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ABSTRACT

Impedimetric and electrode kinetic dynamics of DNA aptamer

nanobiosensors for estrogeneous endocrine disruptors

R.AOLOWU

PhD Thesis, Department of Chemistry, University of the Western Cape May 2011

In this work, DNA aptamer biosensor systems were developed for the detection of l7p-estradiol

- an estrogeneous endocrine disrupting chemical (EDC). Endocrine disrupting chemicals are

group of compounds that impact negatively on the endocrine system of humans and wildlife.

High concentrations of l7p-estradiol in water or food chain disrupts the physiology of the

endocrine system of various animal species, leading to feminisation in fish and stimulates the

proliferation of cancer cells in humans. Aptasensor systems for the determination of l7p-

estradiol were prepared with three immobilization platforms: (i) poly(3,4-

ethylenedioxythiophene) {PEDOT} doped with gold nanoparticles (AuNPs) to form

PEDOTIAuNPs polymeric nanocomposite, (ii) generation 1 poly(propylene thiophenoimine)-co-

poly(3 ,4-ethy lenedioxythiophene) dendritic star copolymer (G 1PPT -co-PEDOT), and (iii)

generation 2 poly (propylene thiophenoimine)-co-poly(3,4-ethylenedioxythiophene) dendritic star

copolymer (G2PPT-co-PEDOT). The morphological properties of the sensor platforms were

interrogated by scanning emission microscopy (SEM) and atomic force microscopy (AFM),

while their spectroscopic characteristics were studied by Fourier transform infra red

spectroscopy (FTIR) and fluorescence spectroscopy. The electrochemical behaviour of the

platforms and the aptasensors were studied by electrochemical impedance spectroscopy (EIS),
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cyclic voltammetry (CV) and square wave voltammetry (SWV). The DNA aptamer developed

for detecting 17~-estradiol and which was used in the fabrication of all aptamer biosensors in this

study is a

76-mer biotinylated aptamer (5'-BiotinGCTTCCAGCTTATTGAATTACACGCAGAGG

GTAGCGGCTCTGCGCATTCAA TTGCTGCGCGCTGAAGCGCGGAAGC-3').

AulPEDOTIAuNPslAptamer (platform 1) was obtained by covalently attaching streptavidin to

the polymeric nanocomposite platform using carbodiimide chemistry and the aptamer

immobilized via streptavidin-biotin interaction. The electrochemical signal generated from the

aptamer-target molecule interaction was monitored electrochemically using cyclic voltammetry

and square wave voltammetry in the presence of [Fe(CN)6J 3-/4- as a redox probe. The signal

current observed was inversely proportional to the concentration of 17~-estradiol. The aptasensor

demonstrated specificity toward 17~-estradiol. The detectable concentration range of the 17~-

estradiol was 0.01 nM-O .09 nM with a detection limit of 3.2 pM.

The 76-mer biotinylated aptamer for 17~-estradiol was incorporated into a generation 1

poly(propylenethiophenoimine )-co-poly(3 ,4-ethylenedioxythiophene) dendritic star copolymer

modified Au electrode via biotin-avidin interaction (platform 2). The Bode plot shows that the

charge transfer dynamics of the nanoelectrode can be frequency modulated while the AulG 1PPT-

co-PEDOT nanoelectrode exhibited greater semi-conductor behavior (higher phase angle value)

than AulG 1PPT due to the incorporation of charged functionalized dendrimer at low frequencies

(100 mHz). The biosensor response to 17~-estradiol was based on the decrease in the SWV

current as the EDC binds to the ssDNA aptamer on the biosensor. The dynamic linear range of

the sensor was 0.01-0.07 nM with a detection limit of7.27 pM.
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Synthesis of electro synthetic generation G2PPT-co-PEDOT (platform 3) was performed by

copolymerization of PEDOT with G2PPT dendrimer modified electrode immersed in a solution

of 0.1 M LiCI04 containing 0.1 M EDOT monomer and 0.1 M sodium dodecyl sulphate (SDS)

for ten (10) cycles. The electrochemical behaviour of the dendritic star copolymer was

investigated with CV and EIS in LiCI04 and phosphate buffer solutions. The results show that

the electrochemical deposition of G2PPT-co-PEDOT on gold electrode decreased the

electrochemical charge transfer resistance when compared to AuiPEDOTILiCI04 and AuiLiCI04

interfaces. Bode impedimetric analysis indicates that G2PPT-co-PEDOT is a semiconductor. The

fabrication of two novel aptasensors (based on platforms 2 and 3) simultaneously on a screen

printed micro array electrode of 96-well multichannel electrochemical robotic sensor testing

system for the detection of endocrine disrupting l7~-estradiol, was also carried out. The

aptasensors responses to l7~-estradiol, based on the decrease in the SWV current, were

evaluated.
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CHAPTERl

INTRODUCTION

This chapter gives a brief background on endocrine disrupting chemicals, biosensors, project

rationale and motivation, aim and specific objectives as wel! as the thesis outline.

1.1 Background information

1

The number and the variety of chemicals to which man and his environment are exposed to are

increasing every year. Over hundred thousand chemicals are estimated to be available

commercially in the markets [1]. Many existing chemicals have the potential to pollute the

environment and consequently have a negative influence on human health. Human beings come

in contact with many of these chemicals on daily basis. These chemicals, either of natural or man

made origin may be present as pollutants and contaminants in food, environmental media, and

commercial products. Thus, environmental pollution is a problem of great concern to scientist,

governmental, regulatory agencies and the public in general because of the hazardous nature of

chemicals when present even in small amount [2]. The monitoring of risk assessment and the

prevention of adverse health effect of chemical pollutants is a major challenge. The key role of

the prevention and control of chemical hazards is well recognized worldwide. In the last forty

years the potential of xenobiotic chemicals to interact with the endocrine system of animals and

human populations has been the center of attention [3]. The endocrine system is one of the

body's main communication networks and is responsible for controlling and coordinating

numerous body functions. The endocrine system uses internal secretion of hormones into the

circulatiory system to convey information to the cells that express cognate receptor [4].
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Hormones are first produced by the endocrine tissues, which include the ovaries, testes, pancreas

pituitary, and thyroid hormones which are then secreted into the blood to act as the body's

chemical messengers from where they direct communication and coordination among other

tissues throughout the body. Hormones work with the nervous system, reproductive system and

respiratory system in order to help maintain and control body energy levels, reproduction,

growth and development of internal balance of body systems, called homeostasis [4-5].

However, endocrine system also has multifarious relationship with nervous system and the

immune system and exercise universal effects upon development, growth, and metabolism [4].

The term endocrine disruptors was coined in 1991 at a conference at the Wingspread Conference

Centre in Racine Wisconsin [6]. Endocrine disrupting chemicals have structure and activity

which as the ability to interfere with the body hormone signal which makes them to be one of the

major environmental contaminants.

In recent years, these endocrine disrupting chemicals have become one of the main topics of

research in the field of environmental sciences. Endocrine disrupting chemicals (EDCs) are

chemicals with the potential to elicit negative effects on endocrine system of humans and

wildlife. Various natural and synthetic chemical compounds which include pharmaceuticals,

pesticides, industrial chemicals, and heavy metals have been identified to educe estrogen-like

responses [7-8]. These compounds can modulate both the endocrine and immune system

resulting in alteration of homeostasis, reproduction, development and behavior of the individual.

Some of the effects of these chemicals on the endocrine and reproductive system include their

ability to:

~ rmrruc the effect of endogenous hormones

~ antagonize the effect of endogenous hormones

2
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3

~ disrupt the synthesis and metabolism of the endogenous hormones

~ disrupt the synthesis of hormone receptors [9].

The European Commission in 1996 defined "endocrine disruptors as an exogenous substance

that causes adverse effect on intact organism or its progeny and sub population [10]. A wide

definition that include all substances that can affect endocrine function via interference with

natural hormone (e.g. estrogen, androgen or thyroid hormones) pathways was proposed in 1997

by the United State Environmental Protection Agency (USEPA). The agency define endocrine

disruptors as exogenous substances that interfere with the synthesis, secretion, transport, binding,

action or elimination of natural hormones in the body that are responsible for maintenance of

homeostasis, reproduction, development and/ or behavior [11-12]. These compounds have

varying degrees of potency, some being strongly active compounds, some having weak

estrogenic activity. The aqueous solubility of hydrophobic endocrine disrupting compounds can

influence their distribution, bioavailability, and persistence in the aquatic environment.

Therefore, activity assays that can evaluate overall estrogenic potential, concentration, cumulative

effects, and potency of the chemical would be essential to assess total environmental estrogenic

potentials [8, 13]. The broad class of chemicals includes both natural and synthetic estrogens

(xenoestrogens and pseudo estrogens). The majority of estrogeneous endocrine disrupting

chemicals (e-EDCs) are ubiquitous as they may be present in all compartments of the

environment (water, air, soil and sediment) upon imperfect manufacturing processes and lor

leaching from the final end products. They are mainly detected in the aquatic environment.

Aquatic environments are particularly vulnerable to pollution, because of considerable

intentional release of chemicals into rivers, lakes, and sea (mostly through effluents from sewage

treatment plants and factories), and accidental releases of chemicals through spills, run-off,
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atmospheric deposition, and so on [14]. These e-EDCs often occur in domestics' effluents,

industrial wastewaters, landfill effluent and livestock wastes that are considered as main sources

of endocrine disruptors to the aquatic environment [15-16]. Different types of estrogeneous

endocrine disruptors have been reported which include: 17~-estradiol, 17a-ethynylestradiol and

estrone which are natural hormones and pharmaceutical estrogens like diethylstilbestrol (DES).

Some other reported endocrine disruptors are bisphenol A, alkyl phenols, surfactants such as

alkyphenol-ethoxalates, pesticides such as DDT (polychlorinated trichloro-diphenyl-

trichloroethane), and PCB's (polychlorinated biphenyl). EDCs have received increased attention

in water quality management and healthcare due to their widespread presence in the environment

and toxic activity even at low concentrations [15, 17].

The detection of these chemicals within the natural system is therefore necessary for protecting

public and environmental health. Instrumental analysis method such as high performance liquid

chromatography (HPLC) and gas chromatography coupled with mass spectrophotometer

(GC/MS) are very sensitive at detecting these toxic endocrine disrupting chemicals but are also

very complicated to perform and require long analysis time to be accomplished. Using GC/MS

an estimated concentration of 0.18-19.1 ug/kg was obtained in different foodstuffs in Germany

compared to a calculated daily intake of 7.5 ug/day for nonylphenol, an endocrine disrupting

chemical [17]. Concentrations of between 7.7-11,300 ng/L for some phenolic endocrine

disrupting chemicals were obtained from river water in China using GC/MS coupled with the

negative chemical ionization (NCI) technique [18]. The estimated daily human intake of

estrogenic and anti-estrogenic counterparts, based on in vitro potencies relative to 17~-estradiol,

has indicated that a woman taking birth control pills ingests about 6,675 ug/equivalent per day,

postmenopausal estrogen treatment amount to 3,350 ug and ingestion of estrogen flavonoids in

https://etd.uwc.ac.za/



food represent 102 ug, while the daily ingestion of environmental organochlorine estrogen was

estimated to be 2.5 x 10-6 ug [19]. Since the mid 1990s, a variety of adverse effects of

endocrine disrupting chemicals on the endocrine systems of man and animals have been

observed, which are of particular environmental concern [16]. Most EDCs are synthetic organic

chemicals that are introduced to the environment by anthropogenic sources but they can also be

naturally generated by the estrogenic hormones 17p-estradiol and estrone [20]. It has been stated

that the increasing incidence of breast and testicular cancers in humans may be caused by

exposure to EDCs especially via drinking water whose source are often from waste waters [21-

22]. The fate and behavior of EDCs are influenced by the structure and physicochemical

parameters [23]. Most of these chemicals are present at low concentrations but many of them

raised considerable toxicological concern. Children born to women who are exposed to high

levels of polychlorobiphenyl (PCB) via consumption of polluted fish oil or rice oil have been

reported to exhibit delayed mental growth with lower Intelligence Quotient (IQ) scores,

cognitive dysfunction, poorer visual identification memory and behavioral difficulties [5]. The

incident of testicular cancer in men has increased significantly during the last decade. The

incident of cancer in men under 50 years of age has increased approximately to 2-4% per annum

since the 1960s in Great Britain, while in Denmark the most common malignancy among men

from age 25-34 years is testicular cancer. Breast cancer is the most common tumor in women in

the World [19]. The relative rate of recurrence varies five-fold between countries with the

highest incidence in Western Europe and North America. There has been a steady increase of

breast cancer incidence rates over the last decades everywhere in Europe. The increased risk of

cancer has been linked to exposure to estrogenic chemicals and it has been reported that woman

exposed to organochlorine chemicals such as DDT and certain PCB congeners may have higher

5
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incidence of breast cancer than non-exposed woman [5, 19]. Prostate cancer is the second

leading form of cancer in males in USA. Deaths due to prostate cancer have increased by 17%

over the past three decades, despite improved diagnosis [5]. Considering the serious adverse

effect of EDCs on human health and environment even at low concentration, it is urgent to

identify an efficient method of estimating the concentration level of these chemicals in the

environment. The existing classical methods of analysis as earlier stated are very costly, time

consuming, laboratory borne, need a lot of expertise in their operation and sometimes suffer from

low detection limit. Therefore, to assess the impact of these chemicals in the environment the .

need to quest for cheaper, faster, easier to use, low power consuming, miniaturizable, user

friendly, and on site analytical device as suitable complements or substitute for these classical

methods [24].

Scientist over the year realized that biological system and biomolecules such antibody,

deoxyribonucleic acid (DNA), and recently DNA aptamers possess excellent intrinsic ability in

their recognition of foreign substances with high reactivity, sensitivity, specificity and

selectivity. This incomparable features provided by nature has become a sort of motivation to

researchers; hence science is now returning to nature and harnessing its power to find solution to

our everyday challenges. This standard constitutes the underlying philosophies of the science and

technology of biosensors a multi disciplinary field involving chemistry, biochemistry,

biotechnology, bioengineering, material science and nanotechnology. Biosensor technology has

undergone remarkable improvement since inception in 1956 [25] and are now envisaged to be a

meet to the draw backs of classical analytical techniques or protocols and revolutionize detection

science. Among the various analytical techniques used in biosensor technology, electrochemical
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method stand out because of its relatively low cost and miniaturizability [26]

True to its purpose, electrochemical aptamer based biosensor (and biosensors in general) has

recorded success in the analytical world. The market size for global aptamer technology for the

year 2009 was about $10 million, and the global market of aptamers technology is poised for

significant new entrant in the near future. The projection of growth to about $1.9 billion in 2014

is envisaged which is a compound annual growth rate of 68% (figure 1) [27] indicating the

relevance and viability of this field of research. Recently more attention has been focused

towards electrochemical aptasensor based on modified electrode for the determination of

environmental pollutants. This is due to their excellent analytical performance such as

specificity, selectivity, simplicity, wide linear range response, reproducibility and low cost [24-

30]. Aptamer based biosensors have also been used in the analysis of toxins, pollutants, diseases,

genetically modified food, and in many other environmental, foods, biomedical and explosive

detection applications [31-34]. Of interest in my thesis are electrochemical DNA aptasensor

which take advantage of the versatility of DNA chemical and biochemical reactions.
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Figure 1.0 Summary of global aptamer market for 2008-2014 redrwan from reference [27].
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1.2 Problem statement and research motivation

The increasing concern over the adverse effects of endocrine disrupting chemicals on human

health worldwide has created a need for screening systems to detect xenoestrogens, a diverse

group of environmental chemicals that mimic estrogenic actions and are hypothesized to

decrease male fertility. The ability to detect xenoestrogens in the environment and environmental

samples is a task that is being actively pursued by bioorganic chemists. As a result of their

ubiquitous nature and public concern about the presence of estrogeneous endocrine disrupting

chemicals in the environment as well as their possible toxic effects calls for the development of

precise, accurate, cheap and less time consuming methods for identifying and quantifying trace

amount of this chemicals in the environment. The commonly used techniques such as

chromatography and mass spectroscopy are very expensive and require pre- or post-column

derivatization procedures to lower the polarity and enhance volatility of the compounds. These

conventional methods allow high accuracy of quantification and low detection limits, but they

require the use of sophisticated instruments and chemical manipulation of samples before

measurement which is time consuming and inconvenient. In view of these analytical challenges

it has therefore become extremely important to effectively monitor the hazardous nature of

endocrine disrupting chemicals in environment using a new and simple analytical method.

Monitoring and evaluating the effects of these chemicals requires new technologies that are

capable of screening various chemicals in the field. Therefore, for proper and effective screening

and monitoring of these chemicals in the environment and environmental samples, it is hoped

that the electrochemical aptasensor developed in this study will provide an alternative to
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quantification of this estrogeneous endocrine disrupting chemical.

1.3 Aims and Objectives

1.3.1 Aim

The aim of this thesis is to electrochemically model the reactivities of nanomaterials composites

and apply them as platforms in the development of a novel electrochemical DNA aptamer

nanobiosensor. The aptasensor is expected to exhibit good performance, faster, cheaper and user

friendly, for miniaturizable analysis of estrogeneous endocrine disrupting chemicals.
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1.3.2 Objectives

Part I

(i) Preparation, spectroscopic and electrochemical characterization of nanocomposite sensor

platform from poly(3,4-ethylenedioxythiopene) (PEDOT) and gold nanoparticles (AuNP)

on gold electrode.

(ii) Fabrication, electrochemical, microscopic and spectroscopic analysis of aptamer

nanobiosensor by self assembly immobilization of 76mer-DNA aptamer on PEDOT-

AuNP nanocomposite sensor platform.

Part II

(iii) Synthesis of and spectroelectrochemical characterization of thiophene-functionalized

generations 1, and 2, poly(propyleneimine) dendrimers.

(iv) Preparation, voltarnmetric and electrochemical impedance spectroscopic studies of

conducting copolymers of PEDOT and thiophene-functionalized generations 1 and 2,

poly(propylene imine) dendrimers.

(v) Fabrication, electrochemical, microscopic and spectroscopic characterization of aptamer

nanobiosensor containing 76mer-DNA aptamer and conducting dendritic copolymers.

(vi) Modeling the aptasensors electrochemical responses to estrogen disruptors.

(vii) Application of the two classes of aptasensors in the determination of 17~-estradiol,

estrone, 17a- ethynlestradiol and in standard solutions and real samples.

10
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1.4 Thesis hypothesis

The nanocomposite (PEDOTIAuNP) and the dendritic star copolymers should have appropriate

properties that make them appropriate as an applicable electrochemical DNA aptamer

nanobiosensor platform for good sensor performance.

1.5 Thesis layout

This thesis is divided into seven chapters.

(i) Chapter one presents a general introduction, motivation, thesis statement and research

aim and objectives.

(ii) Chapter two introduces the scope of the literature review and the review in detail.

(iii) Chapter three is on the experimental methods. This chapter comprises the list of

materials used, the research design and methods. The experimental part consists of a

general section that explains procedures common to the work in general, and those

peculiar to each milestone covered.

(iv) Chapter four discusses the experimental result of electrochemical aptasensor for

endocrine disrupting l7p-estradiol based on a poly(3,4-ethylenedioxylthiopene)-gold

nanocomposite Platform.

(v) Chapter five discusses the experimental result of spectroelectrochemical dynamics of

dendritic poly (propyleneimine)-polythiophene star copolymer aptameric l7p-

estradiol biosensor.

(vi) Chapter six presents the experimental result of impedimetry and rrucroscopy of

11
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dioxythiophene) dendritic star copolymer and electrochemical multichannel

electro synthetic poly(propy lene thiophenoimine )-co-poly(3,4

transduction of poly(propylene thiophenoimine )-co-poly(3,4

dioxythiophene) dendritic star copolymer.

(vii) Chapter seven gives the conclusions and recommendations for future work.

12
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CHAPTER2

2.0 LITERATURE REVIEW

2.1 Introduction

Environmental monitoring normally involves a number of steps such as sampling, sample

handling, and sample transportation to specific laboratories. The challenge of environmental

monitoring in situ requires new and enhanced analytical devices featuring specificity sensitivity

precision, rapidity, and ease of operation to detect decreasing concentrations of an ever

increasing array of pollutants such as endocrine disrupting chemicals etc. In the case of

endocrine disrupting chemical (EDes) the need to develop a new technique for monitoring its

pollution extent is essential. Such devices must be comparable to or better than traditional

analytical systems, and must also be simple to handle, small, cheap, able to provide reliable

information in real-time, and must be sensitive and selective for the analyte of interest, and

suitable for in situ monitoring [35-36]. Biosensors not only realize all these requirements but also

have a wide range of application in the areas of clinical diagnostics, forensic chemistry,

pharmaceutical studies, food quality control, biological warfare detection, and environmental

monitoring. Biosensors are analytical devices that incorporate a bioreceptor onto a transducer

surface and in the presence of an analyte, produce measurable signals that are proportional to the

analyte concentration owing to a biorecognition event that took place. This signal can result from

a change in proton concentration, light emission, absorption or reflectance, mass change, electron

flow etc. The signal is converted by a transducer into a measurable response such as current,

potential, temperature change, mass change, optical etc [37-39]. Biosensors exploit the excellent

selectivity, specificity and reactivity of immobilized biomaterials with their substrates.
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Biosensors can be classified based on the bioreceptor, transduction methods, and at times the

biorecognition principle. Bioreceptors are the key to specificity for biosensor technology. They

are accountable for the biorecognition event which may be catalytic oxidation or reduction of the

substrate or binding of the analyte of interest to the sensor for measurement. Frequently used

bioreceptors are enzymes [32, 40-41], antibody [42], DNA [43-44],whole cell [45] and of recent,

aptamers[24, 46]. Transduction methods employed in biosensor include electrochemical, optical,

surface plasmon resonance (SPR), thermal, piezoelectric, Quartz crystal microbalance (QCM)

[47-48] and cantilever [49-50]. Electrochemical method of transduction constitutes more than

half of the literature on biosensor [51]. The main advantage of biosensors is that they offer real-

time, on-site detection and analysis in the field and often eliminate the need for sample

collection, preparation, and laboratory analysis [52]. The challenge of continuous in situ

monitoring of environmental pollution in the field requires instruments that are robust and with

adequate sensitivity and long lifetime [36, 38 ,51, 53].

Commonly used conventional methods are time consuming, expensive, require skilled operators,

and lack the required selectivity [24, 35]. Biosensors have the advantage of being simple,

uniform whole structures featuring direct transduction, high bioselectivity, high sensitivity,

miniaturization, electrical/optoelectronic readout, continuous monitoring, ease of use, and cost

effectiveness. User advantages include low price, reliability, no sample preparation,

disposability, and clean technology [24, 54-55]. Hence, biosensors show the potential to

complement both laboratory-based and field analytical methods for environmental monitoring

[36, 56]. The biocatalytic recognition element provides a high degree of selectivity for the

analyte to be measured without complex sample processing. Thus, biosensors will be able to
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detect biological or chemical species directly with an accuracy approaching that of traditional

laboratory-based analyzers. This direct approach prevents not only the time delay but also the

possibility of sample alteration that can take place during transport to a centralized analytical

laboratory. Such devices are compact, portable, and cost-effective. Most biosensors are based on

reactions catalyzed by macromolecules that are present in their original biological environment,

previously isolated, or manufactured [57]. The "lock and key" conformation of enzyme-

substrate, hormone-receptor, or antigen-antibody as well as aptamers brings the ligands near to

the working electrode. When such a mediator is incorporated into the sensor, a successive

consumption of substrate(s) can be accomplished. Miniaturized screen printed electrodes in a

multi sensor array can be used for the parallel determination of several toxicants in real time

[58]. The high level of precision and reproducibility of screen-printing technology is ideal for

measuring toxicants outdoors in a portable monitoring system. The biosensor can produce either

individual or successive digital electronic signals that are equal to the concentration of a single

analyte or a group of analytes to be monitored. Biosensors have been formed for many chemical

compounds of environmental interest. lts application to ground water monitoring, drinking water

analysis and the rapid analysis of extracts of soil and sediment at hazardous waste site has been

found to be promising [59] Environmental monitoring requires rugged sensors for the detection

of pollution and toxic chemicals, and automated and continuous, remote and in situ monitoring

will be increasingly required. Today, electrochemical biosensors are at the front position of a

multidisciplinary science combining the fields of electrochemistry and biology. Devices

combining the selectivity of biological molecules with the processing power of microelectronics

offer a new approach for environmental monitoring that can be carried out in situ or online [55,

57]. Concentration range, disposability, reusability, or renewability, accuracy and
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reproducibility, size of sensor, and size of analyte sample are essential aspects for choosing

electrochemical biosensors for environmental monitoring. Because they can be taken to the

sampling area, electrochemical biosensing devices have a major impact upon the in situ

monitoring of priority pollutants. The ability of such devices to provide rapid and reliable real-

time information about the chemical composition of the surrounding environment is an important

property for monitoring a variety of public health hazards. A group of chemicals known as

persistent organic pollutants (POPs) can travel thousands of miles, accumulate in the food chain,

and can resist degradation in the environment for centuries [36, 57]. Immobilization of the

bioreceptor is crucial for electrochemical biosensing [52, 60] The biological recognition element

can be immobilized on a thin layer at the transducer surface using such techniques as entrapment

behind a membrane, within a polymeric matrix, or within self-assembled mono layers or bilayer

lipid membranes; covalent bonding of receptors on membranes or surfaces activated by means of

bifunctional groups or spacers; or the bulk modification of entire electrode material [52]

2.2 Aptamers

In 1990 within a short time period three different laboratories of Robertson, Gold [61-62] and

Ellington [63] reported their result in the development of an in vitro selection and amplification

technique for the isolation of specific nucleic acids and sequence that are able to bind to target

molecule with high affinity and specificity. The technique was coined as SELEX ,meaning

Systematic Evolution of Ligands by Exponential enrichment [46, 61]and the specific

oligonucleotide were referred to as aptamers [61, 64].
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The term aptamers was obtained from the Latin word aptus which means 'to fit' [65] are

artificial oligonucleotides (DNA or RNA) with the ability to bind to non nucleic acid target

molecules such as proteins, drugs ,peptides, inorganic and organic molecules or even whole cell

with high specificity and affinity with a remarkable dissociation constant (K, ) ranging from

picomolar to nanomolar [66-70]. The high affinity of aptamers for their targets is attributed to

their capability of folding upon binding their target molecule: they can incorporate small

molecules into their nucleic acid structure or integrate into the structure of larger molecules such

as protein [71]. Their specificity is comparable and in certain cases even higher than those of

antibodies. Aptamers are different from antibodies, yet they mimic properties of antibodies in a

variety of diagnostic formats. In contrast to aptamers ,antibodies, are prepared in vivo utilizing

experimental animals [46, 70].The in vivo parameters restrict the identification of antibodies that

can recognize targets only under physiological conditions limiting the extension to which the

antibodies can be functionalized and applied. However, for highly sensitive detection of a target

analyte, the choice of recognition element is vital in sensor performance. Biosensors based on

DNA or RNA aptamers have been coined aptasensors [72] which represent a new type of sensor

that utilizes unique properties of aptamers as biological recognition elements. These new

recognition molecules are of significant interest due to their use for specific detection of various

analytes ranging from small ions or molecules to large proteins [46, 70]. The efficiency of

aptamers has been shown on a number of biosensing platforms. Stadtherr and coworkers have

demonstrated the feasibility of a DNA aptamer based biochip for protein recognition (IgE and

specific anti-IgE antibodies) [73]. Cantilever surfaces have been functionalized with aptamers

[74]. Liss et al. 2002 reported label free detection of IgE using aptamers immobilized on a

quartz crystal microbalance system giving a detection limit of 0.5 nM [75]. Detection of HIV-l
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Tat protein (trans activator of transcription) has been realized using RNA aptamer recognition

element based quartz crystal biosensor [76]. While, Gronewold and coworkers (2005) developed

an anti-thrombin aptamer surface acoustic wave (SAW) biosensor for examining blood-

coagulation cascade complex formation [77].

Aptamers posses the capability to discriminate targets on the basis of subtle structural differences

such as the presence and absence of a methyl or hydroxyl group or D vs L-enantiomeric

configuration of the target [78-80]. When compared with sensors based on antibodies, aptamers

exhibited various' advantages [Table 2.1] that makes them very promising in analytical diagnostic

applications as well as recognition elements in biosensing. The main advantage is the

overcommg of the use of animal for their synthesis. Aptamers frequently undergo

conformational changes upon binding their targets which offer remarkable flexibility and

convenience in the design of their structures, which resulted to novel biosensors that have

exhibited high sensitivity and selectivity [70,81]. Additionally, toxins and molecules that do not

elicit a good immune response can be used to generate high affinity aptamers [82]. On

identification of the sequence for the target molecule it can be synthesized with high purity,

reproducibility and relatively low cost. Biosensors based on aptamers offer a promising

alternative to the classical analytical methods to detect molecules. Chemical modification of

aptamers can be achieved easily using various chemical tags including nanoparticles,

electrochemical indicators, enzymes quenehers fluorescence probes as well as enzymes [46].

This modification allows to immobilize aptamers to a variety of solid supports, provide their

high stability, including stability of RNA against endonucleases, and to utilize different methods

of detection. For this reason, aptamers can be advantageously used in the development of affinity
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biosensors. In contrast with antibodies, which at certain conditions can be irreversibly

denaturated, aptamers-based biosensors can be regenerated without loss of integrity and

selectivity [46, 83]. Aptamers can undergo multiple denaturation/regeneration cycles, due to their

simple structure and have a much longer shelf life where-as antibodies suffer from permanent

degradation with limited shelf life [65]. However, DNA aptamer are appropriate for designing

reusable aptasensor while RNA aptamer allows single shot measurement [65]. Conversely due to

the compatibility nature novel materials have been combined with aptamers to significantly

improve the performance of the aptamer based biosensor [24, 84].

2.2.1 Aptamer identification: The SELEX process

With the development of aptamer technology over the last decade, a range of modified SELEX

processes (figure 2.1) have arisen that allow variety of aptamers to be developed against a wide

range of molecules, irrespective of the target size. SELEX (systematic evolution of ligands by

exponential enrichment) has demonstrated to be an excellent tool for producing nucleotide

molecules that have a high affinity for a particular target from a random pool under specific

conditions[85]. It involves three processes, namely: selection of ligand sequences that bind to a

target; partitioning of aptamers from non-aptamers via affinity methods; and amplification of

bound aptamers. In the primary step, which entails designing the pool for conventional SELEX

process, four factors are involved namely type of randomization; the length of the random

sequence region (about 20-100 nt); the chemistry of the pool; and the utility of the constant

regions [86]. DNA synthesis is limited to 1014 to 1015 individual sequences a very large number

that allows to generate a high possibility of selecting an aptamer specific for the target of interest
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in the starting library [62]. During the selection process, the nucleic acid pools are treated with

the target molecule under suitable buffer and at a temperature that depends on the requirements.

Usually the selection process begins with a low ratio of nucleic acid to protein in order to

confirm whether all of the molecules bind with the target [86]. After binding, partitioning of the

RNA/DNA aptamer-target complex from nonspecific molecules can be achieved by various

partitioning techniques (such as affinity chromatography, nitrocellular filtration) and bound

species are regenerated by enzymatic amplification processes. The amplified molecules are used

in the next round of selection processes [46, 64, 87]. First rounds of selection require long

incubation times and less stringent conditions, whereas later cycles usually involve rigorous

conditions, such as changing the buffer conditions, reaction volume and time of incubation. In

addition, the availability of nonspecific competitors in the reaction mixture also aids the selection

of high-affinity molecules [85, 88]. Moreover, the presence of monovalent cations in the buffer

reduces the nonspecific binding significantly, and for some targets divalent cations are also

necessary to make the specific complex. It is normally recommended that pre-negative selection

is carried out in the absence of target to get rid of nonspecific binders. To complete the entire

selection process, 12 cycles are usually required, after that the selected molecules can be cloned

into an appropriate vector and sequenced [46, 64, 88].
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Figure 2 1 In vitro selection of target-specific aptamers using SELEX technology [64].
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Table 2.1 Advantages of Aptamers over antibodies[64-65].

Aptamers Antibodies

In vitro identification and screening In vivo identification and screening

In vitro production usmg automated More complicated production using animal

Limited to the recognition of molecule that

produces an immuno response. Small
Readily available to recognition of toxin,

Can function at different temperatures, pH Function only in environments approaching

Highly reproducible and pure products Frequent lot to lot variations m non-

formed monoclonal preparations.

Labeling without difficulty m precise Labeling can cause loss of affinity

locations can be achieved

Solid materials can be transported and Solid state is sensitive to temperature and

synthesis

drug and small molecules

and buffers

stored at room temperatures

host or bioreactor fermentation

molecule may require conjugation to a

hapten to elicit an Immune response.

Antibodies produce in this fashion can

directly can directly detect the small-

molecules antigens

physiological conditions

humidity changes
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2.2.2 Types of aptamers

Aptamer developed initially from RNA and DNA molecules for direct interaction with their

targets have allowed recently the incorporation of functionality due to their unique structure

resulting into different type of aptamers based on modification modes.

2.2.2.1 Aptazymes

Aptazymes are catalytic aptamers and relatively new to the theme of recognition element and

may prove especially useful for capturing as well as monitoring key metabolic intermediates of

diagnostic value whose concentration might be very low [89-90]. Aptazymes (RNAzymes and

DNAzymes) are aptamers having allosteric properties that transduce recognition of target

analytes into catalytically generated observable signals. DNAaptamer is connected to a

DNAzyme in such a way that the DNAzyme can only be activated by the ligand that binds to the

aptamer [91]. Aptazymes are very useful as biosensing tools, because the use ofDNAzymes with

high rate enhancements, high specificity and the ability to perform multiple substrate turnovers

allows for the engineering of effective aptazymes for practical applications where rapid

enzymatic action is essential [92-93]. DNAzymes may be very useful in monitoring diseases

such as diabetes and Alzheimer's as well as chemical warfare agents due to path pneumonic

changes in metal ion concentrations[88, 93]. It is also interesting to note that, DNAzyme, like

RNAzymes, can be repeatedly denatured without losing catalytic/binding abilities. Furthermore,

DNA is relatively economical to produce and can be easily derivatized [93]. Aptazymes are

easily engineered and can detect diverse classes of biologically relevant molecules from small

organics to proteins, and their high signal-to-noise ratios make them ideal for array formats,
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which have been shown to apprehend and quantitate a wider range of analyte classes than would

be possible with typical antibody-based sandwich assays (ELISA arrays) [88, 94]. Recently, Sun

and his coworker developed an aptazymes based electrochemical biosensor for the detection of

thrombin this electrochemical biosensor was proved to have a wide dynamic range from 5 nM to

2000 nM with a detection limit of 5 nM. The constructed sensor is shown to possess high

sensitivity and desirable selectivity, which might be promising for the rational construction of

aptazyme-based biosensors and the determination of adenosine in clinical examination [95]. The

construction of a label-free and detector-free aptazyme-based riboswitch sensor for detecting the

cofactor of the aptazymes has been reported [96].An in situ sensor based on the fusion of an

aptamer, an aptazyme and a hammer head ribozyme was developed by Cho et al [97].u~ M(II) ,...---A:DNAzym. •
En~

----y-r-
+

B:Aplam.r V •
~

•

l ,/
C:Aptazym. • -,-•M(II)

Figure 2.2 The three classes of functional nucleic acids (A) DNAzyme, (B) aptamer (C)

aptazyme

24

https://etd.uwc.ac.za/



Ampliii
cation

Incubation in the
absence of t.arget

Selection
ofcleáved

Selection
of fuII-size

mOleCUle~olecUles

Figure 2.3 Method of obtaining signal aptamers and aptazymes [90].

2.2.2.2 Aptamer beacon

Tyagi and Kramer in 1996 were the first to report molecular beacon and they define them as

nucleic acids probes able to undergo natural conformational change, after hybridizing their

complementary nucleic acid targets which translates into a change in their fluorogenic properties

[98]". The recognition of proteins/peptides take advantage of aptamers in conjunction with the

molecular beacon basis and demonstrates great scope for both use in affinity assays and use of

aptasensors in the form of aptamer beacons [99]. Supposedly, any aptamer synthesized

specifically for a target can be engineered into a molecular aptamer beacon by addition of a small

nucleotide sequence to its 5'-end, complementary to a small sequence added to its 3'-end [100].

A fluorophore can be attached covalently to the 5'-end,whereas a fluorescence quencher is

2S
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attached to the 3'-end [100]. The aptamer beacon exists in a stem-loop structure in the absence of

the target molecule. The formation of the aptamer beacon-target would alter the equilibrium

between quenched and unquenched structure generating a change in the observed fluorescence

intensity. The first aptamer beacon was developed by Yamamoto and his coworker to detect Tat

protein ofHIV-l.[lOO]. In their work the RNA aptamer was splitted into subunit one of the unit

was labeled with both the fluorophore and quencher in molecular beacon like structure, as a

result the fluorescence was quenched without target. The presence of target stabilizes the

hybridization 0 the two subunit and opens the molecular beacon like structure of the first subunit.

A fluorescence enhancement as high as l4-fold can be achieved for sensitive detection of the Tat

protein The first molecular aptamer beacon for small molecule was reported by Stojanovic and

his group [101]. He employed such a sensor based on a formerly reported aptamers for cocaine

detection. In his approach he splitted the cocaine binding aptamers into two subunits that were

labeled with 6-FAM dye and DABCYL group respectively. The two subunits were brought

together in the presence of cocaine to form a stable secondary structure. The fluorophore and

quencher were placed close so that the quenched fluorophore could be used to report cocaine

molecules. An aptamer beacon for the detection of protein in real time and in homogeneous

solution have also been developed [102-104]. A novel strategy for the development of molecular

aptamer beacon for a signal transduction of protein, myotonic dystrophy kinase-related Cdc42-

binding kinase (MRCK) was developed recently by Junie et al [105 ]
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Figure 2.4 General structure and working principle of (A) molecular beacon (MB) and (B)

molecular beacon aptamer (MBA) [104].

2.2.2.3 Spiegelmers

The word spiegelmer is coined from a German word spiegel, which means "mirror". Spiege1mers

are synthetic mirror-image RNA or DNA aptamers based on the unnatural enantiomeric form of

L-ribose or L-2'-deoxyribose which, are enzymes degrading amino acids respectively, that bind

specifically to a target, but are not recognized by ribonucleases and thus are not broken down.

The chira1 inversion confers a high biological stability and long life [106-107]. Their production

is based on "mirror image" SELEX procedure. Spiege1mers do not undergo hybridization with

nucleic acid of natural configuration but it has been revealed that spiege1mers show the same

affinity for targets as their aptamer analogues. The first functional .spiege1mers were designed to

bind to arginine, adenosine [106-107]. Several spiege1mers that bind to a variety of targets such
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as, vasepresin calcitonin gene-related peptide and neuropeptide nocipeptin has been identified

[108-110]. Spiegelrners (mirror image oligonucleotide ligands) that bind to pharmacologically

relevant target nadotropin -releasing hormone I (GnRH) with high affinity was identified via

Spiegelrners technology by Leva et al [111].

2.2.2.4 Circular DNA aptamers or DNA captamers

Circular DNA aptamers also called DNA captamers merge aptameric recognition with

multitasking nucleic acid functions using modular engineering principle obtained from DNA

nanotechnology. DNA captamers have been demonstrated in 2- ,3- ,and 4- headed versions with

attention upon the pleiotropic activity that can be achieved by combining different functions

together [112-114]. These scaffolds make available frameworks for spatial orientation, allowing

multiple binding activities to be combined into single molecules. Their circular structures

imparts both thermal stability and exonuclease resistance [113]. Duplexes and three-way

junctions are used as scaffold architectures around which two, three, or four aptameric motifs can

be arranged in a structurally defined manner, giving rise to improved binding characteristics

through stability and avidity gains. A stabilizing mechanism against degradation by the

predominant exonuclease activity of the blood product without the need for post-selection

chemical modification is provided by intra or intermolecular litigation of precursors

oligonucleotides [114-115]. Circular aptamers targeted against thrombin has been reported to

display improved anticoagulant potency with ECso values of 2-3-fold better than those of the

canonical GS-522 thrombin DNAaptamer [112-115]. In his work he describes the design and

construction of multivalent circular DNA aptamers by using four aptameric binding motifs
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directed at blood-borne targets as a model set from which larger multi domain aptamers are

constructed in a straight forward manner .

A pAATTCGAGTCCGTGGTAGGGCAGGTTGGGGT.GACTCG
+

pAATTGG'I'C'TTTTTTGTGCAGTTTTTAG.ACC

B GCACTGGTTGGIGAGGTIGGGTGCT(48)CTGCAC
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Figure 2.5 Aptamer for the detection of human thrombin by proximity extension (.A) formation

of circular dumbbell CT aptamer with thrombin II motif. (B) Linear LT-6 aptamers bearing a

thrombin exosite I motif. (C). Binding of aptamers to thrombin prime DNA polymerase mediated

RCA simultaneously. Figure obtained from reference [113].
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2.3 Immobilization of DNAaptamers on solid surfaces

The vital step in aptamer based biosensor development is the immobilization of aptamer onto the

transducers (solid surface) for better performance [77, 116]. In electrochemical aptasensor the

immobilization layer should be compatible, effectively adsorb the DNAaptamer and sensitive

enough to interpret precisely the electronics of the bio-recognition event. Control of surface

chemistry and coverage is necessary for assuring high reactivity, orientation,accesibilty and

stability of the surface-bound aptamers, as well as for minimizing non-specific

binding/adsorption events [77, 117]. Centi and his group have confirmed that the procedure to

attach the aptamer to the surface is of paramount importance to achieve an ordered and oriented

layer capable to ensure, as much as possible, the flexibility of the bioreceptor without changing it

affinity for the target molecule [118] . This affirmation highlights the importance of properly

designing immobilization strategies as a first consideration for expansion of aptamer diagnostics.

An essential goal for aptamer immobilization is to maintain the binding affinity and selectivity

that aptamer exhibits in solution. This is accomplished usually by covalently tethering the

aptamers to a surface-bound linker, and in some cases noncovalently via physisorption. The

relationship between the aptamer probe biomolecule and the immobilization layer is known as

the immobilization chemistry. Apart from the use of bare electrode surface itself a large number

of immobilization of biomolecules on solid support has been reported in the literature. Materials

used include conducting polymers as well as using them as composites with nanomaterials like

gold nanoparticles, dendrimers, molecular imprinted polymer carbon paste and sol gel matrix

[24, 53, 119]. Biocoating, such as avidin as well as one of its derivatives have been revealed to

exhibit high rate of success for immobilization of biotin tethered aptamers on various surfaces

like gold ,silicate ,polymers etc .In general, immobilization is important for the development and
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integration of aptamers into micro analytical, portable or solid -state devices. The most common

immobilization methods used for biosensors can be categorized into physical and chemical

methods. Physical methods include adsorption, entrapment, self assembly monolayer

encapsulation and confining. Chemical methods are cross linking and covalent immobilization.

Cross linking is usually done to enhance the stability of the physical methods. The summary of

chemistry that occurs between the immobilization layer and the probe DNA aptamers is given

below.

2.3.1 Physical Adsorption

Physical adsorption to solid surface is a simple technique which may be by potentiostatic or

control potential. These methods in principle are similar to those applied for the immobilization

of single- or double-stranded DNA in genosensors or DNA biosensors for detection of DNA

damage The methods of immobilization based on physical adsorption of DNA by means of

electrostatic interactions are in general not suitable due to low stability caused by aptamers

desorption from the surface .However, Evtugyn et al successfully immobilized aptamer by

adsorption onto multi walled carbon nanotubes and their composites with electrochemical

indicators, such as methylene blue (MB) , methylene green (MG) yielding a stable structures,

especially when the immobilization process is accompanied by cycling the voltage [84].
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2.3.2 Covalent attachment

There are number of chemical methods employed for immobilizing aptamers on a solid surface

which involves covalent attachment. Covalent attachment involves the formation of a bond

between the ssDNA aptamer probe and the surface of the electrode or modified electrode. The

probe DNAaptamers is sometimes modified or functionalised with the desired end group so as to

effect the covalent attachment onto the electrode. Some covalent attachments are peculiar to the

nature of the electrode material. So far aptamers that are linked to amine, thiol, or biotin termini

have been reported, which limits the type of chemistry that can be used for conjugation to these

functional groups. Biotin-terminated aptamers can be conjugated to surface immobilized avidin

or one of its derivatives. Covalent attachment of aptamers that have amine or thiol termini has

been demonstrated using standard chemical methods previously developed for similar

applications of other biomolecules. Most of these aptamer-immobilization methods employ one

or more of the reaction pathways summarized in Scheme 2, below which only illustrates a subset

of all possible conjugation chemistries available [120-121]. Three groups are frequently used for

surface attachments which are hydroxyl, amine, and carboxylic acid surface functional groups.

Some covalent attachments are peculiar to the nature of the electrode material. The common

electrode used in electrochemical based aptamer biosensors are carbon and gold while others

include indium tin oxide (ITO), platinum as well as boron doped diamond [122). Some

frequently used covalent immobilization methods are discussed below.
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2.3.3 Thiollinkage

This involves the covalent bond between sulphur and gold. Direct attachment ( Au-S

chemisorptions scheme 1-) of an aptamer to gold surface is obtained by using thiol alkane linked

to the aptamer sequence, using method similar to those obtained in the literature covering DNA

hybridization on gold monolayer surfaces [120, 123]. The utilization of gold as substrate has

many advantages with the most prevalent one being the ease of immobilization of molecule to

the surface as well as its ability to form a monolayer and highly ordered nature of monolayer.

Thus, an aptamer with a thiol group can be use to form a self monolayer on the gold surface.

Liss et al reported the first aptasensor on gold [75] while aptamers on the other surfaces for

sensor were reported by Potyrailo et al 1998 [124]. Typically, a clean gold substrate is immersed

in a aqueous buffer solution of thiol terminate aptamer, which then form a self assembly

monolayer on the gold surface. Several reports of monolayer formation on gold nanoparticles

have been achieved [119]. Several other researchers used similar chemistry to attach a thiol-

terminated aptamer to a gold nanoparticle immobilized onto a gold surface Self assembled

monolayer (SAM) is when a layer consists of a molecule of another substance. This technique is

used for 'couples', such as gold and thiol, with high binding affinity. For thiolated DNA aptamer

as an example, the SH-DNA aptamer is dropped on the gold surface and it binds on the gold

surface with the liberty of its natural orientation (external forces are excluded). The excess SH-

DNA aptamer molecules will be washed away leaving (supposedly) a monolayer. After DNA

binding of this sort, some sites of unbound gold may still be available for target DNA aptamer to

bind unto this is called non specific binding. To minimize this effect, the residual gold site is

blocked (or passivated) with another agent which will not interfere in DNA aptamer

biorecognition. 6-Mercapto-l-hexanol (MCH) and 4-mercapto-l-butanol (MCB) are commonly
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used. MCB takes the advantage of the stabilization of SAMs by matching the C6 of the SH group

on the 5' end of the DNA that is inherently incorporated in synthesis [125-126]. Gold surface is

most commonly used for SAM for several reasons [127]. Firstly, it is stable in air and gold is

commercially available from several sources as films and particles. Second, gold binds thiols

with a high affinity and the films are stable to complex liquid media containing target

biomolecules [127]. Thirdly, one of the most important features of planar gold surfaces is that

they are not only easy for aptamer monolayer formation, but are also useful for physically

characterizing the structure, composition, and binding properties of the aptamer-based films.

r
AU •

Scheme 2.1 a Two-step procedure for direct formation of aptamer mixed monolayers on gold

Scheme 2.1 b Amplified detection of thrombin on surfaces by the catalytic enlargement of

thrombin aptamer-functionalized Au nanoparticles [119]

I (1) .. S'-HS(CHmTTTTfTTTTT1TffTOOTTGGTOTGGTTGG-3' I

[127].

NAOH
CTAB
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2.3.4 Avidin-biotin attachment.

Biotin is a small molecule that attaches with a very strong affinity to avidin binding sites (Ka=

1xlOI5
). This value is almost equal to that of a covalent bond. The specific and strong interaction

between avidin ( streptavidin or neutravidin) and biotin has been exploited for surface

immobilization of a number of bioreceptors, including aptamers [75, 128]. The protocol is

operationally easy, and mainly requires incubation of the biotin-tethered aptamer with the avidin-

coated substrate at room temperature in a buffer solution to give efficient immobilization of

biotin to avidin. Avidin is usually chemically linked to organic layer formed by 3,3' -

dithiopropionic acid (N-succinimidylester) (DSP) [75] or can be either physisorbed onto the

appropriate substrate. Biotin-tethered aptamers are available commercially, with biotin

conjugated to the aptamer using standard phosphoramidite chemistry [128]. Conversely, avidin

(or a related derivative) coated substrates can be purchased, including avidin-, streptavidin-, or

neutravidin-coated glass slides [75, 129]. Rodriguez et al. fabricated streptavidin-coated indium

tin oxide electrodes for the immobilization of biotin-tethered aptamers [130]. SAM surfaces have

also been developed to couple avidin to gold substrates as well. For example, Hianik et al

reported the use of 3,3'-dithiopropionic acid (N-succinimidylester) (DSP) to form a SAM on

gold, which was subsequently used to covalently link random amine groups of avidin via the

activated ester [116]. Alternatively, aptamer developed on a carboxylate modified 11-

mercaptoundecanol SAM on gold for eventual coupling of avidin using EDCINHS coupling

chemistry (Scheme 2.2). and several studies using avidin (or derivatives thereof) on silicate a

commercially available products has been reported [131-132]. Similarly, streptavidin on

polystyrene microtiter plates has been used as well. However, in general, avidin and its

derivatives immobilized on gold are not commercially available; therefore, several covalent
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procedures have been developed. Minunni et al, immobilized streptavidin onto a gold-coated

QCM crystal using a multistep process. In his approach the hydroxyl terminus of 11-

mercaptoundecanol SAM was first reacted with epichorohydrin so as to introduce an epoxy

group which is conjugated subsequently with dextran in a basic solution. The hydroxyl groups of

the dextran were carboxymethylated using bromo acetic acid, and finally the streptavidin was

covalently coupled to the carboxylic acid groups of the dextran using a combination of EDC and

NHS (Scheme 2.2). After washing with the immobilization buffer, the biotinylated aptamer for

binding HIV -1 Tat protein was incubated for 20 min to achieve aptamer conjugation [132].

Olowu et al., 2010 reported the use of 3,3'-dithiopropionic acid (N-succinimidylester) (DSP) to

form a SAM on a gold electrode modified nanocomposite and the carboxylic acid end of DSP

was activated with EDCINHS for eventual coupling of avidin using EDCINHS coupling

chemistry. After rinsing with binding buffer the 76mer biotinylated aptamer for binding 17p-

estradiol was incubated for 2 h to realize aptamer conjugation [24]. In addition Liss et al.,

reported other direct route to aptamer immobilization onto a gold-coated QCM crystal. In their

approach gold electrode was activated with DSP to which streptavidin was coupled directly

followed by conjugation of biotin tethered aptamer that specifically binds to IgE [75]. Lately,

poly( ami doamine ) dendrimers (PAMAM) were also used for aptamer immobilization (Scheme

2.2). PAMAM dendrimers are globular macromolecules with amino terminal groups. By means

of glutaraldehyde, erosslinking of avidin to a dendrimer surface is possible, so it can then be

employed for immobilization ofbiotinylated aptamers. The advantage of dendrimers is their high

stability and relatively large surface in comparison with flat electrodes [133].
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2.3.5 Carbodiimide covalent binding.

Carbodiimides are commonly used to modify proteins on their carboxylate groups and have been

applied to DNA aptamer biosensor immobilization layer. Carbodiimides can be used either alone

or in combination with amines to create new amide bonds of the carboxyl.. This approach is

more common with carbon electrodes. The two reagents usually employed to activate

carbodiimide chemistry are l-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) and N-

hydrosulfosuccinimide (NHS) and is sometimes written as CarbodiimidelN-hydroxy-succinimide

(EDCINHS) binding. While an amino modified DNA is used to form an amide bond with the

activated carboxyl group [132]. So et al., reported immobilization of thrombin aptamer onto the

surface of carbon nanotubes. The nanotubes were pretreated with carbodiimidazole-activated

Tween 20 (CDITween), while the 3' end of thrombin aptamer was modified with -NH2 group,

which allowed covalent binding of aptamer to CDI Tween.via carbodiimides chemistry [134].

2.4 Application of aptamers as biological molecular recognition elements.

Techniques involving antibodies are increasingly being substituted by aptamers in different

configuration due to the unique advantage of the bioreceptor [46]. However aptamers offer a

very fascinating alternative to earlier widely used biocomponents for application in therapeutics,

diagnostics, environmental and bioanalytical applications. The use of aptamer in biomedical

application is an excellent choice due to the ability of aptamers to undergo denaturation and

redenaturation several times without losing its activity [46, 135].
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2.4.1 Therapeutic application

Aptamers were first applied in the field of therapeutic drugs due to their high affinity and

specificity. Aptamers can block receptors and inhibit protein activity with high affinity and

specificity. It has also been used to screen drug candidates and validate drug targets. They are

good candidate for therapeutic applications because of its small size, quick elimination, low

production cost, biocompatibility, biodegradability, and no cross-reactivity with antibody

binding receptors [46,75, 88]. However, because blood is rich in nucleases, therapeutic aptarner

must be modified appropriately to avoid nuclease attack. One of the most successful therapeutic

applications of an aptarner has been in the treatment of age-related macular degeneration [79].

Macugen is an aptarner that inhibits anti vascular endothelial growth factor, which participates in

the growth of abnormal blood vessels in the eyes that causes vision loss. The therapeutic aptamer

was developed by OS1 Pharmaceuticals, which has been fully approved by FDA for patients with

neovascular age-related macular degeneration. Therapeutic aptarners have been developed

against viral proteins, growth factor, hormones, inflammatory molecules and coagulation factors

[135-136]. ARC 183 is another example of anti thrombin aptamer which have been developed by

Gilead. The aptarner inhibits most physiologic blood coagulation events [137]. Other examples

of therapeutic applications for aptarners include an aptamer targeting C5 that inhibits human

serum hemolytic activity [138] Recently, targeted drug delivery using polymeric nanoparticle

(NP) and aptamer conjugates on prostate cancer cells have been demonstrated in vivo, showing

that aptamers have great prospect in therapeutics and diagnostics [139-141].
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2.4.2 Chromatography applications

Affinity chromatography is used for the selection and separation of biomolecules from complex

mixtures. Antibodies are frequently employed as receptor molecules in stationary phases, due to

their high affinity and selectivity. Nevertheless, their application in chromatography is limited. In

addition to some of the previously identified constraints their large molecular size limits the

surface loading on the stationary phase as well as the affinity binding capacity of the matrix [46,

64]. These difficulties are further compounded by the more complex process of obtaining

antibodies for small molecules. The basis for chromatographic methods lies in a mobile phase

with analyte that interact with the stationary phase and is retained differently in the column with

this stationary phase. Aptamers have shown promise for use in affinity chromatography and the

process has been applied to take the advantage of the high affinity of aptamers towards the

targets ,along with the small size and high stability [142]. A 12,000-fold recognition toward L-

arginine over D-arginine was achieved when an aptamer was immobilized on the stationary

phase demonstrates high enatioselectivity [80]. Michaud and his coworkers reported the use of

immobilized DNA aptamers to also resolved enatiomers of small bioactive molecules (D-

adenosine and L-tyrosinamide) using HPLC on microbe column. The values of ~H obtained for

D-adenosine and L-tyrosinamide were -71.4KJ/mol and -139.4KJ/mol respectively which were

consistent with formation of tight complex between the these analytes and the aptamer chiral

stationary phase [143]. Deng et al, reported the utilization ofaptamer stationary phase to monitor

adenosine in the brain of live rats [144]. In addition Kotia et al., reported the use of aptamer to

separate amino acids and polycyclic aromatic hydrocarbons [145].
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2.4.3. Affinity capillary electrophoresis.

Capillary electrophoresis as signified by the name is achieved in capillaries to permit high

selectivity , high sensitivity, short analysis time ,possibility of automation and small volume

requirement [146]. The attribute possessed by aptamers such as detection and separation makes

them a very attractive affinity probe in capillary electrophoresis-based quantitative assays of

protein [145]. The detection of a labeled molecule depends on the physical separation and bound

and unbound molecules. Electrophoresis can be used to efficiently separate free aptamers from

aptamer target complex due to the change in electrophoretic properties which can occur due to

structural transition or changes in the size on interaction of aptamer with target. Fluorescent

aptamers have been used for the detection ofIgE in buffer and serum sample [147]. Additionally

the reverse transcriptase of type 1 human immunodeficiency virus (HIV -1 ) has been reported

[148]. The method of Pavski and his co workers was based on the use of a fluorescently labeled

single-stranded DNA aptamer exhibiting a linear behavior up to 50nM with no interference from

other reverse transcriptase viruses [148].

2.4.4 Sensor application.

Aptamers can function as the biorecognition elements in biosensor applications. Biosensors

combine a biological species that selectively detects an analyte with a physical transduction

method that produces a measurable signal in response to the action of the biological species

[149]. Due to the wide range of biosensor application it has opened the possibility to apply

aptamers in a variety of filed such as medical [150] , industrial [151], and environmental [152-

153]. As earlier defined in section 2.2 , when the component of the biosensor is an aptamers it is

coined an aptasensor [72]. The application of aptamer to the field of biosensor takes the
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advantage of high affinity and tuneable properties of aptamers. Different types of aptamer based

biosensor have been obtained in the field of biosensor.

2.4.4.1 Classification of aptasensor

2.4.4.1.1 Optical aptasensor.

Within the field of biosensor, aptasensor can be mainly classified into various types based on

their signal transduction method.

42

Aptamers have been employed as biorecognition element in optical sensors, either labeled

(fluorescence-based method) or unlabeled (surface plasmon resonance). The first example of

optical aptasensor was reported by Davis and his coworker in 1996 [154]. Davis can be given the

credit of his pioneering work for investigating the feasibility of using aptamers to provide the

selective component in an optical sensor application. In his approach a model system consisting

of human neutrophil elastase coated on beads that interact with fluorescent tagged was described

[154]. An optical aptasensor for the detection of L-adenosine by immobilizing biotin modified

RNA aptamer on streptavidin-derivative optical fibers have been reported by Kleinjung [155].

Potyrailo et al., developed a low-volume detection aptasensor. In his work a fluorecein-labelled

anti-thrombin DNA aptamers was attached to glass support and a change in the evanescent-wave

induced fluorescence anisotropy was produced after the injection of thrombin with a detection

limit of 0.7 amol [124]. Lee et al., developed an optical aptasensor for thrombin detection where

the fluorescence emitted by the fluorecein-labelled thrombin bound to anti thrombin DNA
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aptamers immobilized on the surface silica micro spheres gave a detection limit of 1nM [156].

Another approach that utilized non labeled aptamer based on surface plasmon resonance for the

detection of 2' -5' -oligoadenylates synthetase with a binding and association constant in the

nanomolar range using an RNA aptamers was reported by Hartman and his coworkers [157].

Krause et al 1998 demonstrated the immobilization of aptamer against CD4 using the surface

Plasmon resonance [158] .In 1999 Brody utilized surface plasmon resonance for a competition

assay between immobilized and free aptamer for the free target and the evaluation of the kinetics

of spiegelmer against staphylococcal enterotoxin [159]. Recently the use of aptamer array has

been reported by McCauley et al. In this work a series of photoaptamers in an arrayed mixed

ELISA/enzyme-linked oligonucleotide assay (ELONA) sandwich format was used for detection

of different analytes in blood and urine respectively [160].
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2.4.4.1.2 Quartz crystal microbalance aptasensor

For transduction and detection of non-labeled aptamers, the use of quartz crystal microbalance

(QCM) has been reported [75, 119]. Savran et al, described a label-free protein detection strategy

usinga microfabricated cantilever -based sensor that was functionalized with aptamers to act as

receptors of Taq DNA polymerase [74]. Specific interaction between protein immunoglobin E

(IgE) and an aptamer was measured using atomic force microscopy (AFM) [161]. An aptamer-

based sensor for thrombin detection using quart crystal micro-balances have been reported [162].
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2.4.4.1.3 Electrochemical aptasensor

In recent year electrochemical aptasensor , which are based on the specificity of aptamer-target

recognition with electrochemical transduction for analytical purposes have been of particular

interest due to their high sensitivity and selectivity, less expensive to produce as well as simple

instrumentation [163] The first example of electrochemical aptamer based biosensor was

reported by Ikebukoro et al in 2005 .He can be given the credit of his pioneering work for

fabricating an aptasensor using two aptamer sandwich configurations [164]. As result different

types of electrochemical aptasensor have been developed including amperometric, impedimetric

and potentiometric transducers which determine respectively the level of target by detecting the

change in current, impedance and potential caused by the aptamer-target specific interaction

[165-166]. However among electrochemical aptasensor amperometric aptasensor is especially

promising for its relatively low detection limit and high sensitivity. Amperometric method has

been employed more by most researchers. As at 2008 the mainly developed aptasensor was

amperometric with about 57% publications in the literature compared to 32% and 10% for

impedimetric and FET's aptamer based devices respectively (figure 2.6 and 2.7). Only one

potentiometric aptasensor was reported as of2008 [167].
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Figure 2.6 Yearly trends in the number of published papers on electrochemical (amperometric ,

impedimetric FETs and potentiometric) aptasensors redrawn from refence [167]
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Figure 2.7 Global reparation of the different transduction modes electrochemical aptasensor

reported from 2004 to 2008redrawn from reference [167]
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Aptasensor Design

PLATFORM

TRANDUam.

Scheme 2.3 Schematic diagram of an aptasensor.

2.4.4.1.3.1 Amperometric aptasensor.

Amperometric aptasensor that has been fabricated can either be a labelled or label free type.

Aptamer labelling involves either a covalent or noncovalent binding while the label free is non

labeled aptamers. The pioneering work of Ikebukoro and his coworker was based on sandwich

aptasensor. In his approach two different aptamers for thrombin detection were employed. A 15-

mer thiolated aptamer was immobilized on gold electrode via chemisorption and the reporting

29-mers aptamers was linked to pyrroquinoleine quinine glucose dehydrogenase (PQQ-GDH)

[164]. Chronoamperometry was used for the detection and a detection limit of 10 nM with a

linear range of 40-100 nm was achieved. Other amperometric aptasensor utilizing HRP as an

enzyme label have been predicted with a designed sandwich assay format [168]. Papamicheal et
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al 2007 reported a disposable electrochemical aptasensor that makes use of differential pulse

voltammetry (DPV) as the transduction mode which was based on a competitive instead of

sandwich format for IgE [169]. A non enzymatic label electrochemical aptasensor employing a

sandwich format for the detection of thrombin was reported by Polsky and his coworkers [170].

In their work an enzyme labelled aptamer was replaced with platinum nanoparticles that catalyze

the reduction of hydrogen peroxide to water. This was monitored with cyclic and linear sweep

voltammetry and the electrocatalytic reduction led to a cathodic reduction that could be related to

thrombin concentration and detection limit of 1 nM was achieved [170]. The use of gold

nanoparticle for signal amplification in an electrochemical aptasensor for the detection of platelet

derived growth factor (PDGF) has been reported by Wang et al [171]. Hianik et al., reported the

detection of thrombin based on intercalation strategy [172]. In this work a redox, molecule

methylene blue was intercalated in the aptamer-thrombin complex to detect the binding event

which was achieved by using chronoamperometry and differential pulse voltammetry (DPV)

with a detection limit of 10nM [172]. In the same vein, the use of intercalator was also reported

by Bang and his coworker for thrombin detection using chronoamperometry and differential

pulse voltammetry to monitor the aptamer-thrombin response [173]. Different kinds of 'signal

on' aptasensor based on change in conformation have been reported, The first 'signal on'

aptasensor for potassium ion detection was reported by Radi et al [174]. Label-free aptasensor

that requires the presence of a redox probe like [Fe(CN)6]3-/4-in solution have been reported by

Degefa et al. In their work a thiolated aptamer were immobilized on gold electrode by self

assembly. A conformation switch of the aptamer was observed upon target binding thereby

decreasing the access of the redox probe ion to the electrode surface [175]. Baker et al. 2006,

reported the rapid, label-free detection of cocaine in adulterated sample as well as in biological
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fluids and a detection limit of 500 11Mcocaine was achieved in the biological fluid [176]. Mir

and his coworkers described a label-free amperometric aptasensor based on thrombin acting as a

protein to be detected as well as an enzyme catalyst. In his approach thiolated aptamers were

immobilized on a gold electrode and incubated with thrombin. The electrochemical measurement

was performed in the presence of p-Ala-Gly-Arg-pNA as the thrombin substrate, thus leading to

p-nitroaniline production that could be detected and the electrochemical detection was faster and

more sensitive than the optical method [168]. A novel electrochemical aptasensor incorporating a

signal enhancement for the determination of cocaine was designed by Xiaoxia et al and a

detection limit of 0.5 11Mwas obtained when the current response of aptamer-target complex

was monitored with square wave voltammetry [177]. Olowu et al immobilized a 76mer thiolated

aptamer on a AuNPIPEDOT modified gold electrode via avidin biotin interaction for the

detection of an endocrine disrupting 17p-estardiol and obtained a detection limit of 0.02nM by

monitoring change in current of the aptamer-target complex formation at different concentration

with square wave voltammetry . This work revealed one of the application of aptamer for

environmental analysis [24].
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2.4.4.1.3.2 Impedimetric aptasensor.

Label-free electrochemical impedance spectroscopy (EIS) aptasensors are based on probing the

interfacial electron transfer at the surface of the electrode in the presence of a redox probe

[Fe(CN)6]3-/4- as a result of target binding in appropriate pH. The monitoring of changes at the

electrodes as a result of target binding is achieved by observing charge transfer resistance

responses. Increase of the interfacial electron transfer resistance can result from the formation of
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an insulating layer or due to hydrated radius of a denatured protein blocking the electrode

surface. On the other hand, decrease of the electron transfer resistance can also be due to

screening of the negative charge of the aptamers by a positively charged protein. The pioneering

work of impedimetric aptasensor can be credited to Radi et al and Rodriguez et al [130, 178].

These groups of researchers reported an impedimetric faradaic impedance spectroscopy (FIS)

aptasensors. In their approach Radi and his coworkers used a mixed self assembly monolayer

made up of thiol modified thrombin binding aptamer and mercaptoethanol on gold electrode'.

The aptamer functionalized electrode showed a linear response of the charge transfer resistance

to the increased thrombin concentration in the range of 5.0-35.0 nM with a detection limit of 2.0

nM [178]. Rodriquez approach was based on immobilization of biotinylated aptamer on a

streptavidin coated ITO electrode. At a pH of 7 the selective lysozyme binding reversed the

surface charge thereby inducing binding of the switching from repulsion to attraction of the

redox probe and a reproducible 0.2 mg/L lysozyme was achieved [130]. Cai and his coworker

reported a label-free impedimetric aptasensor for thrombin detection. DNAaptamers were also

immobilized on microfabricated thin gold surface via a self-assembled monolayer. The formation

of aptamer-thrombin complexes on the electrodes gave rise to an increase of electron transfer

resistance in the presence of [Fe(CN)6]3-/4- as the redox probe and the detection limit was O.lnM

[179]. A label-free impedimetric aptasensor based on a competitive assay has been reported

[180]. .A simple and highly sensitive impedimetric aptasensor based on thrombin binding

aptamer for the detection of thrombin was developed by Xiaxia et al [181]. In his approach a

gold nanoparticle was electrodeposited on the surface of glassy carbon electrode (GCE) as a

platform for thiolated aptamer immobilization. The change in charge transfer was monitored in

[Fe(CN)6]3-/4- as the redox probe and was found to be linear with increase in concentration of
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thrombin in the range ofO.12 nM-30 nM. The work demonstrated that gold nanoparticle used as

a platform can improve sensitivity [181]. A simple and ultrasensitive label-free electrochemical

impedimetric aptasensor for thrombin based on cascade signal amplification has been reported

by Deng et al [182]. The sandwich system of aptamer/thrombin/aptamer-functionalized Au

nanoparticle was constructed as the sensing platform. The change of the interfacial features of

the electrode was monitored in [Fe(CN)6]3-1-4 as the redox probe and an increase in response of

electron transfer resistance to the thrombin concentration in the range of 100 fM -100 nM was

achieved with a detection limit of 100 fM [182]. Evtugyn et al [183] fabricated an aptamer based

biosensor based on adsorption onto molecular imprinted polymerized methylene green as

platform for the detection of thrombin using electrochemical impedance spectroscopy. A

sensitive detection of thrombin was achieved with a detection limit of 0.5 nM [183]. Radi and 0

Sullivan 2006 reported the first (signal-on) aptasensor for potassium ion detection. Impedimetric

aptasensors have been developed using redox-labeled aptamers. They utilize ferrocene-Iabeled

thiolated DNA aptamers containing multiple guanine-rich segments which was immobilized by

self assembly on gold electrode. In the presence of potassium ions, immobilized aptamers were

converted from a random-coil structure to a potassium-specific compact G-quadruplex structure,

thus inducing an increase in charge transfer resistance measured by EIS in the presence of

[Fe(CN)6]3-/4- redox probe[174]. Li et al reported an amplified impedimetric aptasensor for

thrombin detection .The sandwich sensing platform was based on rhodamine 6G (R6G)

functionalized gold NPs as label. The aptamer-functionalized gold NPs are negatively charged,

so that their presence led to an increase in the interfacial electron transfer resistance in the

presence of [Fe(CN)6]3-/4- thus giving signal amplification. A linear range of 0.05 to 18 nM of

thrombin were used and a detection limit ofO.02 nM was achieved which was 10-fold better than

so
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R6G [30].

the one obtained without gold NP (O.lnM). Signal enhancement was obtained in the presence of

2.4.4.1.3.2 Potentiometric aptasensor.

Evtugyn and his coworkers reported a simple, cheap and true aptamer based potentiometric

biosensor. The aptasensor was based on poly (phenothiazine) conducting polymer

electroplymerized on a glassy carbon electrode. In this work biotinylated anti-thrombin DNA

aptamers was immobilized on an avidin modified polymer surface obtained by electrostatic

precipitation .The difference in potential of the sensors in pH 3 and pH 7.6 media resulted into

potentiometric detection of thrombin in the dynamic concentration range from 10-9 to 10-6 M

[84].
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2.5 Endocrine disrupting chemicals (EDes)

A broad variety of suspected endocrine disrupting chemicals (EDes) have been identified in the

environment, including natural and synthetic hormones and their degradation products, and

numerous hormonally active compounds from a range of several applications (such as .,

insecticides, plasticizers, disinfectants, surfactant degradation products, antioxidants,

pharmaceuticals) [184-185]. EDes represent a wide range of chemicals that are found in our

environment, food, and consumer products that interfere with hormone biosynthesis, metabolism,

or action resulting in a deviation from normal homeostatic control or reproduction [17, 186]. In

spite of the fact that the issue has been treated for almost fifty years ago, the occurrence of

endocrine disrupting compounds (EDes) in the environment has received a lot of interest in the

last ten years [185]. The first published report signifying that steroid hormones are not

completely eliminated by wastewater treatment was published in 1965 by Stumm-Zollinger

[187]. It is well known that scientists are aware that certain chemicals had the ability to mimic

endogenous estrogens and androgens. Tabak et al., investigated the fate of human steroid

hormone during wastewater treatment and suggested that since hormones are physiologically

active in minute amounts, it is essential to find out to what extent the steroid are biodegraded

[188]. In spite of these early findings, the issue of steroids and pharmaceuticals in wastewater

outfalls did not gain significant attention until the 1990s, when the occurrence of natural and

synthetic steroid hormones in wastewater was linked to reproductive impacts in fish living

downstream of outfalls [189]. In view of the EDes occurrence in different environmental

matrices and, toxicological and estrogenic activities, these compounds may play a significant

role in the incidence of certain cancers and disorders in the male reproductive system, including

reduced testicular size and sperm production in humans and wildlife ,through both direct and
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indirect actions on the endocrine system in human and wildlife [19, 190] Following the

discovery of the link between the presence of trace contaminants in wastewater streams and their

adverse ecological effects in receiving waters, there has been several studies quantifying trace-

level (i.e. ng/L) concentrations of endocrine disrupting chemicals in the environment. As a result,

estrogeneous endocrine disrupting chemicals (e-EDCs) have been detected in many water bodies

around the world and are now considered ubiquitous wastewater contaminants [191-192].

Certainly, the major contributor of such widespread contamination is municipal wastewater

discharge [14]. A variety of definitions have been proposed for EDCs. The United State

Environmental Protection Agency (USEPA) defines EDCs as exogenous substances that

interfere with synthesis, secretion, transport, metabolism, binding action, or elimination of

natural blood-borne hormones that are present in the body and are responsible for homeostasis,

reproduction, and developmental process [11, 193-194]. Some EDCs have structures that

resemble natural hormone that they mimic or inhibit, while other EDCs have no resemblance at

all. Therefore, EDCs belong to a class of substances which is defined by biological effect rather

than chemical nature.
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2.5.1 Mechanisms of estrogeneous endocrine disruptor (e-EDCs)

Endocrine disruptors are exogenous substances that alter function(s) of the endocrine system and

as a result cause unfavorable health effects in an intact organism, or its progeny, or (sub)

populations [5, 21]. Any substance that alters the function of endocrine system is termed an

endocrine disruptor. Endocrine disruptors are usually known as "Endocrine Disrupting

Chemicals" (EDCs). The endocrine system function by following different mechanisms such as:

(a) Mimicking or partly mimicking the sex steroid hormones estrogen (female sex hormone) and

androgen (male sex hormone) by binding to their natural receptors either as agonists or

antagonists (b) Altering the synthesis and breakdown of natural hormones (c) Modifying the

production and functioning of hormone receptors. Compounds that mimic estrogens are termed

environmental estrogens and those that block hormonal action are termed anti-estrogens or anti-

androgens [22, 195]. The majority of researches on endocrine disruptors have been focused on

environmental estrogens.

2.5.2 Endocrine system.

The endocrine system is one of the major controllers of flow of information between various

cells and tissues. The nervous system and the immune system are the other two control systems.

The term "endocrine" refers to internal secretion of biological active substances. The endocrine

system uses internal secretion of hormones into the circulation to convey information to target

cells that express cognate receptors. This system of internal hormone secretion is subject to
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complex regulatory mechanism that governs receptor activity and hormone synthesis, release,

transport, metabolism and delivery to the interior of the target cells. The endocrine system also

posses a complex relationships with the nervous and immune systems [4]. Endocrine systems,

also referred to as hormone systems, are found in mammals, non-mammalian vertebrates (e.g.,

birds), and invertebrates (snails and other species). Payne et al., reported that endocrine system

regulates the development and sustainment of an organism from conception through adulthood

and old age. The normal function of the endocrine system therefore allows animals to control and

regulate reproduction, development and behaviour. The major constituents of endocrine system

are male testes, female ovaries, and pituitary, thyroid, and adrenal glands [196].

Immune mooustors

Figure 2.8 Relationship between the endocrine and immune systems. The plus or minus signs

indicate that the influences can be stimulatory or inhibitory [4].
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2.5.3 Sources of estrogeneous endocrine disrupting chemical

Wastewater treatment facilities have been implicated as the major sources for estrogeneous

endocrine disrupting chemicals (e-EDCs) but the actual sources are upstream discharges to the

treatment facilities [191]. Some of this upstream sources include natural hormones and industrial

processes that use cleaners containing nonylphenol (NP) and plastics containing bisphenol A

(BPA) or agrochemieals containing alkylphenol and nonylphenolethoxylate surfactants as well as

pharmaceutical estrogens flushed down home toilets, domestic waste containing nonylphenol

(NP) [197-199]. Wastewater treatment facilities serve as a focal point where treatment is possible

if source alleviation is unrealistic (e.g. removal of e-EDCs from product formulations or

reducing pharmaceutical estrogens in household waste). Discharges from wastewater treatment

facilities are also the possible point sources [199]. If source control is tried, sources upstream of

wastewater treatment facilities such as industries using plasticizers, medical industries, and

domestic discharges, would require further characterization. In addition, the costs and benefits of

substituting alternative industrial chemicals for e-EDC need to be examined. Fernandez et al

proposed and tested an alternative surfactants to replace nonylphenol ethoxylates [200].

Alternatively, implementing tertiary treatment at the waste facilities must be considered if source

control is not possible [200]. Studies have examined fate and transport of e-EDCs through

wastewater treatment facilities, finding removal of estrogens and alkyphenol-ethoxalates (e.g.

NP, NPOE,OPOE) [201] Simultaneously, many of these studies still found measurable, and

potentially estrogenically active, e-EDC concentrations in the final effluent discharges [202].

Another non point source identified for e-EDCs is agricultural land uses as well as wastewaters

from dairies and aquaculture [203]. Spawning fish may locally increase the estrogen

concentrations of river water. Livestock feed lots have also been demonstrated to be potential
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sources of estrogenic compounds from excretion of hormones in manure and urine. [204].

Additionally, the potential exists for agricultural runoff containing pesticides and fertilizers to

contain estrogenic surfactants (e.g. nonylphenol ethoxylates) that make up the chemical

formulation [198, 205]. These potential agricultural sources, livestock excretion of hormones and

chemicals in pesticide and fertilizer formulations, could contribute to the non-point source runoff

component of e-EDCs identified [198]. Boyd and his coworker also established the fact that

industrial and municipal wastes as well as urban and agricultural runoff are the major sources of

e-EDCs [14,206].

Alr1cUltural wastes
Dlscharae(PestIcIdes) Sources of endocrine disruptors DoIMItIc ......'.... Id.,..,,...,..--product'

Industrial
discharge
(phth.1.tes ,BPA)
as by products

Hospital
wastes(medldnes)

wastewater
treatment plant
dlscharae

Figure 2.9 Some sources of endocrine disrupting chemicals to the environment
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2.5.4 Route of exposure of estrogeneous endocrine disruptors

Exposure to endocrine disruptors can occur through direct contact with pesticides and other

chemicals or through ingestion of contaminated water, food, inhalation and dermal absorption

[186, 205]. Chemicals suspected to act as endocrine disruptors are found in insecticides,

herbicides, fumigants and fungicides that are used in agriculture as well as in the home.

Industrial workers can be exposed to chemicals such as detergents, resins, and plasticizers with

endocrine disrupting properties. Endocrine disruptors enter the air or water as a by product of

many chemical and manufacturing processes and when plastics and other materials are burnt

[207]. Further, studies have found that endocrine disruptors can leach out of plastics, including

the type of plastic used to make hospital intravenous bags [208]. Residents living in homes with

wood floors treated in the 1960s with PCB-based wood finish have a much higher body burden

of poly(chlorinated biphenyls (PCBs) than the general population. [209]. Many endocrine

disrupting chemicals are persistent in the environment and accumulate in fat, therefore the

greatest exposures come from eating fatty foods and fish from contaminated water [210-211].

2.5.5 Age at exposure and latency from exposure

Adult male and female are affected by endocrine disruptors and there may be physiologic change

in the adult. Research has revealed that consequences of an adult exposure to an EDe vary by

species and life stage at which exposure occurs [194,212]. In actual fact exposure to EDC may

cause the utmost risk during prenatal and early postnatal growth when organs and neural systems

are developing. Adverse consequences are observed in animals, such as sub-fertility, premature

reproductive senescence, cancer and altered growth development which are linked to early
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exposure to EDC, but they may not be obvious early in life but may be manifested in adulthood

or during aging [190, 213-214] .For example, National Institute of Environmental Science

(NIEHS) researchers at the University of Cincinnati and the University of Illinois found that

exposure to low doses of environmental (BPA) and natural estrogens (estradiol) during fetal

development could affect the prostate genes behavior, and may lead to prostate cancer during

aging [215].

2.5.6 Fate and transport of estrogeneous endocrine disruptors

Environmental fate and transport of an e-endocrine disruptors is controlled by their physical and

chemical properties and the nature of the media through which the compound is migrating [216].

Specific physical/chemical parameters of interest include Koe (organic carbon-water partition

coefficient), Kd (soil/sediment-water partition coefficient), Kow (octanol-water partition

coefficient) water solubility, diffusivity, bioconcentration, media specific half lives and Henry's

law constant. Many e-EDCs have moderate to high log Koe values, thus the mass that does not

remain soluble often ends up in organic complexes in, or sorbed to, sediments or suspended

organic material. There is usually potential for biological uptake, degradation and transformation

to less mobile or more mobile forms in the sediments. If assembled, the e-EDC complexes may

move back into the water column or downward towards groundwater thereby ensuring exposure

pathways for human and wildlife consuming both water or biomass [217-218] The water

solubility values would suggest that most e-EDCs would generally not remain in solution. In a

number of cases e-EDCs have been found in groundwater and drinking water samples suggesting

some type of soluble transport [198, 218-219]. Probable hypotheses for these observations

include (i) more soluble precursors or metabolites experienced transport (e.g.nonylphenol
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,carboxylics), (ii) colloid facilitated transport, (iii) enhanced solubility through elevated pH

(many e-EDCs have a pKa around 10), and (iv) the formation of micelles [218]. Brix et al

reported that longer chain nonylphenol ethoxylates can have critical micelle formation

concentrations (CMC) of 4.25-10.5 mg/l and the that formation of micelles can to a great extent

improve the stability of a compound, as well as aid the stability of other low solubility e-EDCs in

solution [220]. The partitioning of e-EDCs in the environment will eventually determine the

circumstances under which transport occurs and thus the fate of these compounds. The e-EDCs

have been found in surface water [221], wastewater [203]], sediment [222] groundwater [223]

aquatic life [210] and even in the atmosphere [207]. A variety of reported concentrations for

selected e-EDC in these different environmental media has been published [203, 221, 224-225]

Although it is clear that the highest concentrations of e-EDCs have been reported in sediments

and wastewaters and there are smaller quantities present in air and drinking water that may still

be estrogenically active [207]. Another important parameter for consideration is Henry's law

constant used to estimate net deposition of the e-EDCs from discharges onshore to the bay.

These assessment demonstrate that atmospheric release from wastewater treatment plants and

subsequent deposition by way of rain water have the potential to be a significant component in e-

EDC partitioning, transport, and fate, in the environment [226].

2.5.7 Human health effect of endocrine disrupting chemicals

Presently, the available human epidemiological data available are not sufficient enough to

draw a solid conclusion concerning correlation or real links between endocrine disrupting

chemicals and human health [11]. The majority of the evidences achieved for this likely
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connection IS derived from cases of occupational exposure, pharmacological dosing and

accidental exposure [5]. Diethylstilbestrol (DES)-exposed human served as the model for

exposure during early life to any estrogenic activity, including pollutants that are in the

environment that are estrogen agonists. The effect of DES-exposure results in cancers and

other reproductive health problems in children and their mother who took DES during

pregnancy to prevent abortion [19]. The first proof that e-EDCs influence human health were

found in aviation crop-dusters handling DDT, who had reduced sperm counts [227].

Subsequently, a variety of report has indicated that e-EDCs may have a negative impact on

human health. Carlsen et al., 1992 reported decrease in sperm count and male reproductive

capabilities over the past five decades [228]. As earlier stated in section 2.5.4 exposure to

environmental estrogens and other endocrine disruptor can take place through three main

pathways which include ingestion, inhalation and dermal contact and actually no distinctive

relationship between health effect and exposure to endocrine disrupting chemicals has been

established. In humans, over recent decades, adverse health effects that are speculated to be

due to exposure to endocrine-disrupting chemicals have been reported. These include heart

disease, premature puberty, sex reversal (feminization of males), altered sex ratios, abnormal

sexual behaviour, birth defects, decreased sperm density, decreased size of testes, breast

cancer, ovarian cancer, testicular cancer, reproductive effects and also thyroid dysfunction [19,

194, 229]. In wildlife, it was established that endocrine disrupting chemicals can cause

abnormalities and impaired reproductive performance, and changes observed in immunity and

behaviour and skeletal deformities in some species [229]. The incident of cancer in men under

50 years of age has increased approximately to 2-4% per annum since the 1960s in Great

Britain, while in Denmark the most common malignancy among men from age 25-34 years is
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testicular cancer [5]. Breast cancer is the most common tumour in women in the World [5].

The relative rate of recurrence varies five-fold between countries with the highest incidence in

Western Europe and in North America [5]. There has been a steady increase of breast cancer

incidence rates over the last decades everywhere in Europe. The increased risk in of cancer has

been linked to exposure to estrogenic chemicals and it has been reported that woman exposed

to organochlorine chemicals such as DDT and certain PCB congeners may have higher

incidence of breast cancer than non-exposed woman [5] Prostate cancer is the second leading

form of cancer in males in USA and deaths due to prostate cancer have increased by 17% over

the past three decades, despite improved diagnosis [5].

2.5.8. Transgenerational effects

Endocrine disrupting chemicals have been reported of recent to encourage an epigenetic

transgenerational phenotype involving a number of disease states for example male infertility

[230]. There is some evidence that EDCs may not only affect the individual directly exposed, but

also their offsprings as well as subsequent generations. Currently, evidence suggests that the

mechanism of transmission may in a number of cases involve the germline and may be

nongenomie [194]. Another recent report supports this theory because prenatal exposure to

vinclozolin or methoxychlor caused adverse effects on testis morphology and male fertility.

Furthermore, these two chemicals caused epigenetic alterations in the DNA, specifically hyper-

and hypomethylation, and these effects were transmitted to subsequent generations and

alterations were also observed in subsequent generations [230-231]. Researchers from National

Institute of Environmental Health Sciences have shown that the adverse effects of DES in mice

can be transferred to subsequent generations even if they were not directly exposed. The
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increased vulnerability of developing tumours was observed in both the grand daughters and

grandsons of mice who were developmentally exposed to DES and the mechanisms involved in

the transmission of disease were shown to be epigenetic events [230-233]. Actually,

transgenerational effects may be transmitted not due to mutation of the DNA sequence, but

rather through modifications to factors that control gene expression such as DNA methylation

and histone acetylation [194]. Transgenerational effects may also be associated with alterations

in specific estrogen-responsive genes [231].

2.5.9 Classification of endocrine disruptors

There are two classes of substances that can cause endocrine disruption this include natural

hormones and man made substances.

2.5.9.1 Natural hormones.

These include oestrogen and progesterone(responsible for female sexual development), and

testosterone( responsible for male sexual development) that are found naturally in the bodies of

human and animals and phytoestrogens which are substances contained in some plants which

display oestogen-like activity when ingested by the body. Natural hormones can easily be

broken down in human body as a result, they do not accumulate in the body tissues which is the

case with some certain man made substances [234]. Example of the steroid estrogens are:
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2.5.9.1.117J3-estradiol (E2)

l7p-estradiol (E2) is the natural and most potent intracellular estrogen, accounted to be harmful

as a result of its high potent estrogenic activity even at low concentrations and is typically the

standard to which all other estrogenic activities are related. E2 is a steroid hormone with

molecular weight of 272 Da and 18 carbon atoms. E2 participates in many important processes

and influences the development of secondary sexual characteristics [235]. The synthesis of E2

occurs mainly in the ovary. Furthermore small amounts of l7p-estradiol are synthesized by the

adrenal cortex and by the testis. The main biosynthetic pathway goes through D4-

androstenedione and estrone which is converted to estradiol .It is converted to the less potent

oestrone in the liver and then metabolised to estriol that has limited estrogenic activity [236].

Similarly, normal E2 level also varies according to age and menstrual cycle. During the

menstrual cycle in menopausal women E2 levels in serum vary over a range from 150 to 1000

pmoll." which decreases to about 15-51 pmoll." after menopause [237].In pubertal ageing

woman estradiol produces the usual development of secondary sexual characters and of

mammary glands. Throughout fertile age, estradiol is produced by corpus luteum and In

advanced pregnancy by the trophoblast [19] They posses phenolic rings and the hydroxyl group

are the most chemically interesting portion of the of the molecule and their interaction with the

receptor is thought to be critical in biology activity [238-239]. Deficiency of l7p-estradiol may

provoke many diseases such as menopausal symptom, hyperhyrogenium and osteoporosis [240-

241]. It has been revealed that increased amount of l7p-estradiol and its metabolite stimulate the

proliferation of cancer cells while the mechanisms by which estrogens influenced cancer is

unknown. Subtle changes in the chemical structure of E2 and other estrogens are known to elicit

a variety of biological responses in the development of cancer [238, 242]. E2 may enter the
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aquatic environment such as sewage and rivers as well from human either excreted from urine as

glucuronides or simply eliminated in faeces in unconjugated forms [243]. Besides, E2is also a

kind of endocrine disrupting chemical and has gained an increased concern due to its high

endocrine disrupting potency [244]. Several studies have been reported that exposure to

environmental E2pollutant can disrupt the reproductive systems [245]. Hence the detection of

these chemicals within the natural system is therefore necessary in clinical and environmental

monitoring.

OH

OH

Figure 2.10 a. Chemical structure of 17p-estradiol (E2)

2.5.9.1.2 Estrone (El)

Estrone (EI )are a group of steroid compounds, that are less potent than E2 and it is one of

degradation product of estradiol [E2] with a water solubility value of between 0.8-12.4 and log

Kow of 3.43 [246]. The molecular formula for the compound is C18H2202with a molecular weight

of 270.37g/mole. Estrone play important role in the oestrus cycle, functioning as the primary

female sex hormone. Estrone posses a phenolic group which also enables them to be classed as

phenolic endocrine disruptors [247-248]. The phenolic group is crucial in affinity binding to the

acceptor site of the estrogen in the endocrine system [247].
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Figure 2.10 b. Chemical structure of estrone (El)

2.5.9.1.3. 17a -Ethynylestradiol (EE2)

17a-Ethynylestradiol, a highly stable synthetic hormone commonly found in the formulation of

oral contraceptives, is a significant environmental contaminant [249]. 17a-ethynylestradiol has

been reported to provoke feminization in some species of male wild fishes. Even though EE2 is

persistent to microbial degradation, it can undertake a rapid photo degradation in estuarine

seawater under natural sunlight irradiation, with a half-life of less than 36 h in spring sunny days

[250]. They posses a phenolic group which also enables affinity binding of the steroid hormone

to acceptor site of the endocrine system [247-248].

OH

Figure 2.10 c. Chemical structure of 17a-ethynylestradiol (EE2)
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2.5.9.1.4 Estriol (E3)

Estriol is the weakest of the three major estrogens and also classed as phenolic e-EDCS due to

the availability of phenolic group in it structure [248].In fact, it is 1,000 times weaker in its effect

on breast tissue. E3 is the estrogen that is made in large quantities during pregnancy and has

potential protective properties against the production of cancerous cells. Estriol is the estrogen

that may be most beneficial to the vagina, cervix and vulva. Estriol's anti-cancer effect is

probably related to its anti-estrone properties. It blocks the stimulatory effect of estrone by

occupying the estrogen receptor sites on the breast cells .It has a molecular formula of CIsH2403

with a water solubility of 441mg/l and Log Kow of2.45 [248].

OH
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Figure 2.10 d. Chemical structure of estriol (E3)
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2.5.9.2 Synthetic substances

The man made substance includes synthetic produce hormone which are identical to natural

hormones such as hormone replacement treatment, oral contraceptives and some animal feed

additives designed intentionally to interfere with and modulate the endocrine system [19].

Produce chemicals are designed for various types of purposes in industry such as industrial

cleaning, in agriculture, in certain pesticides, and in consumer goods such as plastics additives.

Chemical produced as a by product of industrial process like dioxin suspected to interfere with

endocrine system of humans and wide life has been included [234, 251]. Example of man made

disrupting chemicals are:

2.5.9.2.1 Bisphenol A (BPA)

Bisphenol A (2,2-Bis-(4-hydroxyphenyl) propane), commonly abbreviated as BPA, belongs to

the phenol class of aromatic organic compounds with two phenol functional groups having a

chemical structure shown in (Figure 2.9). It was synthesized first over a century ago and was

suspected as a possible synthetic estrogen by Barlow from his experiments on rats [252]., The

unhelpful effects of low-dose exposure of BPA on laboratory animals were reported in 1997 for

the first time [253]. Bisphenol A is mainly used as a monomer in production of polycarbonate

plastic and epoxy resins, and as a polymer additive to polyvinyl chloride plastics and some dental

sealants. However ,it can be employed as an antioxidant in some plasticizers and a precursor to

the flame retardants, such as tetrabromobisphenol A. Bisphenol A are found in some plastic

water and baby bottles, plastic food containers, CDs and DVDs, household electronics, sports

equipment, medical and dental materials, and the linings of some metal food and in some baby
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food packaged in cans [254-256]. Consequently, human exposure to BPA is ubiquitous, and

human exposure to it, is mainly through ingestion of tinned food, infant formula, or maternal

milk, or indirectly through maternal exposure, and the neonate [254, 257]. Recently, centers for

disease control using human population as reference, has published the results of is study which

showed that 92.6% of over 2500 Americans had BPA in their urine [257]. In addition, highest

concentrations were found in children and adolescents than adults. Based on the statement that

the main source of exposure is oral through food ingestion, the US's EPA has place a safe human

daily intake ofBPA dose to be 50 ug/kg of body weight [194, 212, 252].

H3C

I
HO C OH

I
CH3

Bisphenol A

Figure 2.11 a. Chemical structure ofbisphenol A (BPA)

Various studies published in the last decade, have confirmed BPA as a endocrine disruptor and

have found that laboratory animals exposed to low levels of it have increased risk of developing

negative health effects such as diabetes, breast and prostate cancers, reproductive problems,

decreased sperm count, early puberty, obesity adverse effects on thyroid hormone, heart disease

and neurological problems [194,258-261]
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2.5.9.2.2 Alkylphenols (APs)

Alkylphenols are family of organic compounds obtained by the alkylation of phenols and they

range generally from Cl to Cl2 alkyls. The most important alkylphenols used are nonylphenol

(NP) and octylphenol (OP), figure 2.l0b .. White et al., reported that nonylphenol ethoxylates

(NPnEO) represented approximately 80% of the world market and octylphenol ethoxylates

(OPnEO) takes the remaining 20% [262].

OH

Nonylphenol Octylphenol
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Figure 2.11 b. Chemical structure of nonylphenol and octylphenol

Industrial application of Alkylphenols such as nonylphenol and octylphenol have been in

existence since forty years and are frequently used for the production of alkylphenol ethoxylate

(APE) surfactants (detergents), as additives for fuels and lubricants, polymer additives,

antioxidants and as components in phenolic resin,.

As a consequence of the wide-spread application for more than four decades ago, alkylphenols

and alkylphenol ethoxylates have become ubiquitous environmental contaminants and have even

been found in foodstuffs [263-265]. It has been observed recently that alkylphenols exhibited

estrogenic activity and may cause fertility problem in aquatic life particularly fish. The issues

about alkylphenols in the environment and human health have been of great concern. The major

human exposure route to alkylphenols is air, contaminated drinking water (e.g. polluted rivers),
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absorption through skin (e.g. shampoos, cosmetics, spermicidal lubricants and domestic and

industrial detergents), inhalation and ingestion (e.g. pesticide sprays), contaminated food (e.g.

fields spread with sewage sludge containing alkyl phenols) [212]. Oestrogenic activity

(oestrogen-mimicking) of alkylphenols was reported for the first time in the 1930s when Dodds

and Lawson accounted for the results of feeding 100 mg of 4-propylphenol to ovariectomized

rats [266]

The list of natural and synthetic compounds that are capable of disrupting the endocrine system

was compiled by Giesy et al, 2002. This list of EDCs includes: natural products (e.g.

phytoestrogens, bioflavanoids, mycoestrogens), pharmaceuticals (e.g. ethynylestradiol,

flutamide ), additives (e.g. parabenes), insecticides (e.g. endosulfan, dieldrin, lindane), fungicides

(e.g. vinclozolin) herbicides (e.g. atrazine), industrial chemicals (e.g. bisphenol A, phthalates,

PCBs) heavy metals (e.g. Pb, Cd) [267]
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Table 2.2 Structure and characteristics of selected estrogeneous endocrine disruptors

arne Estrone 17p-estradiol 17a- Bisphenol A nonylphenol

ethynlestradiol

bture 0 OH
Cf\~,~CH H°-O-:f-0-rn

~

CH" Cf\

ctlo C 0 HCH" 1P' CHo"'" ~ il 0

I
~ I A B I Bisphenol A

0 # o ~
0 .#

Kvt 270.37 272.39 296.41 206.32 228.28

orm. ClsH2202 ClsH2402 C2oH2402 C14H22O C15H1602

ility 0.8-12.4 3.85 19.1 4.52 109.6-296.8

w 3.43 4.01 3.67 5.85 2.2

10.34 10.23 10.21 10.24 9.59

Kow = octanol-water partitioning [246]

72

https://etd.uwc.ac.za/



73

2.5.10 Monitoring of endocrine disruptors in the environments

Instrumental analysis methods such as high performance liquid chromatograph (HPLC) and gas

chromatography coupled with mass spectrophotometer (GCIMS) are very sensitive at detecting

these toxic endocrine disrupting chemicals but at the same time are also very complicated to

perform and require long analysis times to be accomplished. Among all these separation

techniques, gas chromatography (GC) is the commonly used for determination of estrogenic

phenols) [212]. because it presents some advantages such as high resolution, rapid separation,

low cost and easy linkage with sensitive and selective detectors Using GC/MS an estimated

concentration ofO.18-19.1 ug/kg was obtained in different foodstuffs in Germany compared to a

calculated daily intake of 7.5 ug/day for nonylphenol, an endocrine disrupting chemical [17].

Concentrations of between 7.7-11,300 ng/L for some phenolic endocrine disrupting chemicals

were obtained from river water in China using GCIMS coupled with the negative chemical

ionization (NCI) technique .The estimated daily human intake of estrogenic and anti-estrogenic

counterparts, based on in vitro potencies relative to 17~-estradiol, has indicated that a woman

taking birth control pills ingests about 6,675 ug/equivalent per day, postmenopausal estrogen

treatment amount to 3,350 ug. The daily intake of estrogen flavonoids in food represent 102 ug,

whereas the daily intake of environmental organochlorine estrogen was estimated to be 2.5 x

10-6 ug [5,21] Another alternative analytical technique, capillary electrophoresis (CE), has also

been used for the analysis of the phenols which can provide a lot of strong points such as high

separation efficiency, small sample and electrolyte consumption, rapid analysis as well has a

great utility in routine analysis and monitoring processes in a number of industrial fields [212].

Other alternative detection methods known as biologically based assays (BBAs) has been

employed in place of the traditional mass-based method [13, 204]. Recently aptamer based
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biosensor has been used for the environmental analysis of endocrine disruptors. These new RNA

/DNA aptamers were identified as a new way to future application in environmental monitoring.

Among those aptamers that have been in reality utilized for detection of target molecule for

environmental analysis, we can find 17~-estradiol DNA aptamer [24] and lead DNApatzymes

[268-269].

2.6 Gold nanoparticles associated with electrochemical DNA aptamer based

biosensor.

Nanoparticles signify excellent biocompatibility with biomolecules and display unique structural,

electronic, magnetic, optical and catalytic properties which have made them very attractive

materials, as labels in the detection of DNA hybridization using optical methods ,i.e. surface

plasmon resonance (SPR) or various electrochemical techniques and other applications [270].

The mostly used metal nanoparticle among various types of metal nanoparticle is the gold

nanoparticles .Gold nanoparticles is mostly used in bioanalysis due to their excellent

biocompatibility with biomolecules which allows them to exhibit unique structural, magnetic,

optical, catalytic and electronic properties thereby making them attractive materials [271] as

labels in the detection of DNA hybridization using optical method. As a result of their unique

catalytic properties, they have been used as catalysts and electro catalyst. For instance an

electrochemical nitrate sensor was developed by the modification of glassy carbon electrode with

Au-Fe (III) nanoparticles [272]. Biosensors have also been fabricated based on nanoparticles

whereby certain enzymes have been attached on nanoparticle-modified electrodes. For instance,

an electrochemical biosensor has been developed by the immobilization of superoxide dismutase
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(SOD) on gold nanoparticles modified indium /tin oxide film coated glass [273]. Gold

nanoparticle is a suspension of particle usually in sub micrometer size in water with either an

intense color for particle below 100nm or dirty yellowish color for larger particle and the

pioneering work of Faraday since 1857 revealed the red colour of colloidal gold. The finely

divided state of gold was attributed to the red colour of colloidal gold by Faraday [274]. Gold

nanoparticle exhibit different sizes and shapes. The intrinsic properties of a metal nanostructure

can be adjusted by controlling its size, shapes and crystalinity [271]. The method and condition

of preparation of gold nanoparticle determines to a large extent the size and properties of the

goldnanoparticle and the biocompatibility nature of gold nanoparticle makes it to be useful in

electrochemical biosensor especially in DNA detection [270-271]. Various methods of gold

preparation protocol and optical characterization such as transmission emission microscopy

(TEM), scanning emission spectroscopy (SEM), x-ray diffraction (XRD) etc have been reported

[24, 271]. Gold nanoparticles have been used extensively in biosensors for protein and nucleic

acid (DNA) detection. The particles are unique due to their nanosize nature which gives rise to

their high reactivity and AuNP in biosensors can also provide a biocompatible microenvironment

for biomolecules and can greatly increase the amount of biomolecules that can be immobilized

on the electrode surface, and thus improving the sensitivity of the biosensor [42, 53, 271]. Gold

nanoparticle suitably orient DNA aptamer molecules for optimal immobilization, and have been

used to chemisorb thiolated DNA aptamers onto electrode surface [24,177].
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Gold nanoparticles can be chemically synthesized using different methods. The general chemical

synthesis involves the reduction of gold salt or acid (HAuCI4) from Au3+ to Au". Owing to the

high surface energy of the Au" formed, aggregation of the AuNP occurs. To avoid aggregation,

that is to stabilize the AuNP formed, the surface are passivated or capped with other substances

examples of reducing agents are sodium citrate and sodium borohydride [275-277] while

examples of capping agents are sodium citrate and dendrimer [278-279].

Electrochemical preparation of gold nanoparticles (AuNP) involves electrodeposition usmg

constant potential of - 200 mV for a chosen period of time from a solution of HAuCk

Sometimes already chemically synthesized gold nanoparticles AuNP or colloidal gold is allowed

to self assemble on a pre-treated electrode [268, 280]. Varieties of gold nanoparticles synthesis

are discussed in these reviews [281-282]. Gold nanoparticles' high conductivity, promotes direct

electron transfer between protein (and other biomolecules) and the electrode [283]. A probe

label-free electrochemical technique to improve the sensitivity of small molecule aptasensor

using MB as an electrochemical indicator based on signal amplification from gold nanoparticles

has been reported by Dua Yan et al [284]. For detection limit improvement, a sandwich sensing

platform was fabricated, whereby the thiolated aptamers were immobilized first on the gold

substrate to capture the thrombin molecule and then the aptamer functionalized gold nanoparticle

are used to amplify the impedimetric signals with a sensitive detection limit [119]. This report

clearly illustrates AuNP biocompatibility and its ability to wire biomolecules. Other works

demonstrating the excellent biocompatibility, conductivity and signal amplification efficiency of

AuNP have been recently reported. These include the detection of cytochrome c with detection

limit of 6.7 xIO-IO M [285]. AuNP/polyaniline nanotube membranes on the glassy carbon

electrode toward the recognition of Phosphinothricin acety ltransferase (PAT) gene sequence,
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existing in some transgenic crops with detection limit of 3.1 x 10-13 M [286],combination of

AuNP with carbon nanotube(CNT) in the development of sensor for baebene cancer detection

[287].

2.7 Conducting Electroactive Polymer (CEP)

In the past twenty years inherently conducting polymers has become known [288]. These

conducting polymers (CP) are of great scientific and technological importance because of their

unique properties such as electrical, electronic, magnetic and optical properties, which had been

observed previously in inorganic systems only [289]. Organic conjugated polymers (conducting

electro active polymers) are mostly organic compounds that contain an extended n-orbital system,

through which electrons can pass through from one end of the polymer to the other. CPs show

almost no conductivity in the neutral (uncharged) state but become electrically conductive upon

partial oxidation or reduction, a process commonly referred to as 'doping' [290-292, 293]

However, in the neutral (undoped) state these polymers can only be semiconducting electronic

conductivity only appears when the material is doped with small sized ions [292] . The neutral

polymer is converted into an ionic complex consisting of a polymeric cation or anion and a

counter-ion which is the reduced form of the oxidizing agent or the oxidized form of the

reducing agent, respectively [294]. Conducting polymer exhibited considerable flexibility in

chemical structures that can be modified. The required electronics and mechanical properties of

conducting polymers can be modulated possibly by chemical modeling and synthesis The CP

belonging to polyenes and polyaromatics such as polyacetylene, polyaniline (PANI), polypyrrole

(Ppy), poly thiophene, poly(p-phenylene), poly(phenylene vinylene) classes have been studied
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extensively [293, 295]. A new class of polymers referred to as intrinsically conducting polymers

or electroactive conjugated polymers has in recent times surfaced. Their intrinsic conductivity

results from the formation of charge carrier upon oxidizing (p-doping) or reducing (n-doping)

their conjugated backbone. They are readily oxidized and reduced at relatively low potentials,

and the redox process is reversible and accompanied by large changes in the composition,

conductivity and colour of the material [290,296]. One of the vital requirements for a polymer to

become intrinsically electrically conductive is that there should be an overlap of molecular

orbitals to allow the formation of delocalized molecular wave function. In addition to this,

molecular orbitals must be partially filled so that there is a free movement of electrons

throughout the lattice [290, 292, 297]. Conductivity in conducting polymers' is influenced by a

variety of factors including polaron length, the conjugation length as well as overall chain length

and by the charge transfer to adjacent molecules. CPs exhibit intrinsic electronic conductivity

ranging from about 10-14 to 103 S cm-I due to extensions of the doped state. Generally, materials

with conductivities less than 10-8 Slcm are considered insulators, while those between 10-8 and

103 S cm-I are semiconductors and those with conductivities greater than 103 Slcm are

considered conductors [298]. Diaz and his coworker produced coherent films of Ppy with

conductivity of 100 S cm-I and this conducting polymer exhibits excellent air stability [299].

Conducting polymer has been used extensively for biosensor applications [300]. The first

conducting polymer based aptamer biosensor for specific protein detection was reported by Wei

Liao et al [301]. The DNA aptamer was believed to be immobilized on the polymeric matrix

during the course of polymerization and an improved repeatability and increase in porosity was

achieved or the surface of the polymer modified electrode can be derivatised with covalent

attachment to the oligonucleotide [302]. Chen et al. have estimated the concentration of
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cytochrome C usmg electrochemically prepared conducting polymers based on ferrocene

substituted thiophene and terthiophene [303]. Many other conducting polymers such as

polyfuran, polyindole poly thiophene poly (3,4ethylenedioxythiophene) {PEDOT}, polycarbazole,

polyaniline have been synthesized [304-306]. Conducting polymers are extremely attractive due

to their electrical conductivity as well as the possibility that they can be tailor-made to the

requirements of the application during modifications in the polymer structure in addition to

varying the functional groups in their organic moiety. Many applications of CPs including

biosensing devices as well as analytical chemistry have been reviewed by several researchers

[290, 292, 307-308]. An increase in electrode modification due to these polymers has provided

new and interesting properties, which have contributed for the wide application of conducting

polymers. They can either be metallic conductors or semiconductors as earlier mentioned or have

use in charge storage devices such as batteries, capacitor, in sensors, membranes, corrosion

protective coatings as well as electromagnetic screens [309-311]. Conducting polymers are also

known to be compatible with biological molecules in a neutral aqueous solution and they are

extensively used in the fabrication of accurate, fast, and inexpensive devices, such as biosensors

and chemical sensors in the medical diagnostic laboratories [307]. Conducting polymer-based

electrochemical sensors and biosensors play an important role in the improvement of public

health and environment monitoring because rapid detection, high sensitivity, small size, and

specificity are achievable for environmental monitoring and clinical diagnostics [312].
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2.7.1 Historical background of conducting polymers

The electrochemical synthesis of CPs has its pedigree in the pioneering attempts of Dall' Olio et

al., in 1968. The group prepared"pyrrole black", a polymer in the form of a powdery insoluble

precipitate, via electrochemical oxidation of the monomer of pyrrole in aqueous sulfuric acid

using a platinum electrode. The conductivity of the prepared pyrrole was approx. 8 Scm-I [296]

But the conductive polymer story in its widest sense apparently started as early as 1862 [313].

However electrochemical approach for the synthesis of conducting polymer was revitalized in

1979 by Diaz et al [299]. In his approach platinum electrode was electroplymerized with

continuous free standing film of conducting Ppy which revealed a higher electrical conductivity

of 100 Scm" as well as excellent air stability [299,314-316]. Since their discovery in the 70s,

research into conducting polymers has supported the industrial development of conducting

polymer products and provided the fundamental understanding of the chemistry, physics and

material science of these polymers [316-317] The impact of conducting polymers on science was

recognized in 2000 when a Nobel Prize for Chemistry was granted to the trio of: Alan

MacDiarmid, Alan Heeger, and Hideki Shirakawa [318]. After the award a lot of interest was

further focused on these conducting polymers in the scientific community which result into

discovery of new conducting polymeric system. Structures of some typical conducting polymers

and their conductivities as well as the type of doping of conducting polymers for polyaniline,

polyacetylene, polypyrole, poly thiophene and poly(para-phenylene) and their derivatives that

have been studied extensively and are presented in table 2.3 [288,305,307,319,].
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Table 2.3 Conducting polymer structures [291-292]

Name Structure Conductivity Type of

(S/cm) doping

Polyacetylene N 200-10 000 n,p

n

Polypyrole +?l 40-7500 P

Poly thiophene {o{ 10-1000 P

n

Poly( ethylenedioxythiopene) 1\0 10-600 n,p

~"

Poly(para-phenylene) 1000 n,p

V- '-

n

Poly(para-phenylene sulfide) -~+ 3-500 P

n
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Polyaniline n,p5-200

2.7.2 Synthesis of conducting polymers

There are numerous available techniques that have been employed for the synthesis of

conducting polymers. The most widely used technique is the oxidative coupling of the

monomer.[320]. This method involves the formation of a cation radical followed by another

coupling to produce a di-cation and the repetition then leads to the polymer [320-321].

Electropolymerization is carried out normally in a single cell compartment where three electrode

configurations is used subject to an electrochemical solution consisting of a monomer and a

supporting electrolyte dissolved in a suitable solvent which may be acid in some cases[ 40].

Electrochemical techniques employed in the polymerization of conducting polymers on the

electrode surface are; pulse, galvanostatic, potentiostatic or sweeping techniques[320-321]

However, potentiodynamic techniques are preferred because of the homogenous film produced

and strong adherence of the film to the electrode surface [308, 321]. For potentiostatic technique

the potential is kept constant with variation of the current with time, or galvanostatically where

the current is kept constant thereby monitoring the electrode potential. The three-electrode

system used during the polymerization is made up of a working electrode, a counter electrode

and a reference electrode. For working electrode materials such as gold, platinum, carbon, nickel,

titanium and palladium have been employed as an electrode and function as support systems for
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the polymer films. Counter electrodes on the other hand supply the required current needed by

the working electrode. Foil of nickels, platinum and gold has been commonly used for counter

electrode [322]. The reference electrodes such as saturated calomel electrode (SCE), silver/silver

chloride and mercurous sulfate are used [308, 323] As mentioned earlier conductivity of the

polymer is influenced by a number of factors among which includes polaron length, the

conjugation length, and the overall chain length. Research has proved that electrochemical

synthesis is rapidly becoming the preferred method for polymer preparation due to the simplicity

and reproducibility associated with this technique [292]. The advantage associated with the

electrochemical polymerization of conducting polymers is that their reactions can be carried out

at room temperature either by varying the potential or the current and with time the thickness of

the film can be monitored and controlled. In addition copolymers and graft copolymers have

been synthesized electrochemically. Electrochemical synthesis can be used for the generation of

freestanding, homogeneous and self doped films. Conducting polymers (CPs) such as

polypyrrole, poly thiophene, polycarbazole, polyindole and polyazulene can be synthesized using

this technique [320] However, in this work, major focus has been given to poly(3,4-

ethy lenedioxythiophene )-(PEDOT)

2.7.3 Poly(3,4-ethylenedioxythiophene) {PEDOT}

Among all conducting polymers, poly(3,4-ethylenedioxythiophene) {PEDOT} has been of

interest in numerous studies due to its high transparency, high conductivity, excellent

environmental stability and relatively low band gap.[324]. These unique properties make

PEDOT an excellent material for various applications such as in electrochromic, antistatic

coatings, light-emitting diodes and sensors [324-326]. Compared to other un substituted

polythiophenes and its derivatives, PEDOT exhibits a distinctly low oxidation potential and a
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small band gap in the oxidized state [270, 306]. It has been revealed that undoped PEDOT has

band gap energy of -1.6e V and can be electrochemically cycled between its reduced and

oxidized states. The superior electrochemical stability of PEDOT may be attributed to the

presence of the ethylenedioxy binding group on the a. and p position of thiophene ring in EDOT,

which blocks coupling along the backbone, making the resulting polymer regiochemically

defined [270, 327]. Conductive polymers may be employed in their unmodified state or they may

be doped to enhance their electrical capability. PEDOT in addition is one of the few examples

among conjugated polymer family which is both p-and n-dopable [328]. It is acknowledged that

upon electrochemical p-doping or n-doping conducting polymers undergo redox process which

involves ion transport into and out of the polymer matrix to balance the electronic charge

resulting not only in an increase in electronic conductivity but also structural transition which

gives rise to spectral changes [329-331]. The colour exhibited by the polymer is determined by

the band gap energy, defined as the onset of the 1t-1t* transition [332]. The optoelectronic

properties of PEDOT can be tailored by controlling its synthetic processes, altering the polymer

backbone conformation, changing different dopants types, and introducing various functional

groups onto its main chain [306, 328]. Electrochemical polymerization is widely used to

construct conductive polymer films, but the option of using a conducting substrate from which a

conductive polymer is formed may be restrictive to meet the needs for various applications.

Recently incorporation of nanoparticle in a polymer matrix is a field of particular interest for

material engineering and the study of nanoparticles-matrix interaction [333]. Polymer are

considered a good choice as host material for the reason that they can be designed to yield long

term stability and posses flexible reprocessability. Nanocomposite can be prepared from a

variety of different metals and conjugated polymers as well as oligomers linkers and have
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received extensive interest owmg to the possibilities of creating appropriate material for

electrocatalysis, microelectronics and chemical sensors [334]. The composite can be prepared

electrochemically and chemically. Electrochemical technique is the well established method that

has been widely used for the preparation of conducting polymers films as well as their

nanocomposite with metal particles [335] However among the numerous conducting polymers

and conducting polymer nanocomposite materials developed and studied over the past ten years,

poly(3,4-ethylenedioxythiopene) (PEDOT)-metal nanocomposite have been the focus of several

studies as a result of its unique properties such as excellent stability against biological reducing

agent [268] PEDOT has been reported to be excellent for synthesis of nanostructured materials

and devices as a result of their electrical, electronic, magnetic, and optical properties which is

similar to metals or semiconductors. PEDOT coatings can be prepared by electrochemical

polymerization in aqueous solution which allows the direct incorporation of water soluble anions

[336]. Xiao and co-workers have developed an adenosine 5'-triphosphate (ATP) doped PEDOT

for neural recording [337]. A silver nanograin incorporating a poly(3,4-ethylenedioxythiophene)

(PEDOT) modified electrode for electrocatalytic sensing of hydrogen peroxide by simple

electrochemical method was reported recently by Balamurugan and his co-workers[338].

Electrochemical synthesis of poly(3 ,4-ethylenedioxythiophene )-(PEDOT)lferricyanide film

modified electrode has been reported by Vanthasa [339] Recently Olowu et al., in 2010

constructed an aptasensor for the detection of 17p-estradiol an endocrine disrupting chemical

based on poly(3,4-ethylenedioxythiopene)-Gold nanocomposite platform and achieved a low

detection limit of 0.02 nM [24].

85

https://etd.uwc.ac.za/



86

2.7.4 Synthesis of poly(3,4-ethylenedioxythiopene)- PEDOT

PEDOT can be synthesized via chemical and electrochemical means. The first synthesis of

PEDOT was done by Bayern A G laboratories scientist in the late 1980s. The commercial name

Baytron was given to PEDOT after the chemical polymerization of 3,4-ethylenedioxythiophene

[340].In doped oxidized state, PEDOT layer showed exceptional stability, transparency and high

conductivity of 300 S/cm2 [341] The electrochemical polymerization was carried out in 1994

[342]. The polymerization process may be through in situ polymerization of EDOT or via

oxidative means [343]. Polymerization of poly(3,4-ethylenedioxythiopene) is done typically in

acetonitrile employing LiCL04 as electrolytes which result in sky-blue doped PEDOT layer

containing CI04- as counter ions. Oxidative polymerization with Iron (II) chloride has been

described to be a sufficient method for synthesizing neutral, fully undoped molecules with a

considerable yield [343]. PEDOT is clearly the intermediate in the course to doped, highly

conductive PEDOT and can be isolated by adjusting special reaction conditions Figure 2.10

show the synthesis pathway of neutral PEDOT. For more other report on the different synthesis

ofPEDOT consult reference [343]
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Scheme 2.4 Synthesis of PEDOT

2.8 Dendrimers

The first dendritic structures that have been comprehensively investigated and that have received

well-known attention are Tomalia's poly(amidoamine)-(PAMAM) dendrimers [344] and

Newkome's "arborol" systems.[345]. Both dendrimers are constructed divergently, meaning that

the synthesis is started with a multifunctional core molecule and is elaborated to the periphery.

At a later date and on the basis of the original work of Vogtle,[346] divergently produced

poly(propylene imine) dendrimers have been reported by Worner et al [347]. In the year 1990,

Freehet introduced the convergent approach toward dendrimers [348-349]. In convergent

procedures, the synthesis is started at the periphery and elaborated to the core. Frechet's aromatic

polyether dendrimers are easily accessible and have been studied frequently, not only by the

Freehet group but also by other researchers. Lastly, Moore's convergently formed phenyl

acetylene dendrimers are the final of the five classes of dendrimers, reported up to high
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generations, that are the most studied and the well known [350]. Additionally, many other types

of interesting, valuable, and esthetically pleasing dendritic systems have been developed and a

variety of dendritic scaffolds have become accessible with defined nanoscopic dimensions and

discrete numbers of functional end groups [351].

Dendrimers are synthetic three-dimensional macromolecules with a well defined, highly

branched and globular shaped molecular structure [352-353] The term dendrimer is derived from

Greek 'dendra and 'meros' meaning tree and part respectively. Throughout the 1990s an ever

more complex array of dendritic architectures has emerged (Figure 2.2). Structures reported

include dendritic hybrids, dendronised polymers, dendrigrafts, cyclodextrin-dendrimer hybrids,

core-shell architectures, cascade-release dendrimers and self assembling dendrisomes .Of

particular interest are the linear-dendritic hybrids introduced by Freehet et al.and the PEG-

poly(ester) dendritic hybrids that are particularly appealing for drug delivery applications[354-

355]. The architecture of dendrimer is made up of three distinct domains (i) central core (C),

which can either be a single atom or an atomic group having at least two identical chemical

functions,(ii) branched unit (B) emanating from the core constituted of repeat units possessing at

least one branch junction with repetition organized in a geometric progression resulting in a

series of radially concentric layer called generations and (iii) surface group (S).which are

terminal functional group, generally located in the exterior of the macromolecule, which plays an

important role in their properties [353-355] Another way to describe this three-level architecture

is the inner core, the branches and the periphery. The term generation in dendrimer nomenclature

represents the repeating monomer units or it is the number of branching points (or focal points)

when going from the core towards the dendrimer surface. With generation written as G, a
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dendrimer with one monomer repeating unit (or branch) is labeled as G1, while G4 dendrimer

has four monomer repeating units etc. GO is sometimes used to refer to the core of the dendrimer.

Other dendrimer terms or nomenclature as reported by Boas et al in 2006 [356] are:

~ Shell: The dendrimer shell is the homo-structural spatial segment between the focal

points and the "generation space".

~ The "outer shell" is the space between the last outer branching point and the surface. The

"inner shells" are generally referred to as the dendrimer interior.

~ End-group is also generally referred to as the "terminal group"

These peripheral reactive sites are modified with the desired end-groups or functionalities

according to the proposed applications

Dendrimers having amine end-groups are termed "amino terminated dendrimers"

void space

Surface
groups

Figure 2.12 Architectural components of a dendrimer [357].

89

https://etd.uwc.ac.za/



(A)

(B)

Figure 2.13 A typical diagram (a) Poly(amidoamine) (PAMAM) dendrimers and (b)

Poly(propyleneimine) (PPI) dendrimers [354]
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The most common class of dendrimer are Poly(amidoamine) (PAMAM) [344, 354] and

Poly(propylene imine) (PPI) but PAMAM is more widely studied. Since molecular size and

generation of dendrimers are increased stepwise through the repetition of a reaction sequence,

one can control their size and structure and the distribution of their molecular weight is generally

very narrow [358]. The physical properties of the molecules, such as solubility and viscosity are

also affected by the terminal groups [358]. Some of these dendrimers have diameters that are

greater than ten nanometers and there molecular weights range from about 50,000 to 200,000

g/mol [354]. These voids consist of channels and cavities [359]. These unique geometries give

the molecule special properties such as adhesiveness and ability to entrap foreign molecules.

Dendrimers consisting Poly(propylene imine) dendrimers are occasionally called

"DABdendrimers"where DAB refers to the core structure which is usually based on

DiAminoButane. Boaz et al 2006 described Poly(PropyleneAMine) dendrimers as POPAM

meaning POly (Propylene AMine). Womer, Mulhaupt, de Brabander-vanden Berg in 1993

pioneered the synthesis of the first PPI [347]. Their approach was an improvement of

Vogtle'scascade procedure. The table below presents the average diameter and number of amino

end group in G 1 to G4 poly (propylene imine)

91

https://etd.uwc.ac.za/



Table 2.4 Average diameter and number of amino end group in Gl to G4 poly(propylene imine)

Properties Gl G2 G3 G4

Molecular

weight

317 773 1687 3514

Number of NH2 4

end group

8 16 32

Diameter (nm) 1.22 1. 1.79 2.36

Structure
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As stated earlier the modification of dendrimer is based on the application to which the

macromolecule is to be used for [360]. However for the purpose of catalysis metallodendrimer

were synthesized which involves the incorporation of metal into the structure. The metal

incorporation can be at the dendrimer core, or at the terminal or in between the branches [361]

Denti and Newkome and their co workers in 1991 pioneered the incorporation of metal ions into

dendritic architecture [362]. The reason for the metallodendrimer preparation may be attributed

to nature because most enzymes like cytochrome P450 as well as some protein (metalloprotein)

like hemoglobin owe their activities to metal centre [40]. Dendrimer has been applied to other

applications such as drug delivery. Due to their unique physical and chemical properties, because

of their globular shape and the presence of internal cavities they can encapsulate guest molecules

in the macromolecule interior which is the most important properties of this macromolecule.

Small molecules such as rose bengal or p-nitrobenzoic acid has been reported to be trapped

inside the dendritic box of poly (propylene imine) dendrimer with 64 branches on the periphery

[363-365]. Archut and co-workers developed a method in which boxes could be opened

photochemically fourth generation polypropylene imine dendrimer with 32 end groups was

terminated in azobenzene groups and the azobenzene groups undergo a fully reversible

photo isomerization reaction [366]. Dendrimers have other broad ranges of potential applications

since the surface, interior and core can be tailored to suit the purpose. Many potential

applications of dendrimers are based on their unparalleled molecular uniformity, multifunctional

surface and presence of internal cavities. These specific properties make dendrimers suitable for

a variety of high technology uses such as adhesives and coatings, chemical sensors, medical

diagnostics, drug-delivery systems, high-performance polymers, catalysts, building blocks of

supermolecules, separation agents etc [360]. Weiner et al., in 1996 used dendrimer as image
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contrast media which is attributed to their unique properties [367]. Dendrimer containing

gadolinium ion chelated on the surface have been prepared by numerous groups [368]. In

addition dendrimer have also been applied in drug delivery as well as in vitro diagnostics [360].

Dendrimers can be classified into different classes which includes (i) simple dendrimers (ii)

chiral dendrimers (iii) micellar dendrimers (iv) metallodendrimers (v) amplhiphilic dendrimers

(vi) liquid crystalline dendrimers and (vii) hybrid dendrimers.

The scope of this review is limited to hybrid dendrimer which involves the combination of

dendritic and linear polymer (dendrimer and conducting polymers) to produce a hybrid, graft or

star copolymer.

2.9 Conducting copolymers (Hybrid conducting dendrimers)

These are combinations of dendritic and linear polymer in hybrid block or graft copolymer

forms. The small dendrimer segment fixed to multiple reactive chain ends provides an

opportunity to use them as surface active agents, compatibilizers or adhesives. Dendrimer

chemistry is a swiftly growing field for both basic and applicative reasons. In recent times, the

synthesis of dendrimers with conjugated oligomers introduced either at the periphery of the

molecule or as a central rigid core, has been reported by several groups [369-371] An exciting

additional development in this area involves the attachment of electropolymerizable groups at the

periphery of a dendrimers taking advantage of the electropolymerization process to prepare

electrodes modified by electroactive poly(dendrimer) [370]. One of the progress in dendrimer

based sensor system is the use of hybrid dendrimer containing encapsulated metal or the

preparation of dendritic star copolymer which I believe makes them useful for application in

catalysis and electrocatalysis [372-374]. The formation of dendritic star copolymer with
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conducting polymers such as polyaniline, poly thiophene and polypyrrole should increase the

conductivity and lead to a nanostructurization of the product due to elongation of the conjugation

chain and unhindered 1t stacking of the polymer molecule by the Dendrimer [372,374,375-376].

The combination of the dendritic polymer and conducting polymer structure opens up an

approach to making up a new material that has favorable properties of both ( i.e. improved

processibility and electrical conductivity) known as dendrimer star copolymer [374, 377-379].

When compared to linear chain polymer, spherical polymers can provide a material with reduced

viscosity and melting point, higher solubility and enhanced substrate penetration as coating. The

synthesis of conducting star, graft and block copolymer were one of the way of improving

deficiency in the properties of conducting polymers [369, 374]. Dendrimer star copolymers are

novel type of molecular architectures in which many linear homo or block copolymer chains are

attached to a dendrimer core [374,377]. The preparation of dendrimer-star copolymer involves 2

general processes. The first process involves linking a monofunctional linear polymer onto the

dendrimer surface [379], while the other process involves the growth of arm polymer chain from

the surface of dendrimer by 'controlled/living' polymerizations such as anionic polymerization

[380] ring-opening polymerization (ROP) [381] and atom transfer radical polymerization

(ATRP) [382] Synthesis of hybrid dendrimer-star copolymer through the reversible addition-

fragmentation transfer (RAFT) polymerization process have been reported by Zheng and his

coworker [378] Wang and his co workers reported a conducting star- shaped copolymer

consisting of a regioregular poly(3-hexylthiopene) arm attached to a polyphenylene dendrimer

core [383]., Miller and Tomalia reported the conductivity of the polyamidoamine (PAMAM)

dendrimers modified with cationically substituted naphthalene diimides [377]. Dendrimer

supported oligthiophene synthesis as well as aliphatic ether dendrimer in the preparation of
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oligthiophene via substitution has been reported [369]. The prepared copolymer was found to be

highly conducting. Roeali et al 2000 reported an electrogenerated poly (dendrimers) containing

conjugated poly(thiophene) chain. In his approach an electroactive conjugated polymer was

synthesized by electropolymerization of increasing generations of dendrimer derivatives by a

bithiophene group [384]. Deng et al., described the synthesis of thiophene dendron jacket

Poly(aminoamine) dendrimers with nanoparticle incorporation at the dendrimer arms [372]. In

his work the periphery of the fourth generation dendrimer was functionalized with thiophene and

gold nanoparticle was encapsulated within the core. Martinez et al reported a novel

diaminobutane-based poly(propyleneimine) ferrocenyl dendrimer functionalized with

electrochemically polymerizable pyrrole substituents.[385]. Recently Iwuoha and his coworker

2011 reported the synthesis and characterization of a star copolymer based on poly (propylene

imine) (PPI) dendrimer core (generations 1-4) and polypyrrole. In their work the synthesis was

done via the condensation reaction between the PPI surface primary amine and 2-pyrrole

aldehyde to give the pyrrole-functionalized PPI dendrimer (PPI-2Py).The pyrrole units on the

dendrimer backbone were polymerized chemically using ammonium persulfate as an oxidizing

agent and electrochemically on a coated platinum electrode with PPI-2Py using cyclic

voltammetry. The resulting star copolymer, called poly(propylene imine)-co-polypyrrole (PPI-

co-PPy) was characterized electrochemically and was found to exhibit higher conductivity than

the pristine pyrrole.[375]. In another development Olowu et al., in 2011 also synthesized a star

copolymer which involved the electrocopolymerization of (3,4 ethylenedioxy thiophene)-EDOT

with G2PPT modified gold electrode in O.lM lithium perchlorate solution containing O.lM

EDOT using cyclic voltammetry to produce a generation 1 poly(propylene thiophenoimine )-co-

poly(3,4 ethylene dioxythiophene) dendritic star copolymer (G1PPT-co-PEDOT) [374] An
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electrochemical investigation usmg electrochemical impedance spectroscopy confirmed the

higher conductivity behavior of the star copolymer more than the linear conducting polymer

PEDOT [374].
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CHAPTER3

This chapter gives an outline on the different analytical techniques employed,

98

detailed research methodology and general experimental procedures for the chemical

and electrochemical synthesis, characterization and application of the modified

electrodes.

3.0 MATERIALS AND METHODS

3.1 Introduction

This chapter is categorized into the following:

~ Reagent and materials: All the materials that have been used for the research work will be

presented

~ Research design: In order to solve the thesis problem a general overview of all the

sequential steps carried out is presented in the design.

~ Methodology: A more comprehensive presentation of the instrumental and experimental

techniques employed for synthesis and characterization.

Experimental procedures are written based on the result chapters. Nevertheless procedures

common to the thesis as a whole is written under general experimental.
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3.2 Reagents and Materials

The reagents 3-(dimethy laminopropy 1)-N-3-ethy lcarbodiimide hydrochloride(ED AC),

hydroxysuccinimide (NHS), 3,3-dithiodipropionic acid (DPA), chloroform (CHCh),

hydrochloric acid (2: 32 % HCI), sulfuric acidï> 98 % H2S04), disodium hydrogen phosphate

(Na2HP04 (2: 98 %), potassium dihydrogen phosphate (2: 99 % NaH2P04) potassium chloride

(99.5%) (KCI), hydrogen peroxide (30 % H202) 3,4-ethylenedioxy thiophene (EDOT),

poly (propylene) imine generation 1,2,3 &4 dendrimers, 2-thiophene carboxaldehyde , lithium

perchlorate (2: 99.98 % LiCI04),17p-estradiol (2: 98 %), estrone (2: 99%),17a-ethnylestradiol (2:

98 %), ethanol (C2HsOH 2: 99.5 %), methanol (HPLC grade),streptavidin (2: 91.45 % protein),

potassium chloride (2: 99.8% KCI), potassium hexacyanoferrate (lll) (K3Fe(CN)6 3H20 ) ( 2:99

%), trihydrate potassium hexacyanoferrate (11)trihydrate( ~Fe(CN)6) (99.5%), sodium chloride

(2:99.5 %),tris HCI (pH 8)sodium dodecylsulphate (2:98.5 %), Naphthalene (2:99%) Hydrogen

tetrachloroaurate (III) trihydrate (HAuCk3H20), trisodium citrate (Na3C6Hs07) were all

procured from Sigma Aldrich, South Africa. All chemicals were of analytical reagent grade and

were used without further purification. Biotinylated DNA aptamer sequence was synthesized by

Inqaba technology (pty) ltd South Africa while other material such as working electrode (gold),

reference electrode (AgIAgCI 3M). and Pt auxiliary electrode was obtained from BASi The

hydrogen peroxide (30%) stock solution was refrigerated at 4° C. Deionized water (18.2 MO)

purified by a milli-QTM system (Millipore) was used throughout the experiment for aqueous

solution preparation aqueous solution preparation. Analytical grade argon (Afrox, South Africa)

was used for purging the system. Alumina polishing pads and powder (0.05, 0.3 and 1.0 urn)

were obtained from Buehler, Illinois, USA. The screen-printed carbon electrodes obtained from

National Centre for Sensor Research, Dublin City University, Ireland.
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Phosphate buffer solution of 0.1 M was prepared by dissolving 3.549 g of disodium hydrogen

phosphate and 2.999 g of sodium dihydrogen phosphate separately in 250 mL deionized water,

then mixing the salt solutions according to Henderson Hasselbalch equation to obtain the

required pH values. The phosphate buffer solution was refrigerated at 4° C. Phosphate buffer

saline (PBS) of pH 7.5 containing 10 mM Na2HP04, KH2P04 and 0.1 M KCI was prepared,S

mM (1:1) solution ofK3Fe(CN)6 and ~Fe(CN)6 was prepared in 100 mL of PBS at pH 7.5. 100

JlM biotinylated DNA aptamer stock was prepared in tris EDTA (TE) buffer (pH 8.0) and stored

at -20 DC. Working DNA aptamer solution were prepared by diluting to the desired

concentration in phosphate buffer and stored at 4 DC and discarded after four weeks. 10 mL

solution of 0.1 M lithium perchlorate containing 0.1 M EDOT monomer and 0.1 M of sodium

dodecyl sulphate were prepared for the electropolymerization. A stock solution of 50 mL of

binding buffer (pH 8.0) containing 100 mM tris HCI, 200 mM NaCI, 25 mMKCI ,10 mMMgCh

and 5% ethanol were prepared. Stock solution of 1 mM N-[3-(dimethylaminopropyl)-N-3-

ethylcarbodiimide hydrochloride (EDAC), 1 mM N-hydroxysuccinimide (NHS), 1 mM 3,3-

dithiodipropionic acid (DPA), as well as stock solution of 50 ug/ml, septravidin in PBS (pH 7.5)

were prepared. 100 JlM stock solution of l7~-estradiol (target) solution was prepared from which

working target solution was prepared and diluted to desired concentrations with binding buffer.

All stock solutions prepared were stored at 4 DCbefore and after use
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3.3 Research design.

A sequential step was followed in this work and the broad research design can be summarized in

the flow chart below. Furthermore after each preparative step an electrochemical measurement

was carried out.

Figure 3.1 A flow chart of the research design
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The chronological step in figure 3.1 entails the following:

1. Preparation of electrode and solution.

2. Working electrode (Gold electrode) standardization. The bare electrode (Au) is

electrochemical measured to establish it cleanliness as well as model its behavior in the presence

of electrolytes.

3. Electrochemical measurements: Voltarnmetric methods such as cyclic voltammetry (CV),

square wave voltammetry (SWV) and electrochemical impedance spectroscopy (EIS) were used

at different stages to obtain relevant data towards the characterization of the platform and

development of the biosensor.

4. Modification of electrode. This involves the preparation of the nanocomposite platform and

dendritic star copolymer platform. The two approaches used for modification of the electrode

were drop coating and electrochemical polymerization.

5.Morphology and spectroscopy measurements: Surface measurement was carried out using

scanning electron microscopy (SEM), atomic force spectroscopy (AFM) and transmission

emission microscopy (TEM) while other spectroscopic measurement such as Fourier transform

infra red spectroscopy (FTIR), fluorescence ,nuclear magnetic resonance (NMR) and ultraviolet

(uv-vis) were also employed.

6. Immobilization: The 76mer DNA aptamers probe was drop coated onto the modified

electrode to obtain an aptasensor.

7. Aptamer- target interaction. This involves bringing the aptasensor (immobilized probe

aptamer DNA) in contact with target (17p-estradiol) for the biorecognition.
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8. Biosensor evaluation: Measurement of response aptasensor to the target, stability, linearity,

sensitivity and detection limit.

3.4 Methodology

3.4.1 Preparation of electrode and solutions

For the purpose of this research gold (Au) electrode was utilized throughout this work. The

electrode was mechanically and electrochemically cleaned before using it for analysis. The

mechanical cleaning involves polishing of the working electrode with alumina powder of 1,0.3,

and 0.05 micron respectively followed by sonication in ethanol and water. In addition,

electrochemical cleaning was carried out in electrochemical cell containing 1M sulfuric acid

followed by cycling 10 times between -200 mV and 1500 mV using cyclic voltarnmetry.

Solutions were prepared using general analytical procedures and formula such as equations 3.1

and 3.2 for preparation and dilution of solutions respectively were used.

For the preparation of the solution analytical procedure that is generally employed was used as

well as formula such as equations 3.1 and 3.2 for preparation and dilution of solutions

respectively.

~
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eqn 3.2

eqn 3.1
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3.4.2 Standardization of the working electrode.

After each experiment change in the electrode surface is usually expected as a result of

contamination from adsorbed species. For that reason for a reproducible result to be achieved

electrode cleaning is usually repeated after each experiment until the electrode surface can be

confirmed to be clean from the voltammetric data obtained in the electrolytes. Quick etching in

piranha solution (H2S04: H202, 3: 1) were used in some cases to ensure that the electrode surface

was regenerated.

3.4.3 Characterization methods

The characterization method employed in this thesis will be classified into two which are:

(i) Electrochemical techniques.

(ii) Other characterization techniques

3.4.3.1 Electrochemical techniques.

3.4.3.1.1 Voltammetry

Generally pulse voltammetry and polarography denotes the understanding of controlled potential

method as well as potential steps methods. Ever since the pioneering work of Heyrovsky,

voltammetry have undergone rapid improvement. The term "voltarnmetry" was first introduced

in 1940 to illustrate experiments in which the current as a function of potential at a solid working

electrode is measured. Voltammetric techniques are described by the application of a potential E
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to an electrode and the monitoring of the resulting current i flowing through the electrochemical

cell. The applied potential is varied or the current is monitored over a period of time (t) in most

cases [386]. Hence one can define voltammetry as the study of the three-dimensional space that

relates the trio of potential (E), current (i), and time (t)). Thus all voltamrnetric techniques can be

described as some function of E, i, and t. They are considered as active techniques as opposed to

passive techniques such as potentiometry because the applied potential forces a change in the

concentration of an electro active species at the electrode surface by electrochemically reducing

or oxidizing it [387]. The history of voltamrnetry starts off with de polarography which is the

simplest form of voltamrnetry at the dropping mercury electrode. The pioneering work of Czech

chemist Jaroslav Heyrovsky through the experiment performed as far back as 1922 using

polarography at a dropping mercury electrode (DME) was crowned with a Nobel award that he

received in 1959. Heyrovsky could obtain information about the nature of the species in solution

that were reduced at the mercury drop by measuring current while the potential of the electrode

was changed. Heyrovsky et aI, in 1925 developed an automatic instrument to photographically

record i-E curves and called it a polarograph. This term now means voltammetry at the DME.

The polarograph was one of the first automated recording analytical instruments and ushered in

the field of instrumental analysis [387-388]. Nicholson et al in 1964 launched the modern era of

theoretical characterization of cyclic voltamrnetric responses [389]. Cyclic voltammetry (CV) as

the electrochemical technique was mostly used by electrochemists as well as physical, organic,

and inorganic chemists. In the development of CV, simulator was generated in order to get a

simple and manageable way to analyze complex electrochemical responses. The system consists

of outside equilibrium which results in the passage of electric current between two electrodes

resulting in a chemical reaction known as galvanic or electrochemical cell.
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From inception, an electrochemical cell usually consisted of a two electrode system consisting of

a working electrode and reference electrode. The working electrode (WE) aids the transfer of

electron to and fro the electrolyte while the reference electrode (RE) is employed as a standard to

indicate the potential of the working electrode. It is extremely difficult for an electrode to

maintain a constant potential while passing current to counter redox events at the working

electrode when two electrodes system is used. This problem was solved when a third electrode

known as auxiliary or counter electrode (AE) was introduced to pass or sink all the current

needed to balance the current observed at the WE. Therefore in a three electrode system, the RE

only acts as a reference in measuring and controlling the working electrodes potential and at no

point does any current pass through it. A three electrode electrochemical cell configuration was

used in this research and is depicted in Figure. 3.2

Auxiliary
(Pt wire)

Reference
(Ag Agel)

Glass
cell

Porous frit

Figure 3.2 A Three electrode system electrochemical cell. WE = working electrode, RE =

reference electrode and AE = auxiliary electrode [392,394].
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eqn.3.4

This field of study has experience remarkable changes to date. The basic components of a

modern electroanalytical system for voltammetry are a potentiostat, computer and the

electrochemical cell. Among the leading manufacturer of electrochemical workstations we have

Bioanalytical Systems, CH Instruments, Eco Chemie, and Zahner electrik, Radiometer,

Brinkman Instruments (Metrohm). The potential between the working and reference electrodes is

controlled by a potentiostat. Potentiostat maintains a desired potential that passes the required

current between the working and counter electrodes. The applied potential controls the

concentrations of the redox species at the electrode surface C~ .and.C I~ as well as the rate of the

reaction kO which is described by the Nernst or Butler-Volmer equations [387] For simple

reversible electron transfer electrochemical reaction can be described by equation 3.3 with only

o initially present in solution:

eqn.3.3

The application of a potential E forces the respective concentrations of 0 and R at the surface of

the electrode i.e. C~.and.C~ to a ratio in compliance with the Nemst equation 3.4 if the reaction

is reversible:

where R is the molar gas constant (8.314 J morIK-I), T is the absolute temperature (K), n is the
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number of electrons transferred, F = Faraday constant (96,485 Cmol"), and EO is the standard

reduction potential for the redox couple. A shift in the potential applied towards the negative will

cause reduction while a positive shift will cause oxidation. This electrode process can either be

kinetic or diffusion controlled. In cases where diffusion plays the controlling part, the current

resulting from the redox process( called the faradaic current) is related to mass transport (the

others are migration and convection) and is usually governed by Flick's law, where the flux of

matter <D is directly proportional to the concentration gradient and is describe by eqn 3.5:

eqn.3.5

where Dothe diffusion coefficient of 0 and x is the distance from the electrode surface.

A brief overview of the prevailing techniques used in this work will only be presented.

3.4.3.1.2. Cyclic voltammetry

Cyclic voltammetry (also called linear scan voltammetry) is an electrochemical technique that is

classified under sweep techniques. In cyclic voltammetry the word voltammetry root "voltam-"

refers to both potential ("volt-") and current ("am-"). Cyclic voltammetry (CV) is fairly simple

and the most extensively used technique [390]. In cyclic voltammetry the potential is ramped

from an initial potential (Ei) and at the end of its linear sweep, the direction of the potential scan

is reversed, usually stopping at the initial potential. The potential may begin with further

additional cycles. The potential at which the change in direction occurs is also known as the

switching potential (E;.). The scan rate between E). and Ei is the same as that between E). and Ei
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and the values of the scan rate Vforward and Vreverse are always written with positive numbers [391].

Oxidation occurs during the forward part of the CV, if it is scanned from a negative to a positive

potential. The reverse part of the CV will then correspond to reduction taking place, with the

potential running from a positive to a negative potential. But, if the potential is scanned from a

positive or higher to a negative or lower value, then reduction would take place during the

forward part of the CV scan and oxidation during the reverse CV scan. If the electron transfer is

fast at the electrode surface and the current is limited by the diffusion of species to the electrode

surface, then the peak current is proportional to the square root of the scan rate (v 1/2). The main

parameters in a cyclic voltammogram are the anodic and cathodic peak potentials denoted as Epa

and Epe respectively as well anodic and cathodic peak currents denoted as lpa and lpe respectively.

A typical cyclic voltammogram plots is shown figure 3.3 below

20.0

7.5

-5.0
VA

-17.5

ol'
-30.0 Ep.~------~----~~------~------~

400.0

£/lIIr
800.0 600.0 0.0200.0

Figure 3.3 A typical cyclic voltammogram plots [391-392]

If a fast electron transfer process is achieved compared with other processes (such as diffusion),

the reaction is said to be electrochemically reversible, and the peak separation is
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eqn 3.6.

110

The number of electrons involve in the electrochemical process can be estimated from equation

3.6. Therefore, for a reversible redox reaction at 25 oe (298 K) with n electrons L1Ep should be

0.0592/n V or about 60 mV for one electron. In practice this value is not easy to achieve because

of such factors as cell resistance. Irreversibility as a result of slow electron transfer rate results in

L1Ep> 0.0592/n V, greater, say, than 70 mV for a one-electron reaction [392]. The diagnostic

tests for electro-reversibility are listed in Table 3.1.

Table 3.1 Analytical tests for the electrochemical reversibility of a redox couple, carried out by

cyclic voltammetry [391-392]

--------------------------------------------------------------------------------------------------------

1. I fpa / i; I= 1

2. The peak potentials, Epa and Epe, are independent of the scan rate v

E +E3. The formal potential (g) is positioned midway between Epa and Epe, so EO = pa pc
2

4 I . . I 1/2. P IS proportiona to V

5. The separation between Epa and Epe, is 0.0592/n V for an n-electron couple (i.e. L1Ep = IEpa _

Epe I = 0.0592/n V)

--------------------------------------------------------------------------------------------------------
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eqn 3.7

For reversible reaction, the concentration is related to peak current by the Randles Sevcik

equation (at 25°C) [391-392].

lp = 2.69 X 105 n 312 A DI12 V 112 Co

where lp is the peak current in amperes, v is the rate at which the potential is swept in VS-I, A is

the electrode area (ern"), n is the number of electrons transferred, D is the diffusion coefficient

(cm' S-I), pa is peak anodic, pe is the peak cathodic and Co is the concentration in mol ern",

Numerous voltammograms performed at different scan rates can lead to preparation of several

linear plots whose slopes could give more information about the redox properties of the sample

in question. For example, when the peak current is plotted against the square root of the scan

rate, the slope of the linear plot can be used to estimate the diffusion coefficient according to the

Randles Sevcik, equation (3.6) shown above. When a plot oflog of peak current versus the log of

scan rate gives a linear plot and the slope distinguishes between diffusion controlled peaks,

adsorption peaks or even a mixture of the two some deduction can be made from the plot. Thus,

a plot of the log lp versus log v is linear, with a slope of 0.5 for diffusion peak and a slope of 1 for

an adsorption peak. Intermediate values of the slope are sometimes observed, suggesting a

"mixed" diffusion-adsorption peak [392]. In some cases, the sample to be characterized may be

deposited on the surface of the electrode (chemically modified electrodes). In such cases, one can

estimate the surface concentration of the adsorbed material by the use of the Brown-Anson

equation model;
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eqn 3.7

where Jp, n2 F 20 T A vand T are explained before while r is the surface concentration of the

adsorbed species of the electrode modifier. Even though cyclic voltammetry is very widely used

for the initial redox characterization of a molecule (i.e., the redox potentials, and the stability of

the different oxidations state) and for qualitative investigation of chemical reactions that go with

electron transfer, this technique exhibits certain disadvantages which are:

i) The effects of slow heterogeneous electron transfer and chemical reactions cannot be separated

if both of these effects are present, then the rate constants for these processes can only be

calculated using simulations methods.

ii) Background charging current occurs throughout the experiment of magnitude vCd! (where Cd!

is the capacitance of the interface at the working electrode). This confined the detection limit to

112

about 10-5 M. Besides, the ratio of the peak faradaic current to the charging current decreases

with increasing v (Jp is proportional to v \1,). In spite of these limitations, cyclic voltarnmetry is

very well suited for a wide range of applications and is one of the standard techniques used in

characterization.
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3.4.3.1.3 Square wave voltammetry (SWV)

Square wave voltammetry is one of the major techniques used in this thesis. This technique

involves the application of square wave modulation to a constant or nearly constant de potential,

and the current generated is sampled at the end of successive half cycles of the square wave. This

type of pulse voltammetry offers the advantage of speed and high sensitivity. An entire

voltammogram is obtained in a few seconds or less. In addition, square wave voltarnmetry

(SWV) has proved to be a suitable method to investigate redox reactions with overlapping

waves. The excitation signal in SWV consists of a symmetrical square wave pulse of some

amplitude superimposed on staircase wave form of step height ~E. Three currents are generated

namely forward current from the forward pulse (if), coincides with the staircase step, the reverse

current from the reverse pulse (i.) and that for the net current (inet)which are then plotted against

the potential on the corresponding staircase tread. The net current (inet) is achieved by the

difference between the forward and the reverse current (if- i.) which is usually larger than that of

the forward and reverse currents and is centered on the redox potential. A direct detection limit

as low as 10-8 M is possible [391, 393]. This difference effectively cancels the capacitive

currents and thus higher scan rates are possible without background current interferences making

SWV a useful tool in kinetic study. The net current serves better analytical usage than the

forward and reverse currents because it increases the discrimination against the charging current,

since any residual charging current is subtracted out. The peak height is directly proportional to

the concentration of the electro active species. SWV has many advantages over cyclic

voltammetry such as much faster scan times(high scanning speed), excellent sensitivity, the

rejection of background current, high signal to noise ratio and applicability to a wider range of

electrode materials and systems [394]. Square wave voltammetry can play very important role in
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the characterization of electroactive species with poor, overlapping or ill-formed redox signals in

cyclic voltammetry by producing individual sharp peaks. SWV is characterized by four

parameters: square wave period r, pulse width tp= 't /2, step height ~Es and pulse height ~Esw.

The pulse width is related to the square wave frequency, f= 1/ (2tp) and as the staircase step at

the beginning of each cycle is ~Es meaning that the effective scan rate is u = ~Esl2tp = f ~Es.

Peak Current is given by,

eqn.3.8a

During experiment, n~Ep is usually kept constant while the frequency is varied. Therefore the

equation above can be derived for frequency instead of pulse width, tp, as seen below:

eqn.3.8b

are M respectively [390-391].

eqn.3.8c

An approximate value can be obtained for ~'I'p from the dimensionless table, of ~'I'p vs n~Ep

[390]. Thus ip vs l/2 is proportional and linear. The lower detection limit of CV, DPV and SWV
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3.4.3.1.4 Electrochemical Impedance Spectroscopy
"

An electrochemical reaction taking place at an electrified electrolytelelectrode interface cannot

be fully explained except a complete impedance measurement is made on the interface. The term

impedance was first proposed by a scientist known as Oliver Heaviside [395]. Electrochemical

impedance involves the application a small perturbing potential across a cell or sample which

changes in a cyclic sinusoidal manner that generates a current resulting from the over potential

(T]) caused by the small displacement of the potential from the equilibrium value. Over a time

range, the average over potential is zero. Because the potential is only perturbing, it has the

advantage of minimizing the concentration change after the experiment. The induced current

alternates because the voltage changes in a cyclic manner, and hence the term alternating current

(AC). The applied sinusoidal ac usually covers a wide range of frequency. The term impedance

is therefore a measure of the ability of a circuit to resist the flow of an alternating current

(AC)[390, 396]. It is synonymous to resistance (R) used in direct current (DC), which is defined

by Ohm's law (equation 3.9) as the ratio between voltage (V) and current (I)[390-391].

eqn 3.9

\

The measurement of impedance is only valid when the system is linear thus the need for the

small amplitude of the excitation signals in EIS. The measurement should be carried out without

significantly disturbing the properties being measured. Due to the wide range of frequencies

used, the complex sequence of coupled processes such as, electron transfer, mass transport,

chemical reaction, etc. can often be separated and investigated with a single measurement. EIS is
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an excellent, non-destructive, accurate and rapid in situ technique for exarmrung processes

occurring at the electrode surface over a range of frequency. For the period of a controlled-

potential EIS experiment, the electrochemical cell is held at equilibrium at a fixed DC potential,

and a small amplitude (5-10 mV) AC wave form is superimposed on the DC potential to

generate a response from the equilibrium position. The response to the applied perturbation,

which is generally sinusoidal, can vary in phase and amplitude from the applied signal [396-

397].

Figure 3.5 Impedance: AC plot of voltage versus current showing the shift in phase

This response is measured in terms of the AC impedance or the complex impedance, Z* (overall

or complete impedance), of the system, which permits analysis of electrode process in relation to

diffusion, kinetics, double layer, coupled homogeneous reactions, etc.

The response of the system on application of a sinusoidal signal is explained by

E

phoge- shift
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E = Eo sin(wt) eqn.3.9b

eqn.3.9d

eqn.3.9c

i(t) = ~olsin (mt + lp )

where Eo is the signal amplitude, (J) = angular frequency = 27if, f is the frequency and lp is the

phase angle between the current and the potential. From equation 3.9d, the current and the

applied potential have the same frequency but it is phase shifted by and angle lp. The complex

impedance (Z*) is made up of a resistive or real part Z', attributable to resistors (in phase with

the applied voltage), and a reactive or imaginary part ZIt, attributable to the contributions of

capacitors. This is related to the resistance (R), reactance (X) and capacitance (C) by the

equation [390].

eqn.3.10a

Using complex notation,

eqn.3.10b
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The total impedance in an EIS measurement is the sum of the real impedance and imaginary

impedance, while the modulus of the impedance IZI is described as:

Izi = ~(Z')2 + (Z")2 =~ R2 + (1/ me) eqn.3.l0c

eqn.3.l0d

The resistance R portion of the impedance is defined as the impedance to the flow of charge and

it is frequency independent Z·(R) = Z' = R and e = o. Z' is the real impedance which is plotted

on the x axis in the Nyquist plot. The concept of double layer charge on the electrode surface

introduces another term called capacitance. The impedance of a pure capacitor is described as:

eqn.3.l0e

Z" is the imaginary impedance which IS a measure of the capacitance and it IS frequency

dependent. (jJ = -1'(/2.
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whereas the phase angle lp is described as:
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eqn.3.10f

Admittance is the inverse of impedance and it is described as:

eqn.3.10g

And

eqn.3.10h

The experimental data collected from an impedance experiment is often presented as in two

principal ways which are: (i) Nyquist Plot and (ii) Bode phase angle.

3.4.3.1.4.1 Nyquist Plot

Nyquist plot is a plot of Z' (usually positive x-axis corresponds to the real impedance), versus Z"

(usually, the positive y-axis correspond to _ZIt), over a wide frequency range (normally 100 kHz

to 0.1 Hz). The Nyquist plot of impedance spectra includes a semicircle portion and a linear

portion, with the former at higher frequencies corresponding to the electron transfer process and

the latter at lower frequencies corresponding to the diffusion process. The electron transfer

resistance (Ret) at the electrode surface is equal to the semicircle diameter, which can be used to

describe the interface properties of the electrode [396,398].

A typical Nyquist plot is shown in figure 3.6
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Figure 3.6 A typical Nyquist plot

3.4.3.1.4.2 Bode Plot

The second way of presenting impedance data is known as Bode plot which involves plotting

the logarithm of the absolute value of Z' and the phase (<p) against the logarithm of the frequency

(f) [396, 398]. However, it can be plotted together or separately. Nyquist plots are more usually

displayed for historical reasons, particularly at high frequencies the data are often poorly

resolved and the explicit frequency dependence is not displayed in the plot. In contrast, the Bode

plot directly displays the frequency dependence; in addition, the data is well resolved at all

frequencies, since a logarithmic frequency scale is used. When the frequency of the AC

waveform is varied over a wide range of frequency (ca about 10-4 and> 106 Hz), the impedance

obtained for the system is a function of the operating frequency. Spectra of the resulting

impedance at different frequencies do reveal the different electrochemical kinetics involved in

the system. Whereas dipolar properties are manifest at the high frequency regions, bulk and

surface properties will be evident at intermediate and low frequencies respectively [396, 398]
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200 30

The total impedance of a system is estimated by the impedances of the various components of

the electrochemical cell; for example, electron transfer kinetics, diffusion and passivating layers.

The relative contribution of the a variety of components typically varies with frequency; for

example, electron transfer kinetics may dominate at high frequencies , whereas diffusion may

dominate at lower frequencies [396, 398].
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Figure 3.7 a A typical bode plot showing variation of impedance and phase angle with changes

in frequency.

122

https://etd.uwc.ac.za/



Figure 3.7 b. Nyquist plot showing some kinetic parameters

Figure 3.7 c Bode plot showing some kinetic parameters
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In addition to studying the kinetics of electrochemical reaction EIS has been employed as a

useful tool in achieving this purpose. The rate of reaction is determined by the slower of the two.

The mass transfer in EIS is limited to diffusion (concentration gradient) by the steady state

condition. Figure 3.7c shows the Nyquist plot indicating the kinetically controlled (higher

frequency) and the mass controlled (low frequency) parts of the plot

From COmax (frequency at maximurn imaginary impedance of the semicircle) useful kinetic

parameters such as double layer capacitance (CdI), (obtained using equation3.lla), time constant

(cycle life) r, (estimated using equation 3.11 b), exchange current io , (estimated using equation

3.11c) and heterogeneous rate constant KeI (estimated using equation 3.11 d) can be evaluated:

e

eqn. 3.11a:

eqn.3.11b

eqn.3.11c

eqn.3.11d

Also from bode plot shown in figure 3.7c where R, = solution resistance, Ret is the charge
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eqn 3.11e

transfer resistance, Cdl is the double layer capacitance. From the Nyquist plot above, the kinetics

and the mass transport parts of the electrochemical reaction can be seen separately. The Bode

plot gives direct information on the frequency and phase angle. The frequency at maximum

phase is a useful parameter in determining the double layer capacitance as shown below:

3.4.3.1.43 Faradaic vs. Non-Faradaic

In electrochemical terminology, a faradaic process is one where charge is transferred across an

interface, wheras, and transient current flows without a charge transfer in non faradaic process.

In faradaic EIS a redox species is oxidized or reduced alternatively by the transfer of an electron

to and from the electrode. As a result faradaic EIS requires the addition of a redox active species

and DC bias condition such that it is not depleted. In contrast, no additional reagent is required

for non-faradaic impedance spectroscopy, rendering non-faradaic schemes somewhat more

amenable to point of care applications. The term capacitive biosensor usually designates a sensor

based on a non-Faradaic scheme, usually measured at a single frequency.

3.4.3.1.4.4. Data fitting

The measured impedance data can be used to extract equivalent values of resistances and

capacitances if a circuit model is assumed as priority, though there is not a unique model or even
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necessarily a one to one correspondence between circuit elements and the underlying physical

processes [395]. The common circuit employed for impedance data is Randles equivalent circuit,

which is made up of different elements such as resistors, capacitors and inductors joined in series

and/or in parallel. Figure 3.8 shows typical Randles circuit. It is not always essential to fit data to

a model, and even the best models of the electrode solution interface do not always perfectly fit

experimental data without relevant fitting parameters. Occasionally the raw impedance is fit to a

model and changes in model elements are reported as the sensor output. On the other hand the

impedance at a particular frequency is used. Depending on the values of the respective model

circuit parameters, data at a particular frequency can contain information about various circuit

elements or be influenced by a single element. Complex nonlinear least (CNLS) fitting [396,

399] is needed to incorporate both magnitude and phase and is available in several software

packages such as LEVM, Z-view or Z-Plot and ZSimpWin. Kramers-Kronig transform can act as

an independent check against invalid experimental data

Figure 3.8 Randles equivalent circuit for simple electrochemical cell

3.4.3.2. Other characterization methods

Apart from the electrochemical characterization of the novel materials there surface morphology

were also investigated using (i) Scanning emission spectroscopy (SEM) (ii)Atomic force

microscopy (AFM) and transmission electron microscopy (TEM) while the spectroscopic
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properties of the material were investigated with various spectroscopic equipments ..

3.4.3.2.1 Morphological and structural analysis techniques

3.4.3.2.1.1 Scanning Electron microscopy (SEM)

Scanning electron microscopy (SEM) is a versatile imaging technique that is able to produce

three-dimensional images of material surfaces. One of the most frequently used instruments in

material research today is SEM due to the combination of high magnification, large depth of

focus, greater resolution and ease of sample observation. SEM basic operation entails the

interaction of an accelerated highly monoenergetic electron beam, originating from the cathode

filament, with atoms at the sample surface. The electron beam is focused into a fme probe which

is rastered over the sample. The scattered electrons are collected by a detector, modulated and

amplified to produce an exact reconstruction of the sample surface and particle profile [400-402]

A requirement for effective performance is that the surface of the sample should be electrically

conductive. For the duration of operation electrons are deposited onto the sample. These

electrons must be conducted away to earth; therefore conductive materials such as metals and

carbon can be introduced directly into the SEM while non-metallic samples have to be coated

with a gold metal layer to be observed. Many scanning electron microscopy have an energy

dispersive spectrometer (EDX) detection system, which is used to detect and display most of the

spectrum of elements making up the sample elemental composition. In this work the morphology

of the samples were studied by SEM Gemini LEO 1525 model microscope.
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3.4.3.2.1.2 Transmission Electron Microscopy (TEM)

The Transmission Electron Microscope (TEM) has grown over many years into an extremely

sophisticated instrument that has found extensive application in the field of science globally. For

the reason that the TEM has an unparalleled ability to provide structural and chemical

information over a range of length scales down to the level of atomic dimensions, it has

developed into an indispensable tool for scientists who are interested in understanding the

properties of nanostructured materials and in manipulating their behavior [402]. The main use of

transmission Electron Microscopy (TEM) is in the determination of the size, distribution and the

morphology of the synthesized gold nanoparticles. The principle of TEM works in much the

same way as an optical microscope. A ray of electrons, generated by the high voltage electron

emitter located at the top of the lens column, interacts with the sample as it passes through the

entire thickness of the sample and a series of magnifying magnetic lenses, to where they are

ultimately focused at the viewing screen at the bottom of the column. Transmission electron

microscopes are capable of imaging at a significantly higher resolution than light microscopes,

owing to the small de Broglie wavelength of electrons. This enables the instrument's user to

examine fine detail-even as small as a single column of atoms, which is tens of thousands times

smaller than the smallest resolvable object in a light microscope. The TEM image is basically a

projection of the entire item, including the surface and the internal structures, as a result TEMs

has find application in cancer research, virology, materials science as well as pollution and

semiconductor research. In this work Transmission electron microscopy (TEM) was performed

in a Tecnai G2 F20 X-Twin MAT. TEM characterizations were performed by placing a drop of

the solution on a carbon coated copper grid and dried under electric UV lamp for 30 minutes

after which the TEM images were recorded.
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3.4.3.2.2 Fluorescence Spectroscopy.

The emission of visible light by a substance that has absorbed light of a different wavelength is

known as fluorescence whereas the study of any measurement of a quantity as function of either

wavelength or frequency is known as spectroscopy. Therefore the type of electromagnetic

spectroscopy which analyzes fluorescence from a sample is called fluorescence spectroscopy. lts

involves the use of a beam of light, generally ultraviolet light that excites the electrons in

molecules of certain compounds and causes them to emit light of a lower energy, usually, but not

necessarily, visible light. Fluorescence spectroscopy is primarily concerned with electronic and

vibrational states since molecules have various states called energy levels. During the analysis

the species being examined are first excited, by absorbing a photon, from its ground electronic

state to one of the various vibrational states in the excited electronic state. On collision with

other molecules excited molecule loses its vibrational energy until it reaches the lowest

vibrational state of the excited electronic state. The molecule then drops down to one of the

different vibrational levels of the ground electronic state again, emitting a photon in the process.

The emitted photon posses different energies and frequencies as the molecule drops down into

any of the several vibrational levels in the ground state. Thus, by analyzing the different

frequencies of light emitted in fluorescence spectroscopy, along with their relative intensities, the

structure of the different vibrational levels can be determined. It is worthy to note that, in a

typical experiment, the different frequencies of fluorescent light emitted by a sample are

measured, holding the excitation light at a constant wavelength. This is called an emission

spectrum. The emission spectrum provides information for both qualitative and quantitative

analysis. Fluorescence spectroscopy is an essential new tool in many areas of analytical science,

due to its extremely high sensitivity and selectivity [403] In this thesis the samples were

129

https://etd.uwc.ac.za/



analyzed usmg fluorescence spectrophotometer from Horiba Nanolog™ 3-22- TRIAX with

eqn 3.12

double grating excitation and emission monochromators with a slit width of 3.2 nm .

3.4.3.2.3 UV-visible spectroscopy

UV is a spectroscopic technique that deals with the spectroscopy of photons in the UV visible

region. It utilizes light in the visible and adjacent (ultraviolet (UV) and near infrared (NIR)

ranges). The colour of a material and absorbance at the same time can be monitored in UV

visible spectroscopy. The colour monitored is the wavelength at which the maximum of the

absorption band (s) Amax, occurs together with the absorbance at each of these wavelengths. The

optical absorbance, Abs, is defined as:

Ab L Twith.no.samples= ag
l O, T with. sample

where T is the transmittance of light following its passage through the cell. Any changes in the

absorbance relate to the amount of electroactive material as converted by the flow of light. The

absorption spectrum tells us the nature of the material generated. It is a major technique that is

used in the quantitative determination of solutions of transition metal ions and highly conjugated

compounds. For instance if a material absorbs UV-visible light, its concentration can be

monitored using Beer Lambert relationship;

eqn 3.12b
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where the absorbance is determined at fixed wavelength 'A, E is the extinction coefficient (cited at

the same value of 'A), and I is the optical path length. If the magnitude of the extinction

coefficient at 'A is known, then the amount of analyte (Co) can be quantified simply by

determining the optical absorbance and subtituting the values into equation (3.12b). The majority

of the analytical techniques are not particularly useful for telling us what 'something' is, but are

brilliant at given us information of how much of that 'something' is present, or has been formed

or has been changed. Nonetheless, UV -visible spectroscopy is one of the best ways of identifying

an analyte. The reason being that each specific analyte absorbs energy in the form of photons at

different wavelengths. Therefore; one is able to identify a certain analyte by the application of

UV-vis spectroscopy. It is a corresponding technique to fluorescence spectroscopy in that it deals

with transitions from the ground state to the excited state while fluorescence spectroscopy

measures transitions from excited state to the ground state [404]. The experiments were carried

out under room temperature. UVNis spectra of colloidal gold nanoparticle were recorded with

the Nicolette Evolution 100 Spectrometer (Thermo Electron) between 200-700nrn using 1cm

path length cuvette. Distilled water was used as a reference.
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3.4.3.2.4 Attenuated Total Reflection Fourier Transform Infrared (ATRFTIR)

Fourier transform infrared spectroscopy (FTIR) is the most widely used vibrational spectroscopic

technique. FTIR is an infrared spectroscopy in which the fourier transform method is used to

obtain an infrared spectrum in a whole range of wave numbers simultaneously. It differs from the

dispersive method, which entails creating a spectrum by collecting signals at each wave number
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separately. Currently, FTIR has almost totally replaced the dispersive method because FTIR has

a much higher signal to noise ratio than that of dispersive method [401]. The technique operates

by measuring the changes that take place in a totally internally reflected infrared beam when the

beam comes into contact with a sample. An infrared beam is focussed onto an optically dense

crystal with a high refractive index at a certain angle. This internal reflectance creates an

evanescent wave that extends beyond the surface of the crystal into the sample held in contact

with the crystal. It can be easier to think of this evanescent wave as a bubble of infrared that sits

on the surface of the crystal. This evanescent wave protrudes only a few microns (0.5 j..L - 5 u)

beyond the crystal surface and into the sample. Thus, there must be good contact between the

sample and the crystal surface. In regions of the infrared spectrum where the sample absorbs

energy, the evanescent wave will be attenuated or altered. The attenuated energy from each

evanescent wave is passed back to the IR beam, which then exits the opposite end of the crystal

and is passed to the detector in the IR spectrometer. Then the system can generate an infrared

spectrum. For FTIR to be successful, the following two requirements are essential:

• The sample must be in direct contact with the ATR crystal, because the evanescent wave or

bubble only extends beyond the crystal 0.5 j..L - 5 j..L.

• The refractive index of the crystal must be significantly greater than that of the sample

otherwise internal reflectance will not occur the light will be transmitted rather than internally

reflected in the crystal.

Typically, ATR crystals have refractive index values between 2.38 and 4.01 at 2000/ cm. It is

safe to assume that the majority of solids and liquids have much lower refractive indices. The

FTIR spectra of the synthesized dendritic star copolymers in this work were done with
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PerkinElmer spectrum 100-FTIR spectrophotometer. The spectra were recorded in the wave

number region of 400-4000cm-1• The characteristic sets of absorption band in the spectrum were

used to identify various functional groups.

3.5 General Experimental

3.5.1 Solutions

Phosphate buffer saline (PBS) of pH 7.5 containing 100 mM Na2HP04, KH2P04 and 0.1 M KCI

was prepared. 5 mM (1:1) solution of K3Fe(CN)6 and ~Fe(CN)6 was prepared in 100 mL of

PBS at pH 7.5. 100 !lM biotinylated DNA aptamer stock was prepared in tris EDTA (TE) buffer

(pH 8.0) and stored at -20°C. Working DNA aptamer solution was prepared by diluting to the

desired concentration in phosphate buffer storage at 4 "C and discarded after four weeks. 10 mL

solution of 0.1 M lithium perchlorate containing 0.1 M EDOT monomer and 0.1 M sodium

dodecyl sulphate were prepared for the electropolymerization. A stock solution of 50 mL of

binding buffer (pH 8.0) (containing 100 mM tris HCI, 200 mM NaCI, 25 mM KCI ,10 mM

MgCh and 5% ethanol) were prepared. Stock solution of 1 mM N-[3-(dimethylaminopropyl)-N-

. 3-ethylcarbodiimide hydrochloride] (EDAC), 1 mM N-hydroxysuccinimide (NHS), 1 mM 3,3-

dithiodipropionic acid (DPA), as well as stock solution of 50 ug/ml. septravidin in PBS (pH 7.5)

were prepared. 100 uM stock solution of 17B-estradiol (target) solution was prepared from which

working target solution was prepared and diluted to desired concentrations with binding buffer.

All stock solutions prepared were stored at 4 °C before and after use
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3.5.2 Electrochemical cell

A three electrode system was used to perform all electrochemical experiments. A gold electrode

with a diameter of 1.6 mm was used as the working electrode, platinum wire as the counter

electrode, and Ag/AgCI (3 M CC) as the reference electrode All solutions were degassed by

purging with argon for 5 min.
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3.6 Experimental: Chapter 4

3.6.1 Materials

3,4-Ethylenedioxythiophene (EDOT), 3,3-dithiodipropionic acid (DPA), N-(3-

dimethylaminopropyl)N-ethyl carbodiimide hydrochloride (EDAC), N-hydroxysuccinimide

(NHS), streptavidin.Háu'Ch-Sl-l-O, 17~-estradiol, sodium monohydrogen phosphate, potassium

dihydrogen phosphate, lithium perchlorate, potassium ferricyanide [K3Fe(CN)6] and potassium

ferrocyanide [~Fe(CN)6] and sodium dodecylsulphate (SDS) were procured from Sigma-

Aldrich (South Africa). All chemicals were of analytical grade and were used as received.

Deionized water (18.2 Mn) purified by a milli-QTM system (Millipore) was used throughout the

experiment for aqueous solution preparation. A 76-mers biotinylated ssDNA aptamer

synthesized by Inqaba Biotechnical Industries (Pty) Ltd., Hatfield, South Africa was used as

aptamer probe. The sequence of the 76-mers sized biotinylated aptamer is given below:

5'-BiotinGCTTCCAGCTTATTGAATTACACGCAGAGGGTAGCGGCTCTGCGCATT

CAATTGCTGCGCGCTGAAGCGCGGAAGC-3'
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3.6.2 Preparation of gold nanoparticles

Gold nanoparticles (AuNPs) were prepared through the reduction of 1.0 mM HAuCl4 using

sodium citrate as the reducing agent. 20 mL of 1.0 mM HAuCl4 solution was added to a 50 mL

Erlenmeyer flask on a stirring hot plate. A magnetic stirrer was added into the solution and the

solution heated to boil. To the boiling solution, 2 mL of 1% sodium citrate solution,

(C6Hs07Na3) was added. Gold sol gradually formed as the citrate reduced Au3+ to Au''. The

solution was heated until a deep red colour was observed [405-406]. The AuNP prepared was

stored in a brown bottle at 4 DCbefore use.

3.6.3 Solutions

100 mM Phosphate buffer saline (PBS) of pH 7.5 and 5 mM (1: 1) solution of K3Fe(CN)6 and

~Fe(CN)6 ,and biotinylated DNA aptamer stock were prepared in tris EDTA (TE) buffer (pH

8.0) as in section 3.5.1. 200 ul. of 1 nM 76mer DNA aptamer was prepared in binding buffer

solution (containing 200 mM NaCI, 25 mM KCI, 10 mM MgCh and 5% absolute ethanol).
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3.6.4 Electrochemical measurement

A three electrode system was used to perform all electrochemical experiments. A gold electrode

with a diameter of 1.6 mm was used as the working electrode, platinum wire as the counter

electrode, and Ag/AgCI (3M CI-) as the reference electrode. All electrochemical (voltarnmetric)

experiments were recorded with Zahnner IM6 electrochemical workstation (MeBtechnik).
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Square wave voltammetry (SWV) measurements were recorded at amplitude 25 mV and

frequency of 15 Hz with this electrochemical work station. Cyclic voltammetry measurements

were recorded with the same electrochemical workstation. All solutions were deaerated by

purging with argon through it for 5 min. The experiments were carried out under room

temperature. UVNis spectra measurements were recorded with the Nicolette Evolution 100

Spectrometer (Thermo Electron Corporation, UK).

3.6.5 Transmission electron microscopy (TEM) analysis

Transmission electron microscopy (TEM) was performed in a Tecnai Q2 F20 X-Twin MAT.

TEM characterizations were performed by placing a drop of the solution on a carbon coated

copper grid and dried under electric UV lamp for 30 min.

3.6.6. UV -visible spectroscopy

The experiments were carried out under room temperature. UVNis spectra of colloidal gold

nanoparticle were recorded with the Nicolette Evolution 100 Spectrometer (Thermo Electron)

between 200-700nm using lem path length cuvette. Distilled water was used as reference.
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3.6.7 Preparation of a poly(3,4-ethylenedioxythiopene) {PEDOT} modified

gold electrode

Prior to surface modification, the gold working electrode was polished to a mirror-like surface

with alumina powder of sizes 1.0, 0.3 and 0.05 11mrespectively. The electrode was dipped in

piranha solution (H2S04:H202 3: 1) for 10 minutes for effective cleaning and the electrode was

then sonicated in ethanol and water consecutively for 5 min. The electrode was further cleaned

electrochemically in sulphuric acid by cycling between the potential of -200 mV to 1,500 mV

until a reproducible cyclic voltammogram was obtained. Subsequently the gold electrode was

rinsed with copious amount of water and ethanol respectively. PEDOT film was deposited on the

bare gold electrode from an aqueous solution of 0.1 M lithium perchlorate containing 0.1 M 3,4-

ethylenedioxylthiopene and 0.1 M sodium dodecyl sulphate by cycling the potential between

-1 ,000 mV to 1,000 mV at a scan rate of 50 mV/s for ten cycles.
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3.6.8 Fabrication of PEDOT -Gold nanoparticle modified electrode

The PEDOT modified gold electrode prepared above was immersed in a colloidal gold

nanoparticles solution for 24 h for self assembly of the gold nanoparticles on the PEDOT film to

obtain a nanocomposite modified electrode.
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3.6.9 Fabrication of the aptasensor

A self assembled monolayer of 3,3-dithiodipropionic acid (DPA),on the PEDOTIAuNP modified

electrode was formed by incubation of the electrode in an ethanolic solution of 3 mM

dithiodipropionic acid for 45 min. The unbound DPA was removed by washing the electrode in

absolute ethanol and then Millipore water respectively. After that the self assembled DPA was

activated by immersing the electrode in an equal volume of 1 mM each of EDAe and NRS to

activate the carboxylic acid group for easy bonding with the amine group of streptavidin for 90

min. The electrode was then functionalized with streptavidin by incubating in PBS solution

containing 10 ug/ml. streptavidin for 60 min at 25 oe and was later rinsed in PBS. The

biotylated ssDNA aptamer was immobilized on the surface of the modified electrode via biotin-

streptavidin interaction for 45 min at 25 oe. For the purpose of detection 1 nM aptamer was

immobilized on the modified electrode surface.

o~o
b

F" 11 -r n

~R

UIOTI,N

-1000 mV to 1000 mVat
scan rate of 50 mVis

Scheme 3.1 The schematic representation of the immobilization of aptamer on nanocomposite.
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3.6.10 Detection of 17p-estradiol

For the purpose of detection 10 ul. of 1 nM aptamer was immobilized on the modified electrode

surface. The PEDOTIAuNPlssDNAaptamer modified electrode was incubated with different

concentrations of 17~-estradiol prepared in binding buffer. The response of the aptasensor to the

targets was monitored in [Fe(CN)6r3/-4 redox probe using square wave voltammetry (SWV) and

cyclic voltammetry (CV). For the purpose of cleaning aptasensor was rinsed with water, and then

the usual electrode cleaning procedure was carried out.

3.7 Experiment: Chapter 5

3.7.1 Materials

Generation 1 (G 1) Poly(propyleneimine) (PPI) dendrimer, 2-thiopene carboxaldehyde, 3,4-

ethylenedioxythiophene (EDOT), dichloromethane (DCM), methanol, streptavidin, 17~-

estradiol, sodium mono hydrogen phosphate, potassium dihydrogen phosphate, lithium

perchlorate, potassium ferricyanide and potassium ferro cyanide 3,3-dithiodipropionic acid

(DPA),N-(3-dimethylaminopropyl)-N-ethyl carbodiimide hydrochloride (EDAC), N-

hydroxysuccinimide (NHS), and sodium dodecylsulphate were procured from Sigma-Aldrich

(South Africa). All chemicals were of analytical grade and were used as received. Deionized

water (18.2 Mn) purified by a milli-QTM system (Millipore) was used throughout the

experiment for aqueous solution preparation. A 76-mer biotinylated ssDNA aptamer synthesized

by Inqaba Biotechnical Industries (Pty) Ltd., Hatfield, South Africa was used as aptamer probe.

The sequence of the 76-mer sized biotinylated aptamer is given below:
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5'-BiotinGCTTCCAGCTT ATTGAA TTACACGCAGAGGGT AGCGGCTCTGCGCA TTC

AATTGCTGCGCGCTGAAGCGCGGAAGC-3'

3.7 2 Solutions.

100 mM Phosphate buffer saline (PBS) of pH 7.5 and 5 mM (1:1) solution of K3Fe(CN)6 and

~Fe(CN)6 ,and biotinylated DNA aptamer stock were prepared in tris EDTA (TE) buffer (pH

8.0) as in section 3.5.1. 250 ul. of 10 nM 76-mer DNA aptamer was prepared in binding buffer

solution.

3.7.3 Synthesis of poly(propylene thiophenoimine){GlPPT} dendrimer.
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Synthesis of the generation 1 poly (propylene thiophenoimine) dendrimer was carried out by

condensation reaction of (G1PPI) with 2-thiophene carboxaldehyde, following the method of

Smith and his coworkers [407] and Salmon and Jutzi [408] with some modifications. A reaction

mixture of poly(propylene imine) generation one dendrimer (1.65 g or 5.2 mmol) and 2-

thiophene carboxaldehyde (2.34 g or 20.85 mmol) in a 50 mL dry methanol was stirred

magnetically under a positive pressure of nitrogen gas for 2 days in a 100 mL three-necked round

bottom flask. The methanol was removed from the reaction mixture with rotary evaporator. The

residual oil was dissolved in 50 mL dichloromethane (DCM), while the organic phase was

washed 6 times with 50 mL of water to remove unreacted monomer. DCM was removed by

rotary evaporation and the product was obtained as yellow oil.
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3.7.4 Electrochemical measurement.

The electrochemical experiments were performed with a three electrode system. Gold electrode

with a diameter of 1.6 mm was used as the working electrode, platinum wire as the counter

electrode, and Ag/AgCI (3 M Cr) as the reference electrode. All electrochemical (voltammetric)

experiments were recorded with Zahnner IM6 electrochemical workstation (MeBtechnik).

Square wave voltarnmetry (SWV) measurement at an amplitude of 25 mV and frequency of 15

Hz, electrochemical impedance spectroscopy (EIS), and cyclic voltammetry measurements were

recorded with this electrochemical workstation. All solutions were deaerated by purging with

argon through it for 20 min. The experiments were carried out under room temperature.

3.7.5. UV-visible spectroscopy

The experiments were carried out under room temperature. UV -vis spectra of G IPPI, G IPPT

and GIPPT-co-PEDOT were recorded with the Nicolette Evolution 100 Spectrometer (Thermo

Electron) between 200-700 nm using 1cm path length cuvette. Distilled water was used as

reference.
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3.7.6 Fourier transform infrared spectroscopy analysis

Fourier transform infrared (FTIR) measurements of the sample G1PPI, G1PPTand G1PPT-co-

PEDOT were done with PerkinElmer spectrum 100-FTIR spectrophotometer.

3.7.7 Morphology studies.

The morphology ofG1PPT, PEDOT and G1PPT-co-PEDOT were studied by SEM Gemini LEO

1525 model microscope

3.7.8 Fluorescence analysis

Fluorescence spectrophotometer from Horiba NanologTM 3-22- TRlAX with double grating

excitation and emission monochromators with a slit width of 3.2 nm was employed for G1PPI,

G1PPT and electrosythensized G1PPT -coPEDOT. in the fluorescence experiment.
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3.7.'. Nuclear magnetic resonance analysis

Proton NMR analysis of the functionalized dendrimer was carried out with IH NMR (200 MHz)

(Varian GerminiXR200 spectrometer using CDCb as the solvent with tetramethylsilane as an

internal standard.

3.7.10 Electrochemical preparation of poly(propylene thiophenoimine)-co-

poly (3,4 ethylenedioxythiopene) {GIPPT-co-PEDOT} modified gold

electrode.

Before surface modification, the gold working electrode was cleaned to a mirror-like surface

with alumina powder of sizes 1.0, 0.3 and 0.05 urn, respectively. The electrode was dipped into

piranha between 5-10 min for effective cleaning followed by sonication of the electrode in

ethanol and water consecutively for 5 min. Further cleaning of the electrode was done

electrochemically in sulphuric acid by cycling between the potential of -200 mV to 1,500 mV

until a reproducible cyclic voltammogram was obtained. Consequently the gold electrode was

rinsed with copious amount of water and 95% ethanol respectively. 6 IlL of 10 mg/mL of

generation 1 poly (propylene thiophenoimine) {GIPPT} film was drop coated on the surface of

the bare gold electrode for 12 h for effective self assembly of the film. The modified electrode

was immersed into an aqueous solution of 0.1 M lithium perchlorate containing 0.1 M 3,4-

ethylenedioxylthiopene and 0.1 M sodium dodecyl sulphate by cycling the potential between -

1,000 mV to 1,000 mV at a scan rate of 50 mV/s for ten cycles to obtain GIPPT-co-PEDOT. The

same experimental procedure was used to prepare homopolymer onto the bare polished electrode
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with an exception of G 1PPT on the electrode surface.
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Scheme 3.2 Synthesis of generation 1 poly(propylene thiophenoimine)-co-poly (3,4

ethy lenedioxythiopene) {G1PPT -co-PEDOT }

3.7 11 Fabrication of the aptasensor.

The construction of the aptasensor was done as follows. A self assembled monolayer of 3,3-

dithiodipropionic acid (DPA), on the G 1PPT -co-PEDOT film modified electrode was formed by.
incubation in an ethanolic solution of 50 mM dithiodipropionic acid for 30 min. The unbound

DPA was removed by washing the electrode in absolute ethanol and then millipore water

respectively. The DPA was activated by immersing the electrode in the same volume of 1 mM
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each of EDAe and NHS to activate the carboxylic group for easy bonding with the amine group

of streptavidin for 60 min. The electrode was then functionalized with streptavidin by incubating

in PBS (pH 7.5) solution containing 10 ug/ml, streptavidin for 60 min at 25 oe and was later

rinsed in PBS. The biotylated ssDNA aptamer was immobilized on the surface of the modified

electrode via biotin- streptavidin interaction for 120 min at 25 oe.

I BiDtinyla1ed
~---------, aptanler
G1PPT-co-PEDOT

5 lVJin [Fe (eN) ,tofoe
eeee

• • I •· . .• •I

11P-estt-adiol

StrIP tav Win. • I EDAClNHS

Scheme 3.3 Schematic illustration of the stepwise fabrication of aptasensor AulG1PPT-co-

PEDOTI76-mer-ssDNA-Aptamer.
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3.7.12. Detection of 17p-estradiol

For detection purpose 10 nM aptamer was immobilized on the modified electrode surface. The

AulG IPPI-co-PEDOTI76-mer-ssDNA-Aptamer electrode was incubated with different

concentration of 17~-estradiol prepared in binding buffer. The response of the aptasensor to the

targets was monitored in [Fe(CN)6r3/-4 redox probe using square wave voltammetry (SWV) and

cyclic voltammetry (CV) ..

3.8 Experiment: Chapter 6

3.8.1 Materials.

Lithium perchlorate, 3,4-ethylenedioxythiophene (EDOT), Generation 2 (G2)

Poly(propyleneimine) (PPI) dendrimer sodium mono hydrogen phosphate, potassium dihydrogen

phosphate, , potassium ferricyanide [K3Fe(CN)6] and potassium ferricyanide [~Fe(CN)6] and

sodium dodecylsulphate , 2-thiopene carboxaldehyde, dichloromethane (DCM), methanol, 3,3-

dithiodipropionic acid (DPA),N-(3-dimethylaminopropyl)-N-ethyl carbodiimide hydrochloride

(EDAC), N-hydroxysuccinimide (NHS), streptavidin, 17~-estradiol, were purchased from

Sigma-Aldrich (South Africa). All chemicals were of analytical grade and were used as received.

Deionized water (18.2 Mn) purified by a milli-QTM system (Millipore) was used throughout the

experiment for aqueous solution preparation. A 76-mers biotinylated ssDNA aptamer

synthesized by Inqaba Biotechnical Industries (Pty) Ltd., Hatfield, South Africa was used as

aptamer probe. The sequence of the 76-mer sized biotinylated aptamer is given below:
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5'-BiotinGCTTCCAGCTTATTGAATTACACGCAGAGGGTAGCGGCTCTGCGCATTC

AATTGCTGCGCGCTGAAGCGCGGAAGC-3'

3.8 2 Solutions.

100 mM Phosphate buffer saline (PBS) of pH 7.5 and 5 mM (1:1) solution ofK3Fe(CN)6 and

K4Fe(CN)6 ,and biotinylated DNA aptamer stock were prepared in tris EDTA (TE) buffer (pH

8.0) ,phosphate buffer saline (PBS pH 7.5) as in section 3.5.1. 5000 ilL of 10 nM 76mer DNA

aptamer was prepared in binding buffer solution.
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3.8.3 Synthesis of poly(propylene thiophenoimine)-G2PPT dendrimer

The synthesis of G2PPT dendrimer was carried out by a condensation reaction of G2PPI with 2-

thiophene aldehyde following the methods of Smith and his co-workers [407] and Salmon and

Jutzi [408] with some modifications. A reaction mixture of G2PPI dendrimer (2.68 g or 3.5

mmol) and 2-thiophene aldehyde (3.11 gor 27.78 mmol) in a 50 mL dry methanol was stirred

continuously under a positive pressure of nitrogen gas for 2 days in a 100 mL three-necked round

bottom flask. The methanol was removed from the reaction mixture with a rotary evaporator.

The residual oil was dissolved in 50 mL dichloromethane (DCM), while the organic phase was

washed 8 times with 50 mL of water to remove any unreacted monomer. DCM was removed by

rotary evaporation and the product was obtained as yellow oil.
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3.8.4. Electrochemical measurement

A three electrodes cell with gold, platinum and Ag/AgCI (3 M NaCI type) as working, auxiliary

and reference electrodes respectively was used. All voltammetric experiments were performed

with Zahner IM6ex Germany. Electrochemical impedance spectroscopy (EIS) measurements

were also recorded with Zahner IM6ex Germany, at perturbation amplitude of 10m V within the

frequency range of 100 mHz-I00 kHz. The morphology of the samples was studied by scanning

electron microscopy (SEM). IH NMR (200 MHz) (Varian GerminiXR200 spectrometer), was

carried out using deuterated chloroform (CDCh) as the solvent with tetramethylsilane as an

internal standard. Surface morphology of the dendritic star copolymer was studied by atomic

force spectroscopy (AFM) using a Veeco NanoMan V model. The AFM experiment was

performed with a silicon tip at a spring constant of 1-5 N/m and resonance frequency of 60-100

kHz. The detection of endocrine disrupting 17~-estradiol was performed with TST-RMlPG 580-

RM multichannel total sensor technology system operated with TST version software produced

by Uniscan Instrument Ltd, Derbyshite, UK.

3.8.5. Fourier transformed infrared analysis

Fourier transform infrared (FTIR) measurements of the sample G2PPI, G2PPT and G2PPT-co-

PEDOT were done with PerkinElmer spectrum 100-FTIR spectrophotometer.

3.8.6 Morphology studies.

SEM images of G2PPT, PEDOT and G2PPT-co-PEDOT were captured usmg a scanning

electron microscope fitted with energy-dispersive X-ray spectroscopy accessory (Gemini LEO
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1525 model microscope). SEM was carried out using screen printed carbon electrode (SPCE) as

the substrate instead of gold electrode

3.8.7 Nuclear magnetic resonance analysis

Proton NMR analysis of the generation 2 functionalised dendrimer was carried out with IH NMR

(200 MHz) (Varian GerminiXR200 spectrometer using CDCh as the solvent with

tetramethylsilane as an internal standard.

3.8.8 Atomic force microscopy analysis

Surface morphology of the dendritic star copolymer was studied by atomic force spectroscopy

(AFM) using a Veeco NanoMan V model. The AFM experiment was performed with a silicon

tip at a spring constant of 1-5Nim and resonance frequency of 60-1 00 kHz.

3.8.9 Electrochemical preparation of poly(propylenethiophenoimine )-co-poly

(3,4 ethylenedioxythiopene) {G2PPT-co-PEDOT} modified gold electrode

Prior to surface modification, the gold working electrode was polished to a mirror-like surface

with alumina powder of sizes 1.0, 0.3 and 0.05 urn, respectively. The electrode was immersed in

piranha for 10 minutes for effective cleaning followed by sonication of the electrode in ethanol

and water consecutively for 5 min. The electrode was further cleaned electrochemically in

sulphuric acid by cycling between the potential of -200 mV to 1,500 mV until a reproducible

cyclic voltarnmogram was obtained. Subsequently the gold electrode was rinsed with copious
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amount of water and absolute ethanol respectively. 6 ul. of 10 mg/mL of poly(propylene

thiophenoimine dendrimer (G2PPT) film was drop coated on the surface of the bare gold

electrode for 12 h for effective self assembly of the film. The modified electrode was immersed

into an aqueous solution of 0.1 M lithium perchlorate containing 0.1 M 3,4-

ethylenedioxylthiopene and 0.1 M sodium dodecyl sulphate by cycling the potential between -

1,000 mV to 1,000 mV at a scan rate of 50 mV/s for ten cycles to obtain G2PPT-co-PEDOT. The

same experimental procedure was used to prepare homopolymer onto the bare polished electrode

without G2PPT on the electrode surface.
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3.8.10 Fabrication of the aptasensor

A self assembled monolayer of 3, 3' dithiodipropionic acid (DPA) on the G2PPT-co-PEDOT

film modified electrode was formed by incubation in an ethanolic solution of 50 mM

dithiodipropionic acid for 30 min. The unbound DPA was removed by rinsing the electrode in

absolute ethanol and then Millipore water respectively. The DPA was activated by immersing the

electrode in the same volume of 20 mM each of EDAC and NHS to activate the carboxylic group

to enable easy bonding with the amine group of streptavidin for 60 min. The electrode was then

functionalized with streptavidin by incubating in PBS solution containing 10 ug/ml, streptavidin

for 1 hat 25°C and was later rinsed in phosphate buffer saline (PBS). The biotylated ssDNA

aptamer was immobilized on the surface of the modified electrode via biotin- streptavidin

interaction for 2 h at 25°C. For the purpose of detection, 0.1 11Maptamer was immobilized on

the modified electrode surface by drop coating 10 ul. of the bioreceptor and incubated for 2 hrs.

The AuIG2PPT-co-PEDOTI76-mer-ssDNAaptamerl electrode was incubated with different

concentrations of 17~-estradiol prepared in binding buffer.

3.8.11 Experimental procedure for electrochemical multichannel transduction

of poly(propylenethiophenoimine )-co- poly(3,4-ethylenedioxythiopene)

aptameric nanobiosensor analysis

The micro array screen printed electrode 1-5 were modified with generation 1

poly(propylenethiophenoimine) dendrimer while microarray screen printed electrode 6-10 were

modified with generation 2 poly(propy lenethiophenoimine) dendrimer film and 11-12

microarray screen printed electrode were left un modified overnight. The multichannel well

compartment comprising of 8 rows of 12 column wells were filled with appropriate solutions.
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Well A column 1-12 were filled with 0.1 M LiCl04 containing 0.1 M 3,4-

ethylenedioxythiophene (EDOT) and 0.1 M sodiumdodecyl sulphate where

electropolymerization occur to produce electro synthetic generation 1

poly(propy lenethiophenoimine )-co-poly(3 ,4-ethy lenedioxythiophene) dendritic star copolymer

(GIPPT-co-PEDOT) platform on 1-5 micro array screen printed electrode and electrosynthetic

generation 2 poly(propylenethiophenoimine )-co-poly(3,4-ethylenedioxythiophene) dendritic star

copolymer (G2PPT-co-PEDOT) platform on 6-9 microarray screen printed electrode columns of

well A respectively. Well B was used for the incubation of 3 3-dithiodlpropionic acid, N-

hydrosuccinimide(NHS) and N-(3 -Dimethy laminopropyl)- N-ethy lcarbodiimide hydrochloride

(EDC) NHS/EDC and septravidin' sequentially for 30 minutes each using chronoamperometry

technique respectively .Well C column 1-12 were filled with 100 nM of aptamer where

immobilization of the aptamer to the platform occur via avidin biotin chemistry. Well D, E, F

and G columns 1-12 were filled with different concentration ofO.1 nM, 1.0 nM, 10 nM and 100

nM of 17~-estradiol respectively. After immobilization of the aptamers in well C, on microarray

screen printed electrode modified with the dendritic star copolymers using chronoamperometry

they were incubated with different concentration of the target in well D to Gusing

chronoamperometry technique sequentially at different times for 20 minutes each. After

incubation the microelectrode from well D move to well H where square wave (SWV) is

measured using [Fe(CN)6r3/-4 redox probe. This is then followed by washing and the microarray

screen printed electrode move to well E for incubation of 1.0 nM of the target for another 20

min. This is followed by movement to well H for SWV measurement. This process of incubation

is repeated for 10 nM and 100 nM concentrations of endocrine disrupting 17~-estradiol in well F

and G and SWV measurement is done in well H until the multichanel robotic sensor testing
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system concludes the analysis. The experimental flow chart used for the analysis is shown in

scheme 3.5.

Figure 3.9 Diagram showing the multichannel robotic sensor testing

The part labelled A is the compartment containing the 96 wells into which modified 12 screen

printed electrodes are dipped for the measurement of the target while the labelled part B

showed the complete set containing the computer read out from which the result are taken for

record.
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CHAPTER4

The result discussed in this chapter stem from the experimental procedures outline in chapter 3

section 3.5 (general experiment) and section 3.6. The chapter presents the result of my first quest

for nanocomposite material as DNA aptamer immobilization platform.
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4.0 PART 1 RESULTS AND DISCUSSION:

Electrochemical Aptasensor for Endocrine Disrupting 17f3-Estradiol Based on

a Poly(3,4-ethylenedioxylthiopene)-Gold Nanocomposite Platform

4.1 Introduction

One of the major classes of environmental contaminants is the endocrine disrupting chemicals

(EDCs), which interfere with the function of the endocrine system. In recent years, these

endocrine disrupting chemicals have become one of the main topics of research in the field of

environmental sciences [7]. The detection of these chemicals within the natural system is

therefore necessary for protecting public and environmental health. Instrumental analysis

methods such as high performance liquid chromatography (HPLC) and gas chromatography

coupled with mass spectrophotometer (GC/MS) are very sensitive at detecting these toxic

endocrine disrupting chemicals but are also very complicated to perform

and require long analysis times to be accomplished. To assess the impact of these chemical in the

environment requires improved analytical methods and tools [28]. Recently more attention has

been focused toward electrochemical aptasensor based on modified electrode for the

determination of environmental pollutants. This is due to their excellent analytical performance

such as specificity, selectivity, simplicity, wide linear range response, reproducibility and low
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cost [24, 409]. In order to improve sensitivity, selectivity and stability of biosensors different

kinds of nanocomposite materials with enhanced performance have been developed and utilized

for biosensor fabrication [410]. Nanocomposite can be prepared chemically and

electrochemically from a variety of different metals and conjugated polymers as well as

oligomers linkers and have received extensive interest owing to the possibilities of creating

appropriate material for electrocatalysis, microelectronics and chemical sensors [334].

Electrochemical synthesis of poly(3,4-ethylenedioxylthiopene)-PEDOT doped with gold

nanoparticles (AuNPs) was developed and used for the immobilization of biotinylated aptamer

for the detection of 17~-estradiol an endocrine disruptor.

4.2 Characterization of gold nanoparticles

Gold nanoparticles (AuNPs) were synthesized following the procedure in section 3.6.2. The

formation of gold nanoparticles after reduction with citrate was confirmed by the use of UV-

visible spectroscopy. A plasmon absorption band characteristic of gold nanoparticles was

observed at 525 nm (figure 4.1) [406, 411]. The gold nanoparticles were further characterized

with transmission emission microscopy (TEM) to determine the size of the nanoparticles. The

nanoparticles have an average diameter of 18 nm as shown in figure 4.2.
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Figure 4.1 Ultra Violet-visible spectra of Gold nanoparticles (AuNP)
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Figure 4.2 Transmission Emission Microscopy image of gold nanoparticles

4.3 Atomic force microscopy (AFM) characterization of AuNPIPEDOT

nanocom posite

The AFM morphology revealed change in the surface morphology of the PEDOT film and AuNP

IPEDOT nanocomposite as depicted in figure 4.3 above. The morphology of the nanocomposite

showed the presence of Au island exposed by the globular shapes tiny particles within the

PEDOT polymer matrix which was absent in PEDOT film morphology (figure 4.3 a). The

incorporation of AuNP into the polymer matrix is achieved due to covalent attachments of
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sulphur in the poly(3,4-ethylenedioxythiophene) to gold due to its high affinity for gold [412].
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(A) PEDOT FILM

(B) AuNPIPEDOT nanocomposite

Figure 4.3 The AFM images of (a) PEDOT film and (b) AuNPIPEDOT nanocomposite.
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4.4. Electrochemical behavior of PEDOT film modified gold electrode

The PEDOT polymer film was obtained after ten successive cycles in 0.1 M lithium perchlorate

containing 0.1 M of EDOT monomer and 0.1 M of sodium dodecyl sulphate (Figure 4.4). There

was increase in current after every successive cycle indicating growth of the polymer on the

electrode

400

300

~ 200
...-c
:!?...
::Io 100

0

-100
-1,000

161

-500 0 500 1,000
Potential (mV)

Figure 4.4 Electropolymerization of 0.1 M 3,4-ethylenedioxythiophene (EDOT) III 0.1 M

lithium perchlorate containing 0.1 M sodium dodecyl sulphate.

The electrochemical behavior of PEDOT film on a gold electrode resulting from polymerization

of EDOT monomer was investigated in 0.1 M lithium perchlorate at different scan rates, by

scanning from -1,000 to 1,000 mV (Figure 4.4). PEDOT is electro active based on the faradaic

cathodic and anodic current observed in the CV. However the linear dependence of anodic peak

(ipa) on the scan rate shows that a thin film of surface bound conducting electroactive polymer

with a surface confined redox chemistry was obtained [326]. Two sets of peaks were observed
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with the first redox couple (ipal and ipel) situated at about -630 mV (vs Ag/AgCI) while the second

anodic peak (ipa2) was found at about +290 mV. However, the cathodic current peak intensity (ipe2)

was not as clearly distinct as (ipa2) may be because it is located in the vicinity of (ipel). It is

assumed from the explanation that the existence of the two peak couples is an indication that the

mechanism of the redox chemistry may involve both the cation and anion of the electrolytes

diffusing in and out of the film. The electrochemical behavior of PEDOT was similar to that

obtained in the literature [329]. The redox chemistry is represented in Scheme 2. The film

retained its electroactivity with no shift in the cathodic and anodic peak potential after thirty (30)

cycles in 0.1 M lithium perchlorate .This suggests that the film is stable and not falling off the

Figure 4.5 Cyclic voltammograms of PEDOT film modified electrode in 0.1 M lithium

perchlorate solution at different scan rates of (a) 30, (b) 40, (c) 50, (d) 80, (e) 100, (f) 150, (e)

electrode [326,413].

a) 30mV/s 9150 b)40mV/s
C) 50 mV/s
d)80mV/s

100 e) 100 mV/s
f) 150 mV/s

1 g)200mV/s

50..
C
QI....
::::J 0U

-50

-100 ipc, IPC2

-1000 -500 0 500 1000
Potential (mV)

162

https://etd.uwc.ac.za/



200 mV/so

s Reduction

n

r=:o 0

s
Oxidation

Scheme 4.1 Mechanism of the redox process of poly (3,4-ethylenedioxy thiophene (PEDOT)

4.5 Electrochemical characteristics of the nanocom posite

The electrochemical behavior of the nanocomposite was investigated using cyclic voltamrnetry.

CV of the nanocomposite consisting of PEDOT and gold nanoparticles (AuIPEDOTIAuNPs) at

different scan rates in [Fe(CN)6r3/-4 as a redox probe, showed an increase in the peak current as

the scan rate increases with no shift in the peak potential (Figure 4.6).
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Figure 4.6 Cyclic voltammograms of the nanocomposite consisting of the conducting polymer

PEDOT and gold nanoparticles in 5 mM [KtFe(CN)6]/[K3Fe(CN)6] containing 0.1 M KCI at

different scan rates showing electroactivity of the nanocomposite.

A linear dependence of anodic current on the scan rate was observed with plot of ipaversus scan

rate and a correlation coefficient of 0.987.was obtained. It can thus be deduced that the platform

was characteristic of surface adsorbed species because lpa versus scan rate was linear. There was

no shift in potential and the ipa/ipc is unity also showing the stability of the PEDOTIAuNP

platform in [Fe (CN)6r31-4.The rate of electron transport (De) was calculated to be 6.50 x 10-7

cm2 s-r l using the Randle Sevcik equation:

where lp = peak current, n = number of electron transfer, A = area of an electrode, D = diffusion
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coefficient, v = scan rate and C = concentration of bulk solution.

This value is high compared to the 6.46 x 10-8 cm2 s-I reported for PANI doped with polyvinyl

sulphonate (PVS) and 8.68 x 10-9 cm2 S-I without doping [414]. The high value may be

attributed to the doping of the PEDOT film with gold nanoparticles to produce a nanocomposite

platform which further increased the conductivity of the PEDOT film resulting in a De value

approximately one order of magnitude higher than reported for PANI doped with polyvinyl

sulphonate (PVS) [414]. The chemistry involved between the PEDOT and Au nanoparticles is

more than just physical adsorption. There is a chemical bonding between the well aligned

sulphur of the PEDOT and AuNPs due to the affinity of sulphur for gold [412]. The

reproducibility of the nanocomposite was investigated by cyclic voltamrnetry. The

nanocomposite platform exhibited reversible electrochemistry in [Fe (CN)6r3/-4 with a formal

potential of 223 ± 6 mV (vs Ag/AgCI) for six different measurements, demonstrating the good

reproducibility of the nanocomposite.
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4.6 Electrochemical behavior of modified electrode surface

Cyclic voltamrnograms at the bare gold electrode and the modified electrode in 5 mM

[Fe(CN)6r3/-4 are shown in Figure 4.7. A couple of well-defined redox peaks was observed at

bare electrode with distinct cathodic peak (ipe) and the anodic peak current (ipa) values and a peak

to peak separation Mp of 93 mV (vs Ag/AgCI). The peak current at Au/PEDOT increased

compared to bare electrode, which may be attributed to large surface area and good conductivity

exhibited by the PEDOT. The PEDOT film act as a tiny conductive center which facilitate

electron transfer which allow more of the [Fe(CN)6r3/-4 to be accumulated on the surface of the

PEDOT film modified electrode. Au/PEDOT/AuNP exhibited a couple of redox peaks with high
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peak current and a peak to peak separation Mp of 73 mV (vs Ag/AgCI) of shown in Table 4.1

which is an indication that the nanocomposite modified electrode possesses a larger effective

Figure 4.7 Cyclic voltammograms of 5 mM [KtFe(CN)6]/[K3Fe(CN)6] (1:1) containing 0.1 M

KCI at (a) bare Au, (b) AulPEDOT (c) AulPEDOT/AuNP at a scan rate of 100 mv/s.

Table 4.1 The electrochemical parameter obtained for the modified surface during CVs.

surface area as well as good electrical conductivity [326].
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AU/PEDOT/ AuNP 270 197 9.496 x 10-5 9.946 x 10-5 73 1.05

BAREGOLD (Au) 273 180 3.788 x 10-5 3.693 x 10-5 93 0.98

Au/PEDOT 267 191 6.888 x 10-5 6.861 x 10-5 76 0.99

4.7 Electrochemical impedance spectroscopy (EIS) of AulPEDOTIAuNP

Electrochemical impedance spectroscopy (EIS) has been proven to be one of the most powerful

tools for probing the features of surface modified electrodes. EIS measurements were performed

in the presence of 5 mM [~Fe(CN)6]/[K3Fe(CN)6] (1:1) as a redox probe in 0.1 M phosphate

buffer containing 0.1 M KCl at a potential of 234 mV and the frequency range is from 0.1 to 105

Hz; the amplitude of the alternate voltage was 10 mV (vs Ag/AgCl). The resistive and capacitive

behavior of an electrode can be quantitatively evaluated by modeling an appropriate Randles

equivalent circuit [178]. As shown in Figure 4.8(A) a Randles modified equivalent circuit was

used to fit the impedance data. The parameters of the equivalent circuit included the solution

resistance (Rs), the Warburg impedance (Zw) resulting from the diffusion of the redox probe and

charge transfer resistance (Ret). Ret and CPE represent interfacial properties of the electrode

which are highly sensitive to surface modification [20, 53, 415]. The double layer capacitance

(Cdl) is substituted with constant phase element (ePE) when taking into account the electrode

roughness. The modification of the electrode with the nanocomposite changes the capacitance

and the interfacial electron transfer resistance of the electrode. In the Nyquist diagram the semi

circle observed at higher frequency, corresponds to the electron limited process whereas the
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RT
nFRct

eqn 4.2

linear part is the characteristics of the lower frequency range and represents the diffusion limited

electron transfer process. The impedance response of the modified electrode in the presence of

[Fe(CN)6r3/-4 as a redox probe is depicted in Figure 4.8, while the bare electrode exhibited a

very large semicircle at high frequency which represent the Ret with a value of 1.199 x 103 n.

After the gold nanoparticles and PEDOT film were assembled on the gold electrode the Ret

decreased by an order of 1 to give a value of 1.19 x 102 n. The decrease was found to be 90%

compared to the bare electrode and is attributed to the presence of the AuNP and PEDOT film

that plays an important role in accelerating the transfer of electrons, suggesting improved

conductivity of the platform. Therefore the platform PEDOTIAuNP can be said to have catalytic

effect on the rate of the charge transfer kinetic or the faradaic process of the redox probe.

Exchange current was also used as a measure of the rate of electron transfer on the bare and the

modified gold electrode .The io of electrode system is given by:

where R, F and n are gas constant, Faraday constant and number of electron transferred,

respectively. The io values for the electron transferred reaction of [Fe(CN)6r3/-4 on bare gold and

AulPEDOTIAuNP are 2.14 x 10-5 A and 2.16 x 10-4 A, respectively. From the calculated value it

may be deduced that the rate of electron transfer was faster on the PEDOTIAuNP platform than

the bare gold electrode. The catalytic effect of this platform may be attributed to enhanced

surface and conductivity of the AuNP as well as an increase in the influx of the [Fe(CN)6r3/-4 to

the surface of the electrode as a result of the electrostatic attraction between cationic platform

and the anionic [Fe(CN)6r3/-4• To further confirm the catalytic effect of this nanocomposite
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( A)

platform the estimation of the time constant and heterogeneous rate constant was done. The time

constant value showed that the faradaic process of the [Fe(CN)6r3/-4 probe is one order of

magnitude faster on PEDOTIAuNP modified gold electrode than the bare gold electrode as

shown in Table 4.2. In addition the increase in the heterogeneous rate constant at the

nanocomposite modified electrode revealed a fast electron transfer of the redox probe due to the

catalytic behavior of the nanocomposite platform. This result complemented the result obtained

in Figure 4.7. The Nyquist plot for the nanocomposite is almost a straight line, which is a

Figure 4.8 (A) Randles equivalent circuit and (B) Nyquist plots obtained for (a) bare Au, (b)

AulPEDOTIAuNP modified electrode. EIS measurements were carried out in 5 mM

characteristic of diffusion controlled electrode process.
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The electrode coverage is a key factor which can be used to estimate the surface state of the

electrode, and the charge resistance is related to it. The surface coverage (8) of the

nanocomposite on bare gold electrode can be estimated from EIS according to Equation (4.3)

[416]:

R modified electrodee =1-__..:;c::....t--::--- __R Bare electrode
ct

eqn 4.3

where Rct denotes the charge transfer resistance. The surface coverage of (8) of the electrode was

estimated to be 90.1% which will enable more of the bioreceptor (aptamer) to be adsorbed on the

surface of the electrode for better sensitivity of the aptasensor to its target.

Table 4.2 Electrochemical impedance kinetic parameters of the bare electrode and the

nanocomposite platform.

Kinetic parameters

Exchange
Time constant Heterogeneous rate constant

current

2.14 x 10-5 A 1.49 x 10-3 slradBare electrode 2.21 x 10-3 crn/s

2.16 x 10-4 A 9.60 x 10-5 slradPEDOTIAuNPplatform 2.23 x 10-2 crn/s
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4.8 Quantitative analysis of 17f3-estradiol usmg aptamer immobilized

PEDOTIAuNP modified electrode

Electrochemical analysis was performed to confirm and optimize the condition for ssDNA

aptamer immobilized on the surface of the modified electrode. Various concentrations ofssDNA

aptamer (0.5 J.lM-1.0 J.lM) were initially mobilized on the modified electrode. The current

changes in CV were measured before and after immobilization of ssDNA aptamer on the

modified and current drop in CV was observed. The difference in current drop varies with the

concentration of the ssDNA aptamer on the modified electrode which may be attributed to

biotinylated ssDNA aptamer interference with the electron flow [417]. The decrease in current

response with increase in concentration may be due to the electrostatic repulsion that exist

between the negatively charge phosphate backbone of the DNA aptamer and the negatively

charged hydroxyl ion substituent of the target in aqueous solution, which is one of the subtle

substituent for aptamer discrimination within molecule of similar structures in the presence of

[Fe(CN)6r3/-4 as redox probe Therefore binding of aptamer to charged small molecule in

aqueous solution such as 17~-estradiol to aptamer can affect electron flow combined with

diffusion rate in the presence of [Fe(CN)6r3/-4 [417]. This also showed that PEDOTIAuNP could

be a fine platform for immobilization of ssDNA aptamer.
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The CV and SWV analysis was carried out against a series of 17~-estradiol concentrations to

probe the binding of the 17~-estradiol using 1 nM ssDNA aptamer immobilized on the surface of

PEDOTIAuNP modified electrode. The interaction of the target-aptamer complex was monitored

by reduction in the electron flux produced from redox reaction between ferrocyanide and
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ferricyanide. The current drop with increase in concentration was observed in SWV (Figure 4.9).

The decrease in current after l7p-estradiol treatment was based on the specific interaction of

aptamer and the target due to electrostatic repulsion that occur between the negatively charged

phosphate backbone of the aptamer and negatively charge ion (OH) of the target in solution.

The formation of this aptamer-target complex changes the permeability of the layer toward

charged ferricyanide ion and consequently the rate of their diffusion [417]. Although a wide

range of 17p-estradiol was used, the minimum concentration with which a current drop occurred

was at 0.01 nM l7p-estradiol with slight change in potential and the increasing concentration

dependence changes in current was observed in SWV.

The difference in peak potential (I1E = Epa - Epe) from the cyclic voltarnmograms was increased

which was dependent on the concentration of the target molecule. After the target molecule was

adsorbed onto the surface of the biosensor, it exhibited a reduced peak current depending on the

concentration. The decrease in peak current was observed which could be attributed to slow

kinetics of the charge transfer, which is caused by the binding of l7p-estradiol to aptamer [152,

417]. However with the series of 17p-estradiol dilutions tested it was found out that 0.01 nM

17p-estradiol was detectable with a lower concentration of 1 nM ssDNA aptamer immobilized

on the nanocomposite platform. The high sensitivity of the aptasensor may be attributed to high

surface coverage of 90.1% as well as the nanosize nature exhibited by the nanocomposite which

significantly enhanced the loading of the DNAaptamer probe and hence markedly improve the

sensitivity for the target as shown in Table 4.3 [418].
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Figure 4.9 A typical square wave responses of AulPEDOTIAuNPlAptamer to 0.1 nM, 1.0 nM,

From the calibration curved (Fig 4.10) it can be observed that the value of the current response of

the aptasensor (AuIPEDOTIAuNPIAptamer) to different concentrations of endocrine disrupting

17p-estradiol gives a linear relationship. A linear range of between 0.01 nM-0.09 nM with a

sensitivity of 51 .84 J.lNnM was achieved. Sensitivity is the slope of the linear calibration curves.

The regression equation was y=-0.196+51.84x and the correlation coefficient (~) was 0.997. The

detection limit obtained for 17p-estradiol was 3.2 pM which is lower than other reported
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4.9 Calibration curve and detection limit

amperometric sensors used for the detection of 17p-estradiol (table 4.3).
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Figure 4.10 Calibration curve response of AulPEDOTIAuNPIAptamer to different concentrations

of 17~-estradiol. Inset: is the dynamic linear range of the aptasensor from 0.01-0.09 nM

For instance, a detection limit of 1.8xl0-7 M was achieved by Lin et al [419] when the GCE

electrode was modified with nanoPt-MWNT for electrochemical determination of 17~-estradiol

while 2 x 10-8 M detection limit was achieved by Song et al [53] when GCE electrode was

modified with Poly-serine for 17~-estradiol detection. This demonstrated that PEDOTIAuNP

nanocomposite upon which the aptamer was immobilized is effective for enhancement of

sensitivity and response of aptasensor due to their nano-sizes.

Moreover, the detection limit of the aptasensor is also comparable with other methods employed
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for the detection of endocrine disrupting 17~-estradiol in water. For example a detection limit of

0.59 x 10-9M was achieved by Penalver et al [420] when fluorescence immunoassay method was

employed for the detection of 17~-estradiol in water while Coille et al [421] obtained a detection

limit of 1.10 x 10-9 M when a solid-phase micro extraction -high performance liquid

chromatography with UV and electrochemical detection method was used for 17~-estradiol

detection in water samples. The lower detection limit exhibited by the aptasensor provides a

promising potential for the detection of 17~-estradiol in drinking water samples.

Table 4.3 Comparism of the aptasensor with other sensors.

Methods Linear range (M) LOD(M) Reference

Electrochemistry o.or- 10 9-0.08xl0 9 3.2xl0 12 This work

Au/PEDOT/AuNP

Electrochemistry 4 x 10-5-1 x 10-3 1 x 10-5 [243]

Bare GCE

Electrochemistry 1 x 10-7-3 x 10-5 2 x 10-8 [53]

Poly-serine/GCE

Electrochemistry 5 x 10-7-1.5 x 10-5 1.8 x 10-7 [419]

GCE/nanoPt-MWNT
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4.10 Specificity and Selectivity Test of the Aptamer

Beside sensitivity, selectivity is also a remarkable feature for an aptamer sensor. Three different

compounds that have similar structures as the target 17~-estradiol were taken as negative control

and tested with the aptamer. A different signal must be differentiated from these substances

compared to a 17~-estradiol aptamer [417]. Figure 4.10 compares the response of the fabricated

aptasensor to 17~-estradiol and similarly structured substances in the presence of [Fe(CN)6r3/-4

as probe. In Figure 4.11, 10 nM 17a-ethynestradiol, estrone and naphthalene exhibited high

current responses when incubated with aptasensor, which may be attributed to low binding action

between the aptamer and the analogue chemicals. However, low current response was obtained

when 17~-estradiol was incubated with aptasensor due to high binding action that existed

between aptamer and 17~-estradiol resulting in the formation of an aptamer-target complex

which hindered the electron flow as well as the diffusion rate in the presence of [Fe(CN)6r3/-4.

The specificity of the target was mostly dependent on change in position or absence of minor

functional group such as H or OH in the molecules .This indicates that the designed electrode has

a sufficient specificity for 17~-estradiol.
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Figure 4.11 Current response of [Fe(CN)6r3/-4 probe in the presence of DNA aptamer to10 nM

I7a-ethynlestradiol, estrone, naphthalene and l Zê-estradiol respectively.

4.11 Reproducibility and Stability

The aptasensor was found to be reproducible and stable. Square wave voltammetry repeatedly

performed six times by incubating aptasensor with 10 nM I7p-estradiol gave a standard relative

deviation of 5.2% (n = 6) confirming the reproducibility of the sensing surface. The stability of

the aptasensor was investigated by measuring the response of the aptasensor incubated with 10

nM I7p-estradiol after 15 days. It was found that there was almost 24.5% decrease in peak

current response of the aptasensor thus the fabricated aptasensor retained 75.53% of it initial

response after its was stored in the refrigerator at 4 °C for 15 days.
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4.12 Sub Conclusions

A nanocomposite platform on which a DNA aptamer was immobilized has been developed for

the fabrication of an aptasensor employed for the detection of 17~-estradiol, an endocrine

disruptor. The aptasensor was found to be sensitive at low concentrations due to the unique

properties of the nanocomposite which allow for the detection of the 17~-estradiol at

concentrations as low as 3.2xlO-12 (3.2pM) which compared favourably with other amperometric

sensors employed for electrochemical detection of endocrine disrupting 17~-estradiol. On the

other hand, the result also demonstrated that the PEDOTIAuNP nanocomposite confined on the

surface of the gold electrode can provide a promising platform for DNA aptamer construction.
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CHAPTERS

The results discussed in this chapter stem from the experimental procedures outlined in Chapter

3 section 3.5 (general experimental) and section 3.7. The result in this chapter presents the

electrochemical syhtensis of dendritic star copolymers and its application as a suitable

immobilization platform for DNA aptamer.

5.0 PART 2 RESULTS AND DISCUSSION:

Spectroelectrochemical Dynamics of Dendritic Poly (Propylene

imine)-Polythiophene Star Copolymer Aptameric 17J3-Estradiol

Biosensor

5.1 Introduction.

Estrogens pollute municipal waste water through the discharge of human and agricultural wastes

and may have serious health implications if they enter the food chain in large quantities. In South

Africa, the extent of this class of pollution is not yet thoroughly studied. 17p-estradiol [E2] is the

most commonly occurring estrogens and is typically the standard to which all other estrogenic

activities are related.E, is a steroid hormone with molecular weight of 272 Da and 18 carbon

atoms, E2 participate in many important processes and influences the development of secondary

sexual characteristics [235]. The synthesis of E2 occurs mainly in the ovary, moreover small

amounts of 17p-estradiol is synthesized by the adrenal cortex and by the testis. It is converted to

the less potent oestrone in the liver and then metabolised to estriol that has limited estrogenic

activity [236]. Similarly, normal E2 level also vary according to age and menstrual cycle. During
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the menstrual cycle in menopausal women E2 levels in serum vary over a range from 150 to 1000

pmoll." which decreases to about 15-51 pmoll." after menopause [237]. Deficiency of 17p-

estradiol may provoke many diseases such as menopausal symptom, hyperhyrogenium and

osteoporosis [240-241]. It has been revealed that increased amount of 17p-estradiol and its

metabolite stimulate the proliferation of cancer cells while the mechanism by which estrogens

influenced cancer is unknown. Subtle changes in the chemical structure of E2 and other

estrogens are known to elicit a variety of biological responses in the development of cancer [238,

242]. Besides, E2 is also a kind of endocrine disrupting chemical and has gained increasingly

concern due to its high endocrine disrupting potency. Several studies have been reported that

exposure to environmental E2 pollutant can disrupt the reproductive systems [245]. Hence the

detection of these chemicals within the natural system is therefore necessary in clinical and

environmental monitoring. The aptamer biosensor provides a rapid response and easy-to-use

approach for point of need assessment of EDes content of waste water, which is more cost

effective than other traditional analytical methods [28, 240]. Aptamers are short, single stranded

and artificial receptors with a special three-dimensional conformation primary RNA or DNA

sequence that can bind to their targets with high affinity and selectivity [46, 422-423]. These

targets include low molecular weight organic and inorganic compound, as well as

macromolecules such as drugs, proteins and even whole cells [422-423]. These properties have

enabled aptamers to be widely explored as biological recognition element for specific sensing of

a variety of analytes. Selectivity of the artificial receptor for the specific target is based on in

vitro selection from random sequence nucleic acids combinatorial libraries by Systematic

Evolution of Ligands by Exponential Enrichment (SELEX) [46, 423]. This biorecognition

element has been employed for the detection of small molecule like cocaine. An aptasensor for
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the determination of cocaine incorporating gold nanoparticles modification have been fabricated

by Xiaoxia and co workers[177]. Electrochemical determination of E2 has been performed on

electrodes modified with poly(L-serine) [53] or with carbon nanotube and ionic liquid [241].

Since aptamers are known for their ultra-sensitivity and excellent selectivity for target analyte,

biosensors containing aptamers will be one of the most reliable methods of determining

estrogenic EDCs. This study deals with the construction of AuIG1PPT-co-PEDOT dendritic star

copolymer electrode system and its application in the development of aptameric biosensor by

incorporating an E2-specific 76-mer biotinylated ssDNA aptamer.

52 Nuclear magnetic resonance CHNMR) analysis

The yield of the thiophene functionalized dendrimer, poly(propylene thiophenoimine), shown in

Scheme 1 section 3.7.9. was 1.65 g, 65% (scheme 3.2), IHNMR (CDCb 200 MHz, ppm): 1.34

(s,br,4H,H-1), 1.74(t,8H,H-2), 2.42(m,br,12H,H-2&3), 3.51(t,8H), 6.90(t,8H,H-8), 7.01(s4H,H-

7), 7.23(s,4H,H-6), 7.8(C4H3S). The G1PPT IHNMR spectra showed a new chemical shift at 8.3

ppm for C=N-H which is absent in the parent G 1PPI.
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Thiophene monomer (EDOT), poly(propylene thiophenoimine) (G1PPT) dendrimer synthesized,

homopolymer (PEDOT) and star copolymer (G1PPT-co-PEDOT) were analyzed with Fourier

transform infra red spectroscopy (FTIR). The spectra of the thiophene monomer (EDOT) have

several characteristic peaks at 387,521,631,677,758,859,933, 1054, 1099, 1135, 1183, 1271,

1468, 1583 and 2980 cm-1(figure 5.1).

5.3 Fourier transformed infrared spectroscopy (FTIR)
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Figure 5.1 Fourier transforms infrared spectra of spectroscopy of (A) G1PPT-co-PEDOT and

GIPPT (B) FTIR spectra ofEDOT monomer, G1PPT-co-PEDOT and G1PPT.

Stretching vibration at 1468 and 1583 cm-I originate from the stretching modes of C=C, and C-C

of the thiophene ring. The C-H bending of thiophene can be observed at 1054 cm-I and 758 cm-I.

In the spectrum of the functionalized dendrimers several characteristic peaks at 476, 720, 792,

862, 1012, 1258, 1213, 1417, 1633, 1672,2120,2917,2962 cm-I for G1PPT were observed. The

band at 2917 and 2962 cm-I in G1PPT indicate the presence of the CH2 stretching [424]. The

sharp bands at 1632 cm-I is attributed to the C=N bond stretching vibration present in the

dendrimer moiety. In the spectrum of the G1PPT out of plane bending of C-H bending located at
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the a-position of the thiophene ring was observed at 720 cm-I [424]. The spectra of the star

copolymer (G IPPT-co-PEDOT) and homopolymer (PEDOT) prepared by polymerization in 0.1

M LiCl04 containing O.IM EDOT (monomer) and 0.1 M sodium dodecyl sulphate (SDS)

showed several characteristics peaks at 627, 788, 837, 969, 1012, 1083, 1190, 1258, 1232, 1468,

1622,2917,2847,2954 cm-I and 626, 769, 850, 980, 1108, 1131, 1199, 1376, 1405, 1474, 1497,

2920 cm-I respectively. The band at 627, 1190 and 626,1199 cm-I confirms the presence of

perchlorate ion used as the dopant during polymerization [425]. In the spectrum of the G1PPT-

co-PEDOT a band with a sharp peak for C=N in GIPPT-co-PEDOT now appears at 1623 cm-I

but was completely absent in PEDOT spectrum. In addition, the absorbance at 720 cm-I

completely disappears after the polymerization, indicating that the G1PPT was converted to

G1PPT-co-PEDOT via a-a coupling of thiophene units. The band at 789 corresponds to C-H out

of plane vibration in thiophene ring [424]. The vibration of C-S bond in the thiophene ring is

revealed at 837 cm-I which is similar to earlier reports [424-425] The FTIR spectrum are shown

in (figure5 1) above.

5.4. Fluorescence spectroscopy

To further confirm the formation of the functionalized dendrimer (G IPPT.), florescence ability

of the functionalized dendrimer was investigated using fluorescence spectroscopy. The

dendrimer (G 1pp 1) exhibited fluorescence properties with an excitation and emission band at

385 and 455 nm respectively for the dendrimer used in this work before functionalization

compared to 390 and 450 reported earlier which may be attributed to aging [426] The

functionalized dendrimer synthesized also exhibited fluorescence properties with a shift in
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excitation and emission wavelength to 381 and 480 nm (figure 5.2) which may be attributed to

the inclusion of thiophene an aromatic ring into the dendrimer moiety as shown in scheme 3.3

which is similar to the earlier report when the dendrimer pheriphery were modified with 1,8-

napthlimide groups [426-427]. Upon copolymerization an increase in fluorescence emission

wavelength of 496 nm was observed which may be adduced to the incorporation of the highly

conducting PEDOT at periphery of the dendrimer which exhibited blue color naturally when in

The three dimension (3D) fluorescence spectra of G1PPT-co-PEDOTdendritic star can in

addition describe the relationship among fluorescence intensity, excitation and the emission

wavelength. The 3D isograms plot from the G1PPT-co-PEDOTdendritic star copolymer is

shown in figure 5.2c. The excitation wavelength in the D isograms ranges from 280-330 nm and

emission wavelength is between 360 and 530 nm. As it can be observed from figure 5.2c the

dendritic star copolymer shows large fluorescence intensity in the range from 450 to 530 nm for

which the maximum peak is at 496 nm. In addition Plasmon UV absorption of 295 nm was

observed for G lPPT which was within the range of 250-400 nm reported for dendrimer

doped state.

functionalized with thiophene [372].
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Figure 5.2 Fluorescence spectra of (a) poly(propylene thiophenoimine dendrimer (b)

poly(propylenethiophenoimine )-co-poly(3,4 ethylenedioxythiopene) dendritic star copolymer

and (c) 3D fluorescence emission spectra ofG2PPT-co-PEDOT dendritic star copolymer.
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(A) GIPPT. (B) PEDOT film (C) GIPPT-co-PEDOT

5.5 Scanning electron microscopy analysis

Figure 5.3a band c shows the scanning electron micrograph of GIPPT, PEDOT and GIPPT-co-

PEDOT electrode surface respectively. The morphology of the different synthesis' processes is

presented in figure 5.3 below. The morphology of the functionalized dendrimer revealed a

homogeneous globular form on the electrode surface capable of undergoing growth compared to

PEDOT film morphology that exhibited different appearance (flaky) with some small holes in

between the flaky form which may allow the incorporation of the dendrimer. A significantly

different morphology was observed for star copolymer (GIPPT-co-PEDOT) which may be

attributed to the enlargement of the globular structures of the dendrimer moiety growing through

the available holes in the PEDOT film which might be considered as further proof of

copolymerization.

Figure 5.3 Scanning electron micrographs of (a) GIPPT (b) PEDOT (c) GIPPT-co-PEDOT gold

electrode
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5.6. Cyclic voltammetric behavior of the modified electrode

Cyclic voltammetry is an effective and convenient tool to monitor the barrier of the modified

electrode, because the electron transmission between the solution species and the electrode must

occur by tunneling either through the barrier or through the defects in the barrier. The

electrochemical behaviour of the stepwise fabrication process was studied in a pH 7.5 phosphate

buffer saline containing 5 mM [Fe(CN)6r3/-4 serving as an electrochemical redox probe. The

cyclic voltammogram of [Fe (CN)6r3/-4 at different modified electrode were illustrated in ( figure

5.4). A pair of well defined redox peaks was observed at the bare electrode (curve a) compared

to the electrode modified with functionalized dendrimer which showed drastic decrease in peak

currents (curve b). This may be attributed to the compact nature of the functionalized film coated

on the electrode which hindered the electron flow or the active probe channel from approaching

the surface of the electrode as well as the S ·linkage from the thiophene on the dendrimer to the

gold electrode (S-Au linkage) which is negatively charge resulting in electrostatics repulsion

with the negatively charged [Fe(CN)6r3/-4 redox probe [428]. An increase in peak current was

observed on modification of the electrode with PEDOT a conducting polymer (curve c) which

accelerate the rate of electron transfer due to decrease in the electron transfer tunnelling between

the probe and the electrode as result of the electrostatic attraction between the positively charged

backbone of the homopolymer and the negatively charged [Fe(CN)6r3/-4 probe.

https://etd.uwc.ac.za/



100

50-1.-- 0e
G)....~
0 -50

-100

-150
-200

d

o 200 400 600 800
Potential (mV)

Figure 5.4 Cyclic voltammetry of modified electrode in 5 mM [Fe(CN)6r3/-4 in phosphate buffer

containing 0.1 M KCI at (a) Bare Au (b) AulGIPPTI (c) AuIPEDOTI, (d) AuIGIPPT-co-PEDOTI

(e) AuIGIPPT-co-PEDOTI76-mer-ssDNA-Aptamer.

A significant response change occurred compared to curve c after the functionalized dendrimer

was copolymerized with PEDOT to form a star copolymer on the surface of the electrode which

may be attributed to the combination of the unique properties exhibited by the functionalized

macromolecule and the conducting polymer as well as the electrostatic attraction between the

negatively charged redox probe and the positively charge back bone of the platform (G 1PPT -co-

PEDOT ) which further decreases the electron transfer tunneling thereby increasing the rate of

electron transfer to the surface of the electrode. A slight decrease in peak current of probe [Fe
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(CN)6r3/-4 ion on AuIGIPPT-co-PEDOT 176-mer-ssDNA-aptamer was observed at the aptamer
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modified electrode as compared to those obtained with the copolymer modified gold electrode,

this also reflect the electrostatic repulsion that occurred between the negatively charged

phosphate backbone of the ssDNA aptamer and the negatively charged [Fe(CN)6r3/-4 probe. The

result of this modification shows that ssDNA aptamer was successfully attached to the star

copolymer (G IPPT-co-PEDOT) modified gold electrode surface.

5.7 Electrochemical behaviour of the GIPPT-co-PEDOT dendritic star

copolymer platform.

The electrochemical behaviour of the star copolymer was investigated using cyclic voltammetry .

The star copolymer consisting offunctionalized dendrimer copolymerized with PEDOT. GIPPT-

co-PEDOT at different scan rates in [Fe(CN)6]3-1-4 as a redox probe, showed an increase in peak

current as the scan rate increases which illustrate the presences of immobilized electroactive

copolymer layer at the electrode with no shift in the peak potential (figure. 5). A linear

dependence of anodic current on the scan rate was observed when a plot of ipa versus scan rate

was done with a correlation coefficient of 0.991. It can thus be deduced that the platform is a

characteristic of surface bound thin film electroactive species undergoing fast electron transfer

reaction at the electrode. The rate of electron transport on the copolymer (that is diffusion

coefficient of the electron (De)) was calculated to be 4.50 x 10-7 cnr' S-I using Randle Sevcik

equation,

eqn 5.1

where lp = peak current n = number of electron transfer, A = area of an electrode, De = diffusion
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coefficient and v = scan rate C = concentration of bulk solution.
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Figure 5.5 Cyclic voltammetry of star copolymer AulG IPPT -co-PEDOT at different sweep rates

at (a) 20 mV/s (b) 30 mV/s (c) 50 mV/s (d) 100 mV/s in 5 mM [Fe(CN)6]3/-4 redox probe in PBS

The obtained value is high compared to 2.20 x 10-8 cm2 S-l for bare. The high value may be

attributed to the formation of the copolymer on the surface of the electrode which showed a

facile flow of electron due to the combination of the unique properties of the macromolecule

(dendrimer) and the conducting polymer (PEDOT) (scheme 32) which resulted in an increase in

conductivity of the G lPPT -co-PEDOT copolymer due to increase in the conjugation length

resulting in a De value approximately one order of magnitude higher than bare and PANI doped

0.6
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with poly vinyl reported earlier [414]. The reproducibility of the G1PPT-co-PEDOT was

investigated with cyclic voltammetry .The platform exhibited reversible electrochemistry in [Fe

o

(CN) 6] -3/-4with formal potential of 230 ± 10 mV (vs Ag/AgCI) for six different measurements

demonstrating the good reproducibility of the platform.

5.8. Electrosynthesis of the GIPPT-co-PEDOT dendritic star copolymer

A G1PPT-co-PEDOT composite film modified electrode was fabricated by

electropolymerization of 3, 4-ethylenedioxythiophene (EDOT) in the presence of G 1PPT drop

coated on a gold electrode.

300~----~--~-----L----~--~----~

Figure 5.6 Electropolymerization of functionalized dendrimer (G 1PPT) in 0.1 M lithium

perchlorate containing 0.1 M EDOT and 0.1 M sodium dodecyl sulphate (SDS) at a scan rate of

50 mV/s with (PEDOT film insert).
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The experiment was performed in 0.1 M lithium perchlorate containing 0.1 M EDOT and 0.1 M

sodium dodecy I sulphate (SDS) with cyclic voltammetric sweep in the potential range of -1,000

to 1,000 mV (vs Ag/AgCI) at scan rate of 50 mv/s. The cyclic voltammogram of

electropolymerization of EDOT with or without G IPPT were compared as shown in figure 5.6.

One of the primary differences between the two polymerization processes is the change in

current response. A slight drop in current was.observed in the presence of G IPPT compared to

electropolymerization in the absence of the functionalized dendrimer (insert). An oxidation peak

associated with GIPPT is apparent at 995 mV with no increase in current as expected for the

film growth which revealed electrodeposition of dendrimer on the surface of the electrode [415].

A shoulder corresponding to the oxidation potential of EDOT is present at 986 mV. The

oxidation and reduction peak potential of the copolymer GIPPT-co-PEDOT was observed at 230

mV and -490 mV respectively compared to PEDOT film which was obtained at 290 mV and -

603 mV respectively. The oxidation potential shifted to less positive value which is an indication

of the formation of copolymer [425]. An irreversible electro oxidation of 1330 mV for

functionalized dendrimer (G4PPI-2Th) has been reported earlier [429]. The change in oxidation

and reduction peaks may be attributed to the formation of the copolymer. Copolymers have been

reported to decrease the onset of oxidation, which can successfully prevent over oxidation [425,

430]. The decrease in the onset of oxidation can as well be linked to the generation of dendrimer

employed for this work as well as the type of electrolytes. As shown in figure 5.6 the film

obtained for G IPPT-co-PEDOT is quite different from the PEDOT film which could serve as

indication to copolymer formation.
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5.9. Electrochemical characterization of the GIPPT-co-PEDOT film modified

on gold electrode in supporting electrolyte

The copolymer film obtained by electropolymerization process was characterized by cyclic

voltammetry at scan rates between 30 and 100 mVls in a monomer free O.lM LiCI04• The

corresponding cyclic voltammogram presented in figure 5.7 shows a linear dependence of the

peak current with scan rate, which is a characteristic of surface bound copolymer thin film

electroactive species undergoing fast electron transfer reaction at the electrode with electrons

diffusion taking place along the copolymer chain. It is interesting to note that the film exhibits a

relatively broad but reversible redox process which illustrates its electroactivity. The two redox

couples were observed at a lower potential of230 mV and -490 mV (vs Ag/AgCI) compared to

what was obtained for PEDOT film, thereby confirming the formation of a copolymer [430]. The

existence of this redox couples is an indication that the redox chemistry mechanism may involve

cation and anion diffusing in and out of the film. The redox chemistry of the copolymer involves

ion transport in and out of the film (insertion and removal) in the electrolytes. The anodic and

cathodic waves could be explained by incorporation of a counter- ion. The CIO-4 anion

incorporated into the copolymer matrix would interact with the oxidation site of the film as

counter ion. The electronic rearrangement of the redox reaction process (oxidation and reduction

process) involving the removal and incorporation of the counter ion forms a conducting

polycation in the presence of the charge-balancing anion as shown in scheme 5.1 .The first redox

couple (ipa1 and ipc1) can be attributed to the introduction and release of the Li+ cation while the

other redox couple (ipa2 and ipc2) correspond to the insertion and release of the CIO-4 anions

respectively [413].
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Scheme 5.1 The redox mechanisms process of generation 1 poly(propylenethiophenoimine)-co-

poly (3,4 ethylenedioxythiopene) {G1PPT-co-PEDOT}.
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5.10 Electrochemistry of AuIG1PPT-co-PEDOT in phosphate buffer (PBS)

The electrochemical behavior of bare gold and AuIG2PPT-co-PEDOT modified electrode were

carried out in aqueous phosphate buffer (pH 7.5). Figure 5.8a shows the cyclic voltammetry

(CV) of bare gold versus electrochemistry of AulG 1PPT-co-PEDOT in phosphate buffer (PBS).

Square wave at a frequency of 10 Hz and amplitude of 15mV for bare electrode and G1PPT-co-
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PEDOT modified gold electrode in PBS is shown in figure 5.8b. No redox chemistry is observed

for bare gold in PBS within the working potential as shown in cyclic voltammetry in figure 5.8a.

Conversely, in PBS AuIGI2PPT-co-PEDOT modified electrode exhibited a pair of redox couple

at a potential of -400mV which is lower than the potential reported for other PEDOT copolymers

on GCE electrode as well as PEDOT alone [339,431].

(a) Bare Au
(b) AulG1PPT -co-PEDOT

100

~
50-ce a...~ 0

0
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Figure 5.8 (A) Cyclic voltammetry response and (B) SWV of (a) Bare Au (b) AuIGIPPT-co-
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Figure 5.9 (A) Cyclic voltammetry of star copolymer AuIG2PPT-co-PEDOT at potential scan

rates of 10 - 100 mV/s in 0.1 M PBS (pH 7.5) and (B) plot of peak current against the square

root of scan rate

The shift to lower potential may be attributed to the formation of the dendritic star copolymer

due to the incorporation of the highly conducting PEDOT into the arm of dendrimer moiety. The

electroactivity of the G IPPT -co-PEDOT dendritic star copolymer in PBS was corroborated by

SWV response. Figure 5.9 depicts the cyclic voltammograms of AuIGIPPT-co-PEDOT film in

phosphate buffer solution at different scan rate up to 100 mV/s while the figure 5.9 b indicate the

variation of the peak currents (ipq) of GIPPT -co-PEDOT redox couple with increase in the scan

rate up to 100 mv/s. The anodic peak currents of G2PPT-co-PEDOT redox couple increases

linearly as the scan rates increases with correlation coefficient of 0.9904. The ratio of the ipa / ipc
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remained almost in unity. The observation indicate that the electron transfer process involved a

surface confined electroactive species and the charge transfer is fast in the dendritic star

copolymer film. The nature of the process controlling the peaks was also elucidated from a plot

of log of anodic current log (ipq,) against log of scan rate log (v) which gave a slope of 1.11 thus

confirming an adsorption controlled electrochemistry of G1PPT -co- PEDOT nanoelectrode in

0.1M PBS (pH 7.5). Integration of the ev of the oxidation peak to obtain the amount of charge

(C) involved in the reaction and substituting appropriately in the Laviron equation [432] showed

that GIPPT-co-PEDOT dendritic star polymer's electrochemistry is a two-electron process. The

surface concentration (T") of the GIPPT-co-PEDOT film was estimated to be 4.38 xiO-1O mol

ern", which was found to be higher than what was reported for other PEDOT copolymers on

GeE electrode [339].

EIS measurements of AulG IPPT-co-PEDOT nanoelectrode were also investigated in PBS at

different bias potential from 100 mHz to 100 kHz frequency. The EIS of the GIPPT-co-PEDOT

nanoelectrode in PBS shown by the Nyquist plot in figure 5.10 a is characterized by the least

semi circle at a potential of -400 mV which confirmed -400 mV (vs Ag/Agel) to be the most

conducting potential corroborating the electro activity of the GIPPT-co-PEDOT observed at that

potential in cyclic voltarnmetry.
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Generation 1 poly(propylene thiophenoimine)-co-poly(3,4 ethylene dioxythiophene) dendritic

star copolymer (G IPPT-co-PEDOT) film was also found to be electroactive in LiCI04 therefore

can be employed as a suitable platform in both aqueous LiCI04 and physiological phosphate

buffer respectively. A change in Bode phase angle was observed from -1000 mV to -400 mV

with a high value of 42.0° at -400mv for GIPPT-co-PEDOT. On the other hand the EIS spectra

show that at low frequency (100 mHz.) when the electronic of the electrode system are

minimally perturbed, the AuIGIPPT-co-PEDOT at -400 mV (vs Ag/AgCl) exhibited a semi

conductor behavior characterized by high phase angle value of 42.0°.

5.11. Electrochemical impedance spectroscopy (EIS) characterization of

GlPPT-co-PEDOT film modified electrode.

Electrochemical impedance is an effective tool for studying the interfacial properties of surface

modified electrode. The impedance characteristics of any electrode system depends on the

overall effect of several parameters which include electrolyte resistance (Rs), charge transfer

resistance (Ret) between the solution and the electrode surface, Warburg element (Ze) and double

layer capacitance (Cdl) (due to the interface between the electrode surface and the solution). The

use of a constant phase element instead of the capacitance is required to optimize the fit to the

experiment and this is due to the nonideal nature of the electrode [178, 396]. The complex

impedance can be described as the sum of the real (Zrel) and the imaginary (Zw) component that

originate from the resistance and capacitance of the cell. Furthermore, for the purpose of giving

additional detailed information about impedance of the modified electrode, a modified Randles

equivalent circuit fitting was chosen to fit the measured results. The two components in the

circuit, R, and Z; correspond to bulk properties of the electrolyte solution and the diffusion of
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the probe applied respectively. These two components are not affected by chemical change

occurring at the surface of the electrode. Cd/ and Rei which are the components of the circuit

depend on dielectric and the insulating features at the electrodelelectrolyte interface. However

among them all Ret is the most directive and sensitive parameter that respond to change on the

electrode interface. In EIS the semicircle diameter corresponds to the charge transfer which

varies on modification of the electrodes.

The electrochemical impedance measurements were carried out in a background solution of 5

mM Fe(CN)6r3/-4 at a bias potential of224 mV (vs Ag/AgCI). The alternative current of 10 mV

and the frequency of 10-1_106 Hz were applied. The results of the Faradaic impedance data for

bare Au, AulGIPPT and AuIGIPPT-co-PEDOT are shown in (figure 5.11a) (inset contains data

for bare Au and AuIGIPPT-co-PEDOTI). Significant different in Rei values were observed upon

modification of the electrode. It can be seen from figure 5.11 b that the bare electrode exhibited a

small semicircle domain which corresponds to Rei value of approximately 3.962 x 102 n. The Rei

increased remarkably to 17.795 x 103 n upon the formation of the first interface of the G1PPT

film (figure 5.11 b), which indicated that the compact film acts as a definite kinetic barrier for the

electron transfer from the functionalized dendrimer to the transducer. On modification of the

electrode with GIPPT-co-PEDOT a tremendous decrease in Rei to 9.0 X io' n was observed

which resulted in an almost straight line which is characteristic of diffusion limiting step due to

the extremely fast electron transfer process. This is attributed to the electrostatic attraction

between the cationic backbone of the copolymer platform and negatively charged Fe(CN)6]-3/-4

redox probe. The decrease in Rei was found to be 99.6% compared to the electrode modified with

GIPPT alone which may be attributed to the combination of the unique properties exhibited by

the dendrimer and conducting polymer films which played an important role in accelerating the
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eqn. 5.2 d

,.

electron transfer by reducing the electron transfer tunneling as well as their high compatibility

suggesting an improved conductivity of the star copolymer (G 1PPT -co-PEDOT) platform.

An investigation into the catalytic behaviour of the platform was carried out with an estimation

of some useful kinetic parameters such as time constant Ct), exchange current (io) heterogeneous

rate constant (ket)) to determine the effect of the platform on the kinetics of the Fe (CN) 6]_3/-4

redox probe [415, 434].The kinetic parameters were calculated from equation5.2 a, 5.2 b, 5.2 c

and 5. 2 d respectively.

eqn. 5.2 a

eqn. 5.2 b

. RT
1 =
o nFR

ct
eqn. 5.2 c
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where Wmax (frequency at the max. imaginary impedance of the semicircle) = Znf' , Cd! = double

layer capacitance, C' = bulk concentration of the redox probe, A = area of the electrode,

Rct= charge transfer resistance, n = no of electron and F = Faraday constant.

The values obtained for the exchange current at the bare Au and AulG 1PPT-co-PEDOT

platforms for the electron transfer process (table 5.1) are 6.50 x 10.5 A and 2.83 x 10-4 A,

respectively. The estimated values revealed a fast electron transfer at the copolymer modified

electrode than the bare electrode only.

Table 5.1 Kinetic parameters of bare Au,poly(propylenethiophenoimine) modified electrode

(AuIG1PPT) and Generation 1 poly(propylene thiophenoimine)-co-poly(3,4 ethylene

dioxythiophene) dendritic star copolymerrAulti 1PPT-co-PEDOT) modified electrode systems

Kinetic parameters Au] AulG1PPTI AulG1PPT -co-PEDOTI

Wmax (rads" ) 2633. 8.797 625789.54

Exchange current (ia.A) 6.50 X 10-5 1.44 X 10-6 2.83 X 10-4

Heterogeneous rate constant 6.67 x 10-3 1.49 X 10-4 2.29 X 10-2

(ket, S-I)

Time constant Ct, s rad-I) 3.80 x 10-4 1.14 x10-1 3.90 x 10-5

The catalytic behaviour of this platform may be attributed to the increase in the influx of the Fe

(eN) 6r3/-4 redox probe to the surface of the electrode as well as the electrostatic interaction that
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e = 1_ Rct of modified electrode
Ret of bare electrode

eqn. 5 3

existed between the cationic copolymer back bone and the anionic redox probe. Heterogeneous

rate constant is a measure of the rate of electron transfer on the surface of the electrode, thus, an

increase in the heterogeneous rate constant at the modified electrode also corroborated the facile

flow of electron at the copolymer platform. In addition the time constant obtained at the

copolymer platform was lower than on the bare electrode which is in agreement with earlier

reports for modified electrodes [415].

The impedance parameters in table 5.1 were obtained by fitting the inset equivalent circuit and

the fitting error were less than 5%. The calculated parameters are given in table 5 1.

Surface coverage of 80.2% was obtained for the copolymer on the electrode which account for

the high amount of aptamers that can be immobilized on the surface of the copolymer platform.

The value was estimated from the Ret value using the formula [415,451].

From the Bode plot improved conductivity of the G1PPT-co-PEDOT modified electrode over

bare gold electrode can be observed by the marked reduction in the impedance with phase angle

shift.
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Figure 5.11 b. (A) Randle equivalent circuit (B) Nyquist and (C) Bode plots of (a) bare Au (b)

AulGIPPT and (c) Au] GIPPT-co-PEDOT in Fe(CN)6]-3/-4 redox probe at 220mV (vs Ag/AgCI).

5.12. Electrochemical detection of l7(l-estradiol

An electrochemical aptamer based biosensor for the detection of 17~-estradiol an endocrine

disruptor was developed. This electrochemical aptamer based biosensor was made up of a

biotylated DNA aptamer immobilized on a gold electrode modified with a generation 1

poly(propyleneiminethiopeno )-3,4 (poly)ethylenedioxythiopene (G IPPT -co-PEDOT). The

analytical performance of the aptasensor was carried out by incubating different concentration of

the 17~-estradiol with the immobilized aptamers. Electrochemical signals were recorded by

cyclic voltammetry and square wave voltammetry which was done against a series of 17~-
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estradiol concentration to probe the binding ability of the target with the aptamer immobilized on

the platform. The analysis was done in the presence of a redox probe [Fe (CN)6r3-4 by

monitoring the reduction in the electron flux produced from a redox reaction between the redox

couple. In principle without the interaction between the aptamer probe and the target (17-p-

estradiol) a high peak current is expected. The interaction of the aptamer-target complex was

monitored by change in peak current as the concentration of the target increases. Concentration

dependence decrease in current signal was observed in CV and SWV (figure 5.12). The decrease

in signal response on incubation of the target with probe was achieved which may be attributed

to specific interaction between the aptamer and 17p-estradiol (E2) which result in the formation

of aptamer-target complex [126, 417]. The formation of the aptamer-l Zê-estradiol complex on

the electrode surface hindered the effective transfer of electron between the electrolyte solution

(redox couple) and the electrode surface [417]. In addition it is well documented that aptamer

undergo conformational changes upon binding their target. When 17p-estradiol as a specific

competitor appears, 17p-estradiol-aptamer complex are formed rather than the aptamer DNA-

duplex thereby increasing the electron transfer tunneling between the redox probe and the

electrode [435]. The aptamer-target complex insulates the electron transfer between the

electrode surface and the electrolyte solution. Furthermore, the decrease in current can be

attributed to the electrostatic repulsion that occur between negatively charge phosphate backbone

and the negatively charge hydroxyl ion (OH-) of the target in solution due to it specific

interaction with the aptamer. Though it has been reported that 17p-estradiol (E2) becomes

negatively charge in solution due to the formation of more hydroxyl radical ion at high pH [244].

It is evident that at higher concentration of 17p-estradiol (E2), the current decreases more

significantly which may be attributed to the formation of more hydroxyl ion of the estradiol in
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solution which prevented the influx of electron from the electrolyte to the surface of the

electrode due to repulsion as a result of similar charges [417]. The decrease in peak current may

also be attributed to slow kinetic of charge transfer electron which is caused by aptamer-target

complex formation. The aptasensor is sensitive which may be attributed to the high surface

coverage exhibited by the nanoelectrode which significantly enhanced the loading of the76-mer-

ssDNA-aptamer and hence markedly improve the sensitivity for the target. A good

reproducibility with a standard deviation of less than 5% was obtained (n = 6) for the aptasensor

was obtained. The fabricated aptasensor was found to retain 75% of it original response after it

was stored in the refrigerator at 4 °C for half a month
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Figure 5.12 A typical square wave(SWV) responses of AulG IPPT -co-PEDOTIAptamer to 0.1

nM, 1.0 nM, io nM and 100 nM 17~-estradiol concentrations in [Fe (CN) 6r3/-4 containing 0.1

M KCI at an amplitude of 25 mV and frequency of 10Hz

https://etd.uwc.ac.za/



230~--------------------------------------------------.
220
210
200
190
180
170
160
150

.- 140'3 130.._
ë 120
~ 110
5 100
o 90

80
70
60
50
40
30
20
10
O~---.----~--~--~----~---.---.----.----.----.---~
0.0 0.2

40

1 30

=[
~
5

20o

10

0
0.00 0.02 0.04 0.06 0,08

Concentration (nM)

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Concentration (nM)

Figure 5.13 Calibration curve response of AuIGIPPT-co-PEDOTIAptamer to different

concentrations of 17p-estradiol. Inset: is the dynamic linear range of the aptasensor from 0.01-

0.07 nM of 17p-estradiol

The current dependence response of the aptasensor (AuIG IPPT-co-PEDOTIAptamer ) to

different concentrations of 17p-estradiol was found to be linear as shown in the calibration curve

above. The aptasensor exhibited a linear range of 0.01 - 0.07 nM with a regression coefficient of

0.998 and a sensitivity of 739 J!AlnM. AulG IPPT-co-PEDOTIAptamer exhibited a lower

detection limit of 7.27 pM when compared with most amperometric sensors employed for

electrochemical detection of 17p-estradiol. For example Liu et al [436] reported a detection limit
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of 8 x 10-8 M when a GeE electrode was modified with carbon nanotubell-JifCyclam) composite

while 6 x 10-8 M detection limit was obtained by He et al [437] at nano Ah03 modified GeE

electrode. This showed that the nanostructured G IPPT -co- PEDOT material played a role in

enhancing the sensitivity and response of the aptasensor due to the high surface coverage

exhibited by GIPPT-co-PEDOT. The obtained lower detection limit for the aptasensor is also

comparable to other methods employed in the detection of 17p-estradiol in water samples [420-

421] making it potentially applicable in detection of 17p-estradiol in drinking water samples.
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5.13. Specificity of electrochemical aptamer based biosensor to 17p-estradiol

Not only does an aptamer based biosensor have to be sensitive to different concentrations of the

analyte, but also it must be specific. Experiments were thus conducted on 17p-estradiol, estrone,

naphthalene and 17a-ethylestradiol which belong to the family of endocrine disrupting

chemicals. They were employed as control to assess the specificity of the aptasensor for the

determination of 17p-estradiol When the aptasensor was incubated with 10 nM estrone,

naphthalene and 17a-ethylestradiol respectively little or no significant change was seen in the

SWV current response compared to the target due to lack of specific binding. A significant

decrease induced by interaction of the aptamer probe and 17p-estradiol was observed due to high

specific binding that occurred between 17p-estradiol and the aptamer probe which resulted in the

insulation of the electron transfer between the electrode and the redox probe (figure. 5.12). The

specificity of the aptamer toward the target may be based mostly on the change in the position of

or absence of the minor functional group (OH-) in the molecule which is one of the subtle atoms

specific for aptamer binding as well as the ability of the biological recognition element (aptamer
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probe) immobilized on the copolymer modified electrode to retained it unique ability to interact

specifically.

140

120

100

-1 80-C
GI

60......
::::I
0

40

20

0
17beta -estradiol Napthalene Estrone 17alpha ethynlestradiol

Compounds

Figure 5.14 Current response of [Fe (CN) 6r
3/
-
4 probe in the presence of DNA aptamer to1O nM

17a-ethynlestradiol, estrone, naphthalene and17~ -estradiol respectively.

5.14. Sub Conclusion

A star copolymer GIPPT-co-PEDOT has been synthesized electrochemically and this was

employed as a platform for the immobilization 76-mer-ssDNA-aptamer to develop an

electrochemical aptasensor for the detection of 17~-estradiol, an endocrine disrupting compound.

Besides 17~-estradiol could be easily detected down to a concentration of 7.27 pM. The

aptasensor showed higher specificity for 17~-estradiol when compare with the response to

compounds having similar structure to 17~-estradiol such as naphthalene, estrone and 17a-

ethylestradiol.
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thiophenoimine )-co- poly(3,4-ethylenedioxythiophene)

copolymer

Dendritic Star

CHAPTER6

The results discussed in this chapter stem from the experimental procedures outlined in Chapter

3 section and section 3.8. The chapter presents the result of the novel dendritic star copolymer

electrochemically synthesized, response of aptasensor on the platform to analyte and

electrochemical multichannel transduction of poly(propylenethiophenoimine)-co-poly(3,4-

ethylenedioxythiophene) dendritic star copolymer

6.0 PART 3 RESULTS AND DISCUSSION:

Impedimetry and Microscopy of Electrosynthetic Poly(propylene

6.1 Introduction

In order to diversify the properties and expand the function of classical rt-conjugated polymer,

copolymerization of the conducting polymer leading to a new material with modulated properties

can be employed [438-439]. Synthesis of conducting polymer composites, graft and block

copolymers have been established to be useful in compensating for some deficiencies of

conducting polymers, such as poor mechanical and physical properties [439-440].

Electrochemical copolymerization can produce a variety of conducting materials with different

optical, electrical and morphological properties as well as control electrochromic properties

[373,376]. Dendritic polymers belong to a new class of synthetic macromolecules possessing a

regular branched tree-like structure whose conduction path is along the n-stack [54, 377,441-

442]. The n-stack are formed in contrast to the traditional conducting polymer where the
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conducting path is based on alternating the single and double bond p-conjugated organic system

[377]. Dendritic polymer conductivity is isotropic rather than anisotropic as usually observed in

other conductive layered systems because the dendritic structure can form the p-stack in three

dimensions. The field of dendrimer has been expanded greatly in recent years due to their

justifiable assurance of being used in variety of applications. One of the progress in dendrimer

based sensor system is the use of hybrid dendrimer containing encapsulated metal or the

preparation of dendritic star copolymer which makes them useful for application in catalysis and

electrocatalysis [372,443]. The formation of dendritic star copolymer with conducting polymers

such as polyaniline, poly thiophene and polypyrrole lead to the nanostructurization of the product

due to elongation of the conjugation chain and unhindered 1t stacking of the polymer molecule by

the dendrimer [370, 443]. It also leads to improved processibility and electrical conductivity of

the product [380, 444]. When compared to linear chain polymer, spherical polymers can provide

a material with reduced viscosity and melting point, higher solubility and enhanced substrate

penetration as coating. Dendrimeric star copolymers are novel type of molecular architectures in

which many linear homo or block copolymer chains are attached to a dendrimer core [379,444].

Electrochemical synthesis and characterization of novel conducting star copolymer composed of

G2PPT dendrimer core and PEDOT arms grown at the a-positions of the dendrimer's

thiophenoimine end groups is presented.
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6.2 Nuclear magnetic resonance eHNMR) and FTIR analysis

The yield of the thiophene functionalized dendrimer, poly (propylene thiophenoimine), shown in

Scheme 3.4,section 3.8.8 was 1.55 g, 68%. The IHNMR (CDCh 200 MHz, ppm) data for G2PPT
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are 1.40(s,br,4H,H-l), 1.78(t8H,H-2), 2.40(m,br,12H,H-2&3), 3.53(t,8H), 7.04(t,8H,H-8),

7.23(s4H,H-7), 7.26(s,4H,H-6), 7.82(C4H3S).
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Figure 6.1 Fourier transforms infrared spectra of spectroscopy of G2PPT-co-PEDOT and

The G2PPT IHNMR spectra showed a new chemical shift at 8.37 ppm for C=N-H which is not

shown in the parent G2PPI. Strong FTIR band (shown in figure 6 1) at 1622 ernwas observed

which may be attributed to the formation of C=N-H bond in the dendrimer moiety while out of

plane vibration for thiophene ring was obtained at 788 cm-I which corresponds to earlier reports

[431,445]. The spectrum of the G2PPT showed an out of plane C-H bending located at the a-

position of the thiophene ring observed at 722 cm-I which disappears after the polymerization,

indicating that G2PPT was converted to G2PPT-co-PEDOT via a-a coupling of thiophene units

G2PPT compounds.

a position

4000 3000 2000
Wavenumber (cm")

1000
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6.3 Atomic force microscopy (AFM) analysis

2D image of PEDOT 3D image ofPEDOT

AFM analysis was carried out on homopolymer and copolymer (G2PPT-co-PEDOT) in order to

investigate the difference in their surface morphology so as to confirm the linking of the

dendrimer moiety to the conducting polymer (PEDOT). The morphology in figure 6 2 a showed

smoothness at the surface due to the absence of dendrimer moiety while G2PPT-co-PEDOT

modified electrode surface revealed a rough surface with formation of globular structure of

different sizes which may be attributed to characteristic features of a dendrimer after

electrochemical synthesis of G2PPT-co-PEDOT. The result confirmed the formation of

copolymer (figure 6.2b) due to the incorporation of dendrimer moiety with conducting polymer

(PEDOT) which was also corroborated by the globular structure obtained in SEM images for

functionalized dendrimer alone. The 3D structure of G2PPT-co-PEDOT provides an appropriate

coverage having dome-shaped dendrimer island structures with tiny holes appearing in the

middle, which differ from PEDOT morphology and thereby demonstrating that G2PPT -co-

PEDOT was deposited on the electrode surface.

I:HeOght 20"",A) no
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B)

2D image of G2PPT -co-PEDOT 3D image ofG2PPT-co-PEDOT

Figure 6.2 Atomic force microscopy (AFM) images of (A) PEDOT, (B) G2PPT-co-PEDOT

6.4 Fluorescence spectroscopy characterization of G2PPT -co-PEDOT

The fluorescence spectra of G2PPI, G2PPT and G2PPT -co-PEDOT were investigated and

recorded as shown in figure 6.3. G2PPI dendrimer exhibited excitation and emission peaks at

356 nm and 421 respectively. As it can be seen, on introduction of the thiophene rings into the

periphery arms of the dendrimer via functionalization an increase in the emission peak intensity

(484 nm) was observed. The obtained results were similar to the response obtained when

dendrimer arms were modified with 1,8-napthalimide groups [427,446]. However the

fluorescence is apparently affected by the formation of G2PPT-co-PEDOT dendritic star

copolymer via copolymerization of G2PPT modified electrode with PEDOT. The formation of

the copolymer causes changes in the polarization of the chromophoric system. G2PPT -co-

PEDOT dendritic star copolymer exhibited florescence properties with excitation and emission
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band at 300 nm and 500 nm as shown in figure 6.3c. The strong emission peak of 500 nm (in

blue region) observed may be attributed to the incorporation of the highly conducting PEDOT

polymer at the dendrimer arm which exhibited blue coloration in its doped state due to onset of

the n-n* transition [332,447]. This shift in intensity to higher value is an indication that dendritic

star copolymer was synthesized and that the dendritic star copolymer may be a good blue

emitter. To further confirm the formation of the star copolymer, it was excited at the wavelength

corresponding to G2PPI and G2PPT but the observed emission could not be reversed to their

excitation bands upon an emission-excitation scan. This shows that an entirely new compound

was synthesized.

219

The fluorescence intensity of G2PPT-co-PEDOTdendritic star copolymer is related to excitation

and emission wavelength that is measured, and the three dimension fluorescence spectra can in

addition describe the relationship among fluorescence intensity, excitation and the emission

wavelength. The 3D isograms plot from the G2PPT-co-PEDOTdendritic star copolymer is

shown in figure 6.3d. The excitation wavelength in the D isograms ranges from 280-330 nm and

emission wavelength is between 360 and 530 nm. As it can be seen from figure 6.3d that the

dendritic star copolymer appears in the large fluorescence intensity in the range of 460 to 530 nm

for which the maximum peak is at 500 nm whicm as weU may be attributed to an extension of

the wave function to the dendritic chain.
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Figure 6.3 Fluorescence spectra of (a) G2PPI dendrimer (b) G2PPT dendrimer ((c) G2PPT-co-

PEDOT dendritic star copolymer and (d) 3D fluorescence emission (3D isograms) spectra of

G2PPT-co-PEDOT dendritic star copolymer
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(A) G2PPT (B) PEDOT film (C) G2PPT-co PEDOT

6.S. Scanning electron microscopy (SEM)

Figure 6 4 shows the scanning electron micrographs of (A) G2PPT, (B) PEDOT and (C) G2PPT-

co-PEDOT electrode surface respectively. The morphology of the G2PPT, revealed a

homogeneous globular formations on the electrode surface, quite different from the PEDOT film

morphology that exhibited flaky appearance. A significantly different morphology was observed

for star copolymer (G2PPT-co-PEDOT) which may be attributed to the enlargement of the

globular structures of the dendrimer moiety by the growth of the PEDOT arms, which may be

considered as a further proof of copolymerization.

Figure 6.4 Scanning electron micrographs of dendritic star polymer and its constituents.

6.6. Voltammetry of G2PPT -co-PEDOT

The cyclic voltammograms (CVs) of G2PPT-co-PEDOT modified electrode in 0.1 M LiCI04 at

different scan rates ranging from 40-120 mV/s are shown in figure 6.5. The anodic peak current

of G2PPT-co-PEDOT electrode is linearly dependent on the scan rate (v) giving a regression
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equation ipa (IlA) = -61.994 + 14.808X (r2= 0.996). This reveals that the electrode contains a thin

electroactive surface-bound polymer film and the occurrence of electron diffusion along the

conducting dendritic star copolymer chain. The nature of the process controlling the peak was

elucidated from a plot of the log of anodic current (log ipa) against the log of scan rate (log v)

which gave a slope of 1.02, thus confirming an adsorption controlled electrochemistry of

G2PPT -co-PEDOT nanoelectrode in 0.1 M LiCI04• Integration of the CV of the oxidation peak

to obtain the amount of charge (C) involved in the reaction and substituting appropriately in the

Laviron equation [322, 432], showed that the star polymer's electrochemistry is a two electron

process. The surface concentration (I") of the G2PPT-co-PEDOT film was estimated to be 1.96

xl0-IO mol cm", which was found to be higher than what was reported for other PEDOT

copolymers on GCE electrode [416, 448]. This r value in impedimetry analysis represents

97.3% coverage. The redox process occurring at the electrode is shown in scheme 6.1

Figure 6.5 Cyclic voltammetry of star copolymer AujG2PPT-co-PEDOT at potential scan rates
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6.7 Electrochemical impedance spectroscopy of G2PPT -co-PEDOT in 0.1 M

The dependance of the EIS parameters of the conducting polymer systems on applied potential

may be used to study the chacteristics of the film structures and kinetics, as well as the

mechanisms for charge transfer and ion transport in polymer filmlelectrolyte interface. However,

impedance spectroscopy also allows the detection of change in capacitance due to electrode

modification. The low frequency capacitance change (values) can be obtained from the

imaginary part Zim of the complex impedance part of the spectra using the following equation

[449-450]

(where f= maximum frequency, 1t = 3.142, Zim = slope of the plot of the imaginary impedance

against the reciprocal of frequency). The Nyquist plot for various modified electrodes showed a

specific capacitance of 26.5, 133.7 and 135.9 IlF/cm2 for bare Au, AulPEDOT and AuIG2PPT-

co-PEDOT, respectively.

Figure 6.6 shows the Nyquist plot of bare gold electrode measured at different de potential from

-600 to -1000 mV. However, both the impedance and phase angle do not exhibit distinctive

response at positive potentials up till +1000 mV open circuit. That is the reason for applying only

negative potentials in the impedance study. As shown in figure 6.6 b at -600 mV the Nyquist plot
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is characterized by the least semicircle compared to other potentials indicating the occurrence of

a charge tranfer process at the bare electrode. The optimal potential was found to be -600 mV as

can be seen in figure 6.6 b which was further coroborated by impedance plot in figure 6.6 c. As

the electrode potential was increased to positve values, a switch to diffusion-controlled process

was observed characterized by disappearance of semi circle
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Figure 6.6 (A) Randles equivalent circuit, (B) Nyquist and (C) Bode plots of the EIS data of

bare Au in 0.1 M LiCL04 at different potentials.

Upon surface modification of gold electrode with G2PPT-co-PEDOT by

electrocopolymerization, the total impedance decreased with drastic drop in the value of the

charge tranfer resistance (figure 6.7) which is an indication of the polymerization of the EDOT

monomer on the dendrimer's thiophenoimine arms. The most conducting potential was

determined by interrogating the EIS of the star copolymer at different potentials. As shown in

figure 6.6 b the most conducting potential was found to be -600 mV which was taken as the

optimal potential.
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Figure 6.7 Nyquist (A) and Bode (B) plots for AuIG2PPT-co-PEDOT at different potentials.

Inset shows Nyquist plots at -800 to -600 mV.
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As shown in figure 6.8 the diameter (i.e. charge transfer resistance, RcJ of Nyquist semicircle

was smaller for AuIG2PPT-co-PEDOT (7.805 x 102 n) than for bare Au (2.907 x 104 n). This

reavealed the fact that the conducting PEDOT arms of the dendrimer facilitated the flow of

charge through the star copolymer onto the surface of the electrode. (see scheme 2). Also the

PEDOT-modified electrode gave a Nyquist semicircle diameter of 8.85 x 102 n, which was

higher than the value of 7.805 x 102 n obtained for AuIG2PPT-co-PEDOT. The increase in the

conductivity of the dendritic star copolymer may also be attributed to the increase in the

conjugation length of the copolymer after the incorporation of the PEDOT arms onto the

dendrimer thereby facilitating easy flow of charge through the star copolymer and to the

electrode surface. The interfacial charge transfer resistance values, denoting either the kinetic

resistance to charge transfer at the copolymerlsolution boundary or electron tranfer at AuIG2PPT-

co-PEDOT boundary, at different potentials were also ploted as shown in figure. 6.9.

Figure 6.8 Nyquist plot diagrams for (a) bare Au (b) AulPEDOT (c) AuIG2PPT-co-PEDOT at a
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The charge storage capacity, the real impedance and the charge transfer resistance of Au[G2PPT-

co-PEDOT varied with potential at the lowest fequency of 100 mHz as shown in figure 6.9. The

optimum potential at which the dendritic star copolymer was more conductive was -600 mV with

a charge storage capacity of 135 !IF/cm2 and lowest interfacial electron tranfer resistance as

shown in figure 6.9 b. However, similar responses were obtained for bare Au and Au[PEDOT at

the same potential of -600 mV used for comparing the behaviour of the three electrode platforms

as illustrated by the Nyquist plots shown in figure 6.8. Kinetic parameters of the electrode

systems, e.g. time constant Ct), exchange current (ia) and heterogeneous rate constant (ket) were

estimated so as to ascertain the catalytic and conductivity behavior of the dendritic star

copolymer on the kinetics of the supporting electrolyte. The 't values were 4.7 x 10-2 s rad-I, 1.64

x 10-5 s rad-I and 1.45 x 10-5 s rad-I for bare Au, Au[PEDOT and Au[G2PPT-co-PEDOT,

respectively. The ia value for the charge transfer from star copolymer film to the electrode

surface was 1.64 x 10-5 A which is higher than the values for bare Au (4.40 X 10-7 A) and

Au[PEDOT (1.45 x 10-5 A). These results show that the flow of charge through the star

copolymer onto the surface of the electrode is faster at the Au[G2PPT-co-PEDOT modified

electrode than the bare electrode. Heterogeneous rate constant is a measure of the rate of electron

transfer on the surface of the electrode. Thus, an increase in ket value from 1.09 x 10-6 cm S-Ifor

bare Au electrode to 4.05 x 10-5 cm S-I for the dendritic star copolymer modified electrode also

corroborated the facile flow of charge through the copolymer platform [24, 415].The low value

of ket obtained for bare electrodein table 6.1 when compared to value obtainedfor bare in table

5.1 may be attributed to improper etching or claeaning of the bare electrode. Besides, the time

constant obtained (table 1) for the star copolymer platform was lower than that of the bare Au

electrode, which is in agreement with earlier reports for modified electrodes [24, 415]. The
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impedance parameters in table 1 were obtained by fitting the equivalent circuit shown in figure

6.6 a and the fitting error was less than 5%.

Table 6.1 Kinetic parameters of the modified electrode systems.

Kinetic parameters Au AulPEDOT AulG2PPT -co-PEDOT

Exchange current (io,A) 4.40 X 10-7 1.45 x 10-5 1.64 X 10::)

Heterogeneous rate constant 1.09 x 10-6 3.58 x 10-5 4.05 X 10::)

(ket, S-I)

Time constant (r, s rad-I) 4.70 x 10-2 1.15 x10-2 1.49 x 10=0

Besides changes in the total impedance, changes were also observed in the phase angle values

after gold electrode was modified with PEDOT and G2PPT-co-PEDOT. Figure 6.10 shows the

plots of phase angle changes with frequency for the bare Au, PEDOT and G2PPT-co-PEDOT.

Bode plots showed remarkable differences in the electronics of bare Au, PEDOT and G2PPT -co-

PEDOT interfaces. The frequency of maximum phase angle increased from bare Au to PEDOT

and G2PPT-co-PEDOT with the phase angle decreasing from semi-metallic value for Au (70°) to

semiconductor value for PEDOT (25°) and G2PPT-co-PEDOT (20°), which is in agreement with

earlier reports [374].

•
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On the other hand the EIS spectra show that at low frequency (100 mHz.) when the electronic of

the electrode system are minimally perturbed, the AuIG2PPT-co-PEDOT exhibited semi metallic

behavior (phase angle value of 67.5°) while AulPEDOT (with a phase angle values of 52.9°)

showed semiconductor behaviour.
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Figure 6.10 Bode phase angle plots of AuIG2PPT-co-PEDOT star co-polymer and its

components.
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6.8 Electrochemistry of AulG2PPT -co-PEDOT in phosphate buffer (PBS)

The electrical chemical behavior of bare gold and AuIG2PPT-co-PEDOT modified electrode

were carried out in aqueous phosphate buffer (pH 7.5). Figure 6.11a shows the cyclic

voltammetry (CV) of bare gold versus electrochemistry of AuIG2PPT-co-PEDOT in phosphate

buffer (PBS) respectively. No redox chemistry is observed for bare gold in PBS within the

potential window chosen. However, in PBS AuIG2PPT-co-PEDOT modified electrode exhibited

a pair of redox couple at a potential of -600mV compared to 80mV (vs Ag/AgCI) reported earlier

for GCEIFCNIPEDOT in PBS as well as at a potential of 500mV and 230mV (vs Ag/AgCI) for

GCEIPEDOT alone in aqueous O.IM LiCI04 [326, 339].
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Figure 6.11 (A) Cyclic voltammetry ,(B) Square wave voltammetry response of (a) Bare Au and

(b) AuIG2PPT-co-PEDOT in PBS (pH 7.5) (C) Cyclic voltammetry of star copolymer

AuIG2PPT-co-PEDOT at potential scan rates of 10-100 mVls in 0.1 M PBS (D) the plot of peak
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current against square root of scan rate.

The shift to lower potential may be attributed to the formation of the dendritic star copolymer

due to the incorporation of highly conducting PEDOT into the dendrimer moiety [374]. The

reversible redox peak at -600 mV (vs Ag/AgCI) in CV (figure 6.11a) was corroborated by SWV

response shown in figure 6.11b. Figure 6.11c depicts the cyclic voltammograms of AuIG2PPT-

co-PEDOT film in phosphate buffer solution at different scan rate up to 100 mVls while the

figure 6.11 d indicate the variation of the peak currents (ipq) of G2PPT -co-PEDOT redox couple

with increase in the scan rate up to 100 mV/s. The anodic peak currents of G2PPT-co-PEDOT
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4RT eqn 6.2

redox couple increases linearly with increase in scan rates. The ratio of the ipa / ipc remained

almost in unity. The observation indicate that the electron transfer process involved a surface

confined electro active species and ion transfer is faster in the dendritic star copolymer film. The

nature of the process controlling the peaks was also elucidated when a plot of log of anodic

current log (ipq) against log of scan rate log (v) was carried out which gave a slope of 1 thus,

confirming an adsorption controlled electrochemistry behavior of G2PPT-co-PEDOT

nanoelectrode in O.IM PBS (pH 7.5) similar to what was reported earlier in aqueous O.IM

LiCI04 for G2PPT-co-PEDOT. The dendritic star copolymer (G2PPT-co-PEDOT) exhibited a 2

electron process when an appropriate substitution into Laviron equation [430] was done having

obtained the amount of charge in the reaction by integrating the CV of the oxidation peak. An

approximate estimation of the surface coverage of the electrode was done using the following

equation

where n= number of electrons, A=geometric surface area of the electrode (0.0201 cm"),

r (mol/cm2),v= scan rate and the other symbol have their usual meaning. The calculated surface

concentration of G2PPT-co-PEDOT.in PBS was 4.9xl0-IO which was found to be higher than

what was reported for other PEDOT copolymer on GCE electrode [339,451].

EIS measurements of AuIG2PPT-co-PEDOT nanoelectrode were also made in PBS at different

bias potential from 100 mHz to 100 kHz frequency. The EIS of the G2PPT-co-PEDOT

nanoelectrode in PBS shown by the Nyquist plot in figure 6.12a is characterized by the least

semi circle at a potential of -600mV (vs Ag/AgCI) which further confirmed -600 mV (vs
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Ag!AgCl) to be the most conducting potential corroborating the electroactivity of the G2PPT -co-

Figure 6.12 (A) Nyquist and (B) Bode plots of the EIS data of AuIG2PPT-co-PEDOT in 0.1 M

PEDOT observed at that potential in cyclic voltammetry.
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A similar response was obtained in aqueous O.IM LiCl04 for G2PPT-co-PEDOT which revealed

that generation 2 poly(propylene thiophenoimine)-co-poly(3,4 ethylenedioxythiophene) dendritic

star copolymer film can be employed as a suitable platform in both aqueous LiCI04 and

phosphate buffer respectively. A change in Bode phase angle was observed from -100 mV to -

600 mV (vs Ag/AgCI) with a high value of 74.1 ° at -600 mV for G2PPT-co-PEDOT. On the

other hand the EIS spectra show that at low frequency (100 mHz.) when the electronic of the

electrode system are minimally perturbed, the AuIG2PPT-co-PEDOT at -600mV exhibited semi

metallic behavior (phase angle value of 74.1°)

6.9 Cyclic voltammetric behavior of the modified electrode.

Cyclic voltammetry is an effective and convenient method for probing the interfacial properties

of an electrode as well as for monitoring electron transmission procedure of a surface modified

electrode. On modification of an electrode surface with some material, the electron kinetic of

Fe(CN)6r3/-4 is perturbed. Figure 6.13 illustrates the CV of different modified electrode in 5mM

Fe(CN)6r3/-4• As expected Fe(CN)6r3/-4 redox probe exhibits reversible behavior with a peak-

peak separationfali) of 87mV at bare gold electrode (curve a). On modification of the electrode

surface with G2PPT to give AuIG2PPT, cathodic and anodic peak current decreased drastically

with a sudden disappearance of the peak current (curve b). This may be attributed to the compact

nature of the functionalised dendrimer film as well as the displacement of the active periphery

hydrogen in the dendrimer with non conducting thiophene monomer thereby blocking free flow

of electron from the electrolyte solution to the electrode surface. After the copolymerization of

G2PPT with PEDOT to form G2PPT-co-PEDOT on gold electrode (curve c), the reversibility of

AuIG2PPT-co-PEDOT nanoelectrode was restored with a peak-peak separation (~E) of 95mV
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(vs Ag/AgCI). This suggest that the electron transfer process blocked by G2PPT is restored

because the dendritic star copolymer provide the necessary conduction pathway and promote the

electron transfer between Fe(CN)6r3/.4 redox probe and the electrode. Subsequently the 76mers

ssDNA aptamers was effectively immobilized on the AulG2PPT -co-PEDOT nanoelectrode, and

the current response of Fe(CN)6r3/.4 on the electrode surface decreases significantly curve (d).

The decrease of the current response is attributed to the negatively charged backbone of the

ssDNA aptamer, which led to electrostatic repulsion blocking the access of Fe(CN)6r3/.4 to the

electrode surface and thus reducing the rate of electron transfer to the electrode surface . This

indicates that the 76mers ssDNA was effectively immobilized on AuIG2PPT-co-PEDOT

nanoelectrode to form an aptasensor (AuIG2PPT -co-PEDOTlssDNAaptamer) that can respond to

Figure 6.13 Cyclic voltammetry of modified electrode in 5 mM [Fe(CN)6r3/•4 in phosphate

buffer containing 0.1 M KCI at (a) Bare Au (b) AulG2PPT (c) Au] G2PPT-co-PEDOT and (d)

l7~-estradiol an endocrine disrupting chemical.
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6.10 Quantitative investigation of endocrine disrupting 17-p-estradiol Using

Aptamer Immobilized Au/G2PPI-co-PEDOT Modified electrode

Electrochemical analysis was performed to confirm and optimize the condition of ssDNA

aptamer immobilized on the surface of the modified electrode. The current changes in ev were

monitored before and after immobilization of ssDNA aptamer on the modified and current drop

in ev were observed when various concentrations of ssDNA aptamer (0.1 IlM-1.0 IlM) were

initially immobilized on the modified electrode. The difference in current drop varies with the

concentration of the ssDNA aptamer on the modified electrode which may be attributed to

biotinylated ssDNA aptamer interference with the electron flow [24, 417]. The decrease in

current response with increase in concentration may be due to the electrostatic repulsion that

exist between the negatively charge phosphate backbone of the DNA aptamer and the negatively

charged hydroxyl ion substituent of the target in aqueous solution which is one of the subtle

substituent for aptamer discrimination within molecule of similar structures in the presence of

[Fe (eN) 6] -3/-4 as redox probe Therefore binding of aptamer to charged small molecule in

aqueous solution such as 17~-estradiol to aptamer result in the formation of aptamer-target

complex of high constant binding rather than ordinary DNA duplex can affect electron flow

combined with diffusion rate in the presence of [Fe (eN) 6] -3/-4 [24].

poly(propylene thiophenoimine )-co-poly(3 ,4-ethy lenedioxythiophene). The analytical

An electrochemicalaptasensor for the detection of 17~-estradiol was fabricated. The aptasensor

was made up of a biotinylated DNA aptamer immobilized on a gold electrode modified with a

performance of the aptasensor was studied by incubating different concentration of the 17~-

estradiol with the aptasensor. Electrochemical signals were recorded by cyclic voltammetry and
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square wave voltammetry which was carried out against a series of 17~-estradiol concentrations

to investigate the binding ability of the target with the aptamer immobilized on the platform. The

analysis was done in the presence of a redox probe [Fe (CN)6r3/-4 by monitoring the drop in the

electron flux produced from a redox reaction between the redox couple. The affinity of the

aptamer for target was monitored by change in peak current response as the concentration of the

target increases. Concentration dependence decrease in current signal response on incubation of

the target with probe was achieved which may be due to specific interaction between the aptamer

and 17~-estradiol (E2) which result in the formation of aptamer-target complex [24,126, 435].

The formation of the aptamer-l Zjl-estradiol complex on the electrode surface hindered the

effective flow of electron between the electrolyte solution and the electrode surface [24, 435].

Furthermore it is well documented that aptamer undergo conformational transformation upon

binding their target. When 17~-estradiol as a specific contestant emerge, 17~-estradiol-aptamer

complex are formed instead of the aptamer DNA-duplex thereby increasing the electron transfer

tunnelling between the redox probe and the electrode [24,435,452] The aptamer-target complex

diminish the efficiency of electron transfer between the electrode surface and the electrolyte

solution [ 24, 374, 452]. Moreover, the decrease in current may be attributed to the electrostatic

repulsion that occur between negatively charge phosphate backbone and the negatively charge

hydroxyl ion (OH-) of the target in solution due to it specific interaction with the aptamer. As

earlier stated 17~-estradiol becomes negatively charge in solution due to the formation of more

hydroxyl radical ion at high pH [ 244]. It is clear that at higher concentration of 17~-estradiol

(E2), the current decreases more notably which may be attributed to the formation of more

hydroxyl ion of the estradiol in solution which prohibited the influx of electron from the

electrolyte to the surface of the electrode due to repulsion as a result of similar charges ( [ 24,

242

https://etd.uwc.ac.za/



-200 o 200 400
Potential(mV)

600 800

417]. The difference in peak potential from the cyclic voltammogram was increased as the

concentration of 17~-estradiol increases. The increase in peak potential separation may be

attributed to slow kinetic of charge transfer electron which is caused by aptamer-target complex

formation. The high sensitivity of the aptasensor may be attributed to high surface coverage of

82% exhibited by the nanostructured material on the electrode surface which significantly

enhanced more loading of the bio-receptor probe and hence markedly improve sensitivity for the

target [ 374, 418].
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Figure 6.14: (a) A typical Cyclic voltammetry and (b) A tyypical Square wave responses of

DNA aptamer immobilized on dendritic star copolymer (G2PPT-co-PEDOT.) platform to 0.1
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Figure 6.15 Calibration curve response of AuIG2PPT-co-PEDOTIAptamer to different

concentrations of 17~-estradiol. Inset: is the dynamic linear range of the aptasensor from 0.0 1-

0.09 nM

The calibration curved showed a linear relationship between the current response of the

aptasensor (AuIG2PPT-co-PEDOTIAptamer) to different concentrations of 17~-estradiol. A

linear range from the curve is 0.01 nM to 0.09 nM was observed for the aptasensor (r=0.999),

with a sensitivity of 328 !lA/nM and detection limit of 4.1 0 pM. The obtained detection limit for

the aptasensor was found to be lower when compared with other sensors used for the detection

endocrine disrupting 17~-estradiol. For example, a detection limit of 14.9xI0-6 M was reported
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by Dempsey et al [239] when the GCEITyrosinaselpoly(thionine) biosensor was employed for

the detection of 17~-estradiol while that of 1 x 10"5M was achieved by Salci et al [243] when

bare GCE electrode was used for 17~-estradiol detection. Also recently a detection limit of

1.03xl0"IO M was achieved by lwuoha et al [453] when an enzyme based biosensor was

employed for the detection of 17~-estradiol. This indicates that the nanostructured G2PPT -co-

PEDOT material played a role in enhancing the sensitivity and response of the aptasensor due to

is high surface coverage on the electrode surface. In addition the detection limit of the aptasensor

is also comparable with other methods employed for the detection of endocrine disrupting 17~-

estradiol in water. For instance Coille et al [421] obtained a detection limit of 1.10 x 10"9M

when a solid-phase micro extraction-high performance liquid chromatography with UV and

electrochemical detection method was used for 17~-estradiol detection in water samples while a

detection limit of 0.59 x 10"9 M was achieved by Penalver et al [420] when fluorescence

immunoassay method was employed for the detection of 17~-estradiol in water. The lower

detection limit exhibited by the aptasensor therefore makes it potentially applicable in detection

of 17~-estradiol in drinking water samples. In contrast to the work reported by Kim et al [152], a

modified gold electrode consisting of dendrimer/ PEDOT nano-networks was used for the

immobilization of the aptamer. This nano-platform markedly improved the sensitivity and the

detection limit of the aptasensor.

6.11 Specificity of Aptasensor to 17p-estradiol (E2)

Apart from being sensitive to different concentrations of the analyte, aptamer based biosensor

must also be specific. Estrone, 17a-ethylestradiol and naphthalene were chosen as interference

compounds that belong to the family of endocrine disrupting chemicals with 17~-estradiol. The

evaluation of the specificity of the constructed aptasensor was performed by examining 10 nM of
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Estrone, 17~-estradiol, 17a-ethylestradiol and naphthalene respectively after incubation with the

aptasensor. The result showed that little or no significant change was observed in the SWV

compared to the 17~- estradiol which may be attributed to lack of specific binding. A significant

decrease induced by interaction of the aptamer probe was observed due to high specific binding

and affinity that existed between 17~-estradiol and the aptamer probe which resulted in the

insulation of the electron transfer between the electrode and the redox probe. The specificity of

the aptamer toward the target may be based mostly on the change in the position or the absence

of the minor functional group (OH") in the molecule which is one of the subtle atoms specific for

aptamer binding as well as the ability of the biological recognition element immobilized on the

nanoelectrode to retained it unique ability to interact specifically.

80

120

40

o
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Endocrine dirupting chemicals
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Figure 6.16 Current response of [Fe (CN)6r3/-4 probe in the presence of DNA aptamer

to100 nM 17a-ethynlestradiol, estrone, naphthalene andl Zê-estradiol respectively.
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To characterize the reproducibility of the aptasensor five repetitive experiments involving

incubating of 100 nm 17p-estradiol with the aptasensor was carried out. The binding interaction

between the aptamer-target was monitored with change in peak current. A good reproducibility

with a standard deviation of 5% was obtained (n = 5) for the aptasensor. The stability of the

fabricated aptasensor is an important issue in development and practical implementation for the

detection of 17p-estradiol therefore aptasensor storage stability was monitored. The result

showed that the current response of aptasensor to 100 nm 17p-estradiol decreased by 11.27%

after storing in the refrigerator for half a month which means that the aptasensor retained

6.12 Reproducibility and stability

88.73% of its initial response.
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Figure 6.17 Graph showing the stability study of the fabricated aptasensor
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6.13 Electrochemical multichannel analysis of estrogeneous 17p-estradiol

endocrine disrupting chemical.

An electrochemical based aptamer nanobiosensor for the detection of 17p-estradiol was

fabricated on multichannel robotic microarray screen printed electrodes which allow

simultaneous determination of analytes in different wells using two different platforms

concurrently on the microarrays electrodes. The aptasensor was made up of DNA aptamer

immobilized on microarray screen printed electrodes 1-5 modified with generation I

poly(propylenethiophenoimine )-co-poly(3 ,4-ethy Ienedioxythiophene)- {G IPPT -co-PEDOT}

dendritic star copolymer platform while 6-10 microarray screen printed electrode were modified

with generation 2 poly(propy lenethiophenoimine )-co-poly(3 ,4-ethylenedioxythiophene)-

(G2PPT-co-PEDOT) dendritic star copolymer platform respectively.

The analytical performances of the aptasensor on microarray screen printed electrode were

investigated by incubating different concentrations of endocrine disrupting 17p-estradiol. The

aptasensor response to 17 p-estradiol was based on decrease in the square wave voltammetry

(SWV) current as the target bind the ssDNA aptamers on the biosensor. The analysis was carried

out in the presences of [Fe(CN)6r3/-4 redox probe by monitoring the drop in the electron flux

produced from reaction between the redox couple. In principle in the absence of the aptamer-

target complex of high binding constant a high peak current is expected. Conversely, when 17p-

estradiol as a specific competitor appears within the wells and binds with ssDNA aptamer a

complex known as aptamer-Ljji-estradinl complex formed on the microarray screen printed

electrode thereby hindering the effective flow of electron from the solution electrolytes to the

surface of the electrode as result of the insulating layer created by the aptamer-target complex
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formation on the surface of the microelectrode resulting in SWV current drop which in

agreement with earlier report [ 24, 374, 417, 452]. The SWV response of 17~-estradiol to

aptasensor in well 1-5 were similar but differ slightly from response in well 6-10 that exhibited

similar responses. The difference in response to the aptasensor in these wells may be attributed to

the performance of the aptasensor as result of different modifier upon which the aptamer was

immobilized. The microelectrodes modified with G2PPT-co-PEDOT exhibited good

performance above the micro electrodes modified with GIPPT-co-PEDOT which may be due to

high surface coverage exhibited by the G2PPT-co-PEDOT a little above GIPPT-co-PEDOT as

well as increase in amount of active highly conducting PEDOT attached to the dendrimer arms

thereby allowing more loading of the aptamer on the surface of the electrode thus enhancing

sensitivity of the aptasensor on 6-10 microarray screen printed electrode respectively [ 374,416].

In addition Zhang et al 2007 [244] reported that 17~-estradiol becomes negatively charged in

solution due to the formation of more hydroxyl radical (ion) at high pH hence, decrease in SWV

current response exhibited in the wells as shown in figures 6.16a-c and 6.18a-c used for detection

may also be attributed to the electrostatic repulsion that existed between the negatively

phosphate backbone of DNA aptamer and the hydroxyl ion from the 17~-estradiol being one of

the subtle ion or molecule that binds to aptamer [24, 374].
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Figure 6.18 A typical square wave responses of aptasensor to 0.1 nM, 1.0 nM, 10 nM and 100

nM l7~-estradiol concentrations (a) in well Dl El, Fl, and Gl (b) well D2 E2, F2, and G2 (c)

well D3 E3, F3, and G3 on GlPPT-co-PEDOT modified screen printed array electrodes.
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Figure 6.19 Calibration curve response of apatsensor on screen printed array electrode to

different concentrations of 17p-estradiol. Inset: is the dynamic linear range of the aptasensor

Figure 6.18 above showed the dependence of the current response of the aptasensor to different

concentrations of 17p-estradiol in the wells DI-GI, D2-G2 and D3-G3 respectively. A linear

range 0.01 nM to 0.085 nM was obtained for the aptasensor (r=0.998) from the calibration curve,

with a sensitivity of 5.31 IlNnM. Moreover, 17p-estradiol could be easily detected down to a

concentration of 7.96 pM which is lower than 14.9 x10-6 M. and I x 10-5 M reported. for other

amperometric biosensor for 17p-estradiol detection [243,239]. This signify that the

nanostructured material (GIPPT-co-PEDOT ) modified on the screen printed array electrode
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upon which the aptamer was immobilized played a role in enhancing the sensitivity and response

of the aptasensor due to the high surface coverage displayed by the nanostructured material. The

similarity in figures 6.17 A, Band C may be attributed to the same nanostructured material used

as modifier for aptamer immobilization.
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Figure 6.20 SWV response of the aptamer-target interaction in (a) well D6 E6, F6, and G6 (b)

well D7 E7, F7, and G7 (c) well D8 E8, F8, and G8 on G2PPT-co-PEDOT modified microarray

screen printed electrode.
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The calibration curved exhibited a linear relationship between the current responses of the

aptasensor (AuIG2PPT -co-PEDOTIAptamer) to different concentrations of 17p-estradiol in the

wells. A linear range from the curve is 0.01 nM to 0.3 nM was observed for the aptasensor with a

sensitivity of 25.31 !lA/nM and detection limit of 2.01 pM in wells D6-G6, D7-G7and D8-G8

respectively. The regression equation was y=-0.0178+25.3Ix and the correlation coefficient (R2)

was 0.998. The achieved detection limit was found to be lower than other sensors utilize for the

detection 17p-estradiol. Ndangili et al [453] reported a detection limit of 1.03x10-10 M when an

enzyme based biosensor was employed for the detection of 17p-estradiol [453] while a detection

limit of 14.9 x 1O-6Mwas achieved by Dempsey et al [239] when GCEITyrosinaselpoly(thionine)

biosensor was employed for the detection of 17p-estradiol as shown in table 6.2. This reaveled

that the nanostructured material (G2PPT-co-PEDOT) modified on the screen printed array

electrode upon which the aptamer was immobilized played a role in enhancing the sensitivity and

response of the aptasensor due to is large surface coverage. The similarity in figures 6.19 A, B

and C may be attributed to the same nanostructured material used as modifier for aptamer

immobilization. The detection limit of the aptasensor is also comparable with other methods

employed for the detection of endocrine disrupting 17p-estradiol in water [420-421].
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6.14 Comparison of analytical performances of the aptasensors

Analytical performance of the aptasensor developed on generation I and 2

poly(propy lenethiophenoimine )-co-poly(3 ,4-ethylenedioxythiophene) dendritic star copolymer

platforms were investigated and compared by incubating different concentration of the target

with the aptasensor in different wells employed for the analysis.

From figure 6.20 a-c below it is evident that aptasensor developed on generation 2
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poly(propy lenethiophenoimine )-co-poly(3, 4-ethylenedioxythiophene )-G2PPT -co-PEDOT

dendritic star copolymer exhibited higher performance than its counterpart. The difference in

aptasensor may attributed to the large surface area exhibited by the G2PPT-co-PEDOT on the

electrode surface as well as the presence of more highly conducting PEDOT on the dendrimer

arm compared to GIPPT-co-PEDOT that posses half the amount of PEDOT on G2PPT-co-

PEDOT. These allow for more loading of the bioreceptors probe on the microarray screen

printed electrode surface and hence markedly improve sensitivity. The current drop is found to

be more evident on aptamer immobilized on the G2PT-co-PEDOT modified screen printed array

with a sensitivity of 25.31uAlnM compared to 5.31uAlnM obtained for screen printed array

electrode modified with GIPPT-co-PEDOT
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6.15 Comparison of performance of fabricated aptasensors with other

analytical methods

From the table 6.2 below the the achieved detection limit obtained for all the fabricated

aptasensor was found to be lower than other sensors and other analytical techniques utilize for

the detection 17~-estradiol. This reaveled that the nanostructured materials used as modifier on

the electrode upon which the aptamer was immobilized played a role in enhancing the sensitivity

and response of the aptasensor due to its large surface coverage.

Table 6.2 Comparison of performance of fabricated aptasensors with other analytical methods

Method Linear range (M) LOD(M) references

AuNPIPEDOTI76mer 0.01 xlO-9-O.08xI0-9 3.2xlO-12 (0.87ng/L) This work

Electrochemistry

AuIGIPPT-coPEDOTI76mer 0.01 xlO-9-0.07xlO-9 7.3xI0-12(1.99 ng/L) This work

Electrochemistry

AulG2PPT -coPEDOTI7 6mer 0.01 xI0-9-O.09xI0-9 4.lxl 0-12 (1.12 ng/L) This work

Electrochemistry

BareGCE 4 x l 0-5-Ixl 0-3 I xlO-5 (2.72 mg/L) 243

Electrochemistry

GCEIPoly-serine I xlO-7-3xI0-5 2 x10-8 (5.45 ug/L) 53
Electrochemistry

GCElnanoPt-MNWT 5 xI0-7-1.5xI0-5 1.8 x10-7 (49 ~glL) 419

Electrochemistry
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GCEITyrosinaselpoly( thionine) 2 xI0-4-8xI0-4 14.9 x l O" (4.06 mg/L) 239

Electrochemistry

(CNT Ni(Cyclam)/GCE) 5.0x ID ·7-4.0x 10-5 6.0x lO-K 436

Electrochemistry

(nanoAI203/GCE) 4.0x10 -'-4.0xlO-5 8.0xI0-1S 437

Electrochemistry

Fluorescence immunoassay 6.81xl 0-5-3. 74xl 0-3 0.59 xl O" (0.16 Ilg/L) 420

SPME-HPLC-UV 3.67xlO-'J-1.8xl 0-1 LID xl O" (0.3 Ilg/L) 421

6.16 Sub conclusions

A novel dendritic star copolymer, G2PPT-co-PEDOT, which was successfully synthesized

electrochemically was found to exhibit high conductivity which facilitated the flow of charge

through the conducting star copolymer. Morphological characterization of G2PPT-co-PEDOT

revealed a globular porous structure which explains the ease of charge transportation through the

copolymer film. However, G2PPT-co-PEDOT exhibited similar behavior in aqueous 0.1 M

LiCI04 which showed that generation 2 poly(propylene thiophenoimine)-co-poly(3,4 ethylene

dioxythiophene) dendritic star copolymer (G2PPT-co-PEDOT) film can be employed as a

suitable platform in both electrolytes. The electrochemistry of the nanoelectrode showed a two
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electron process in both electrolytes, while the Bode phase angle analysis ofEIS data confirmed

that the copolymer is a highly conducting semiconductor.The fabricated aptasensor based on

electrochemically synthesized dendritic star copolymer of generation 2 poly(propylene thiopeno

imine)-co-poly(3,4-ethylenedioxythiophene) exhibited high sensitivity, selectivity, stability and

reproducibility to the target. The work also demonstrated that the multichannel robotic sensor

testing analyzer device with 96-well can be succefully use for the detection of 17-B-estradiol

using two different aptamer based immobilized dendritic star copolymer platforms

simultaneously. The aptasensors exhibited good performances to 17-B-estradiol.
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CHAPTER 7

7.0 CONCLUSION AND RECOMMENDATION

7.1 Conclusions

The study explored the development of an aptamer based biosensor developed on an

electro synthetic platform. The DNA aptamer sequence used in this work is based on that which

has been selected using SELEX by other researchers such as Kim et al. Since this sequence has

been shown to bind with estradiol, there was no need for its reselection using SELEX. Moreover,

the main point of this work is not based on SELEX (or SELEX optimization) but the use of

already selected oligo sequence for the development of novel aptamer sensors with improved

performances. The exact base sequence of the beta estradiol aptamer was synthesized and

purified commercially.The modification of the electrode surface and the interaction of the 76-

mer SELEX synthesized aptamers and the analyte 17~-estradiol was studied electrochemically

with square wave (SWV), cyclic voltammetry (CV) and impedance spectroscopy (EIS). The

introduction of the analyte 17~-estradiol decreased the current due to formation of an aptamer-

target complex that serves as an insulating layer on the electrode surface thereby inhibiting the

free flow of electrons from the solution electrolytes to the surface of the modified electrode. The

current drop was used to monitor the amount of analytes bound to the biorecognition element

(aptamer). The morphology characterization of the nanocomposite showed the incorporation of

the gold nanoparticles (AuNP) which was made possible by the covalent attachment of sulphur

in the conducting polymer (PEDOT) film with gold nanoparticles due to sulphur affinity for

gold. The nanocomposite posses suitable electrochemical properties that make them applicable in
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the development of of an electrochemical aptamer nanobiosensor. The work is novel as we report

for the first time an aptasensor for endocrine disrupting 17~-estradiol based on a poly(3,4-

ethylenedioxylthiopene)-gold nanocomposite platform. The aptasensor exhibited high specificity

and sensitivity with low detection limit down to 3.2 picmolar (0.87 ng/I) which is lower than

many amperometric sensors reported earlier as well as to other analytical techniques detection

limit employed in the detection of 17~-estradiol in water samples [239,419,420,421]. The lower

detection limit achieved for the aptasensor makes it potential applicable in the detection of 17~-

estradiol in water samples.

The research also involved the successful construction of a novel aptasensor for determining

endocrine disrupting 17~-estradiol from SELEX synthesized biotylated aptamer incorporated in a

generation 1 poly(propylene thiophenoimine )-co-poly(3,4-ethylenedioxythiophene )-(G 1PPT -co-

PEDOT) dendritic star copolymer. Aptamer-target interaction was achieved on the

electro synthetic platform with drop in peak current. The catalytic ability of the electro synthetic

generation 1 poly (propylene thiophenoimine )-co-poly(3,4-ethylenedioxythiophene )-(G 1PPT -co-

PEDOT) dendritic star copolymer was investigated with electrochemical impedance

spectroscopy. The charge transfer dynamics of the nanoelectrode was frequency modulated and

exhibited a semiconducting behavior when minimally perturbed at 100 mHz. The

electrochemical studies of electro synthetic generation 1 poly (propylene thiophenoimine)-co-

poly(3,4-ethylenedioxythiophene)-{G1PPT-co-PEDOT} dendritic star copolymer in phosphate

buffer and [FeCN)6r3/-4 indicated that they are electroactive material. The G1PPT -co-PEDOT

nanoelectrode exhibited a two electron electrochemistry in both aqueous lithium perchlorate and

phosphate buffer (pH 7.5) which revealed the suitability of the electro synthetic platform as an

immobilization layer in both electrolytes. The developed aptasensor based on this platform
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exhibited low sensitivity, good reproducibility and stability as well as high sensitivity to the

endocrine disrupting 17p-estradiol. However the high sensitivity of the aptamer may be

attributed to the large surface area exhibited by the generation 1 poly(propylenethiophenoimine)-

co-poly(3 ,4-ethy lenedioxythiophene )-(G 1PPT -co- PEDOT) dendritic star copolymer platform

which allow more of the aptamer to be immobilized on the surface of the electrode. the detection

limit of 7.27 pM was obtained which is lower than detection limit achieved by other sensors

employed for the detection of 17p-estradiol. The limit of detection compared favourably with

other methods employed for the analysis of 17p-estradiol in water.

The work is novel and report for the first time the synthensis of generation 1

poly(propy lenethiophenoimine )-co-poly(3 ,4-ethylenedioxythiophene)- {G1PPT -co-PEDOT}

dendritic star copolymer on which an aptamer was immobilized to produce a novel aptasensor

that is specific for 17p-estradiol.

264

The research work also focused on the electrochemical synthensis of a novel conductive

generation 2 poly(propylenethiophenoimine )-co-poly(3,4-ethylenedioxythiophene)- {G2PPT -co-

PEDOT} dendritic star copolymer. The synthesis was carried out using generation 2 dendrimer

functionalized with 2-thiopene-carboxylaldehyde to produce generation 2 poly (propylene

thiophenoimine)- {G2PPT} dendrimer. Spectroscopic investigation such as nuclear magnetic

resonance (NMR), Fourier transform infra red spectroscopy (FTIR) and UV-vis confirmed the

formation of G2PPT dendrimer. The prepared functionalized dendrimer drop coated on the

electrode surface was electrocoploymerized with 0.1 M 3,4-ethylenedioxythiophene in 0.1 M

lithium perchlorate (LiCl04) to produce generation 2 poly (propylene thiophenoimine)-co-

poly(3,4-ethylenedioxythiophene) dendritic star copolymer {G2PPT-co-PEDOT}.
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Electrochemical interrogation of the electrosynthetic dendritic star copolymer was carried out

with cyclic voltammetry and electrochemical impedance spectroscopy. The results revealed the

electrocatalytic ability of the dendritic star copolymer decrease the charge transfer resistance on

deposition of G2PPT-co-PEDOT on gold electrode. The conductivity ability of the novel star

copolymer may be attributed to an increase in the conjugation length of the polymer due to the

attachment of the highly conjugated PEDOT to the dendrimer arms. The copolymer exhibited 2

electron processes in lithium perchlorate and phosphate buffer as well as high surface

concentration and good compartibility for DNA aptamer immobilization .. This work for the first

time report the synthesis, impedimetry and morphology characterization of a novel star

copolymer composed of G2PPT dendrimer core and PEDOT arm grown at the a position of the

dendrimer thiophenoimine end group.

The performances of the fabricated aptasensors for the detection of 17p-estradiol were compared

with other related sensors employed for the detection of endocrine disrupting 17p-estradiol as

shown in table 6.2. The fabricated aptasensor exhibited lower detection limit compared to other

sensors. The aptasensors are sensitive and their sensitivity were greatly enhanced as result of the

platforms used in contrast with earlier report by Kim et al which allowed more of the aptamer to

be immobilized on the surface of the electrode due their nanosizes nature and large surface area

provided by the platforms. In addition when compared with the flourescence immunoassay and

method based on solid-phase micro extraction-high-performance liquid chromatography with

UV ( SPME-HPLC-UV) used for analysis of 17p-estradiol in water samples with a detection

limits of 0.59 xl O" nM and 1.10 x l O" nM respectively. The lower detection limit of the

fabricated aptasensors compared favourably with this methods used for detection of endocrine

disrupting 17p-estradiol in water (table 6.2) hence the fabricated aptasensors is therefore
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sufficient in providing high sensitivity for determination of 17p-estradiol in drinking water

samples.

In addition electrochemical multichannel transduction of poly(propylene thiophenoimine)-co-

poly(3,4-ethylenedioxythiophene) aptameric nanobiosensor for estrogeneous endocrine disruptor

was achieved in this work. The process involved the use of a multichannel robotic sensor testing

device with 96-we11. The 12 micro array screen printed electrode were successfully modified

with generation 1 and 2 poly(propylene thiophenoimine)-co-poly(3,4-ethylenedioxythiophene)

upon which 76-mer SELEX synthesized aptamer was immobilized via biotin avidin chemistry

due to its compatibility nature to DNA aptamer to construct an aptasensor for endocrine

disrupting 17p-estradiol. The aptasensor response was based on the decrease in square wave

(SWV) current as the target binds to the ssDNA aptamer and the detection range was in the

picomolar region with good reproducibility. In this work we demonstrated for the first time the

fabrication of aptasensor based on simultaneous use of two different dendritic copolymer

platforms modified micro array screen printed electrode for detection of endocrine disrupting

17p-estradiol utilizing different well in a multichannel robotic sensor testing electrochemical

system. The multichannel analysis is advantageous based on the fact that different types of

aptasensor that are specific to different estrogeneous endocrine disrupting chemicals can be

fabricated on the multichannel 12microarray screen printed electrode at the same time for

simultaneous determination of different estrogeneous endocrine disrupting chemical for real time

analysis.
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7.2 Recommendations

My thesis open an entirely new view of the electrochemistry of electro synthetic generation 1 and

2 poly(propy lenethiophenoimine )-co-poly(3 ,4-ethy lenedioxythiophene) dendritic star copolymer

Despite the fact that I make use of dendrimer and 3,4-ethylenedioxythiophene from well known

manufacturers, to erase doubt and ensure the reproducibility of my results future work to further

establish the electrochemistry of electro synthetic poly(propylenethiophenoimine )-co-poly(3,4-

ethylenedioxythiophene) will be advisable.

Further research work should be directed towards electro synthetic of the dendritic star copolymer

using the generation 3 and 4 dendrimer to further establish the electrochemistry of this

nanomaterials and its compatibility to immobilization of biomolecules.

Surface studies such scanning electrochemical miscroscopy (SEeM) and X-ray photoelectron

spectroscopy should be investigated so as to have better clue to the surface chemistry of the

electro synthetic poly(propy lenethiophenoimine )-co-poly(3, 4-ethy lenedioxythiophene) dendritic

star copolymer.

However, one of the ultimate goals is to develop a simple aptasensor method that can be

employed on site, produced on large scale and commercialized for continuous monitoring of the

endocrine disrupting chemicals. Although this may take time the following step can be taken

urgently

~ Further optimization of this method and its application to real sample should be

investigated.

~ Immobilization of specific ssDNA aptamer probe related to a disease strain or pollutant
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caused by the EDes and application of the aptasensor to sample containing suspected

targets can be explore. This can either be quantitative or qualitative.

Presently, a lot of research is geared toward aptamer based biosensor for diagnostics, and

environmental pollutant. There is need to select DNA or RNA aptamer sequence via SELEX that

are specific to man made (synthetic) endocrine disrupting chemicals due to the increase in

industrialization for continuous monitoring of this environmental pollutant discharge into the

environment. Since the dendritic star copolymer and nanocomposite exhibited good

compatibility with the biomolecule (DNA aptamer) its application as a platform to other SELEX

synthesized aptamer specific to other estrogeneous and man made endocrine disrupting chemical

should be explored.
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