
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discharge processes and this was correlated to faster charge diffusion kinetics attributed to the
porous nanostructured morphology revealed by the scanning electron microscopy which
facilitates charge diffusion. This fast behaviour could be beneficial towards rapid analysis of

different pathogens, toxins and pollutants.

(d). Interferon gamma signalling

The stepwise fabrication method of the aptasensor permitted precise determination of induced
current, charge transfer resistance, phase angle and impedance changes as per fabrication step.
The aptasensor developed here is a ternary covalently-linked system, however, its stability still
needs to be investigated. The aptasensor system showed good response towards interferon
gamma signalling in both the clean phosphate buffer solution and in pleural fluid-spiked
samples. A detection limit of 0.2 pg/mL was estimated for the interferon gamma detected in
pleural fluid and this implies potential for practical application of the aptasensor system for

signalling interferon gamma in clinical matrices.

(e). Future goals aimed at early TB diagnosis

Secretion of cytokines, such as the interferon gamma, is altered by endocrine disrupting
chemicals. Amongst these chemicals, bisphenol A has been proven to interfere with IFN-y
secretion and therefore alter its levels. The study will be furthered to investigate simultaneous
signalling of both BPA and IFN-y. After necessary optimizations, the aptasensor system would
be a point-of-care diagnostic device for both early identification of TB infection and endocrine
disruption. However, to realize the out-of-laboratory practical application by clinicians,
medical practitioners and all other individuals, this aptasensor system would need integration

into an automated, portable and user-friendly device.
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