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Abstract 

DNA-sensors show a great promise as tools for various applications, such as clinical 

diagnosis, forensic analysis, environmental monitoring and biological research. Current 

researchers in this field are attempting to design and synthesize well-structured transducers 

to realize high-performance DNA sensing devices.  

Electronically conducting polymers (ECPs) are attractive transducing materials for DNA 

sensing because they exhibit the electronic, magnetic and optical properties of metals and 

semiconductors while retaining the mechanical properties and processing advantages of 

polymers. These features, along with chemical sensitivity, room temperature operation, and 

tunable charge transport properties, have launched conducting polymers as a major class of 

chemical transducers, creating powerful thin / thick film sensors. Since their first application 

to biosensing by Foulds and Lowe (1986) and Umana and Waller (1986) conducting 

polymers have been widely used in the field of biosensing, both as biomolecule 

immobilisation platform and as transducers of the biomolecular recognition.  

Considerable efforts have been made in recent years to develop nanostructured conducting 

polymer for DNA detection, with the aim of making portable and affordable devices. New 

approaches to miniaturize the sensing element have been sought that would satisfy these 

demands, at the same time improving the simplicity, selectivity and sensitivity of DNA 

detection. 

In this thesis, specific gene sensing approaches are discussed that focus on the effect of 

miniaturization of conducting polymer (CP) sensing elements based on a functionalized 

polypyrrole (PPy) and functionalized poly(3,4,-ethylenedioxythiophene (PEDOT) on micro-

electrodes and microfabricated electrodes, respectively.  A first type of DNA sensing 

transducer was constructed using a copolymer of pyrrole (Py) and a carboxylic acid 

functionalized 3-pyrrolylacrylic acid (PAA) [poly(Py-co-PAA)] on a glassy carbon micro-

electrode (11 μm in diameter). The interfacial electron charge transfer resistances on the 

poly(Py-co-PAA)-ODN films were studied before and after hybridization with complementary 

ODNs using electrochemical impedance spectroscopy (EIS). Such DNA sensors showed 

sensitivity down to 1 nM concentration of target ODN specific to salmonella virus gene. In 

another case, we electrochemically fabricated poly(3,4,-ethylenedioxythiophene) (PEDOT) 

nanowires across a gap between two wedge-shaped gold electrodes just by applying AC field 
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without using any template. We attempted to grow these PEDOT nanowires with different 

dopants like poly(styrene sulfonic acid) (PSS), 1-butyl-3-methylimidazolium 

hexafluorophosphate (BMIPF6), sodium chloride (NaCl), lithium perchlorate (LiClO4) and 

sodium hexafluorophosphate (NaPF6) with different solvents like water, propylene carbonate 

and acetonitrile. The factors affecting the electrochemical growth of these nanowires like the 

solvents, the electrolyte conductivity, dopant concentration, monomer concentration, the 

excitation frequency and amplitude and the electrochemical  cell geometry were studied in 

detail and the knowledge was applied to construct a DNA sensing transducer based on a 

copolymer single nanowire of 2,3-dihydrothieno[3,4-b]-1,4-dioxin (EDOT) and carboxylic 

functionalized 2-((2,3-dihydrothieno[3,4-b]-1,4-dioxin-2-yl)methoxy)acetic acid (C2-EDOT-

COOH) [poly(EDOT-co-EDOT-COOH)] across the gap of the gold electrodes. To the 

constructed single poly(EDOT-co-EDOT-COOH)  nanowire, probe ODN was covalently 

attached through  EDC/NHS chemistry. The changes in resistance of the wires upon 

hybridizing the probe modified surface with target ODN were measured both in-situ and ex-

situ of buffer solutions. The Ex-situ study was performed by using a two terminal device setup 

and in-situ measurements were performed by utilizing double-barrel-pipette Scanning Ion 

Conductance Microscopy (SICM) in the presence of phosphate buffer solution. The resultant 

sensing elements showed selectivity and sensitivity down to 10 fM (20 zepto mole/20 μL) of 

target- ODN specific to Human breast cancer gene. 
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Chapter 1. Introduction 

The developments of DNA-based biosensors aim to provide powerful new techniques for the 

rapid detection of pathogens, human genetic disorders, routine health assessment of water and 

food quality, and for the screening of drugs that may bind to DNA or regulate gene 

expression. Such sensors would offer, for example, the possibility of performing reliable 

diagnosis before any symptom of a disease appears. A DNA sensor is based on the detection 

of hybridization between a single-stranded oligonucleotide (ODN) probe and its 

complementary target. Briefly, when a target ODN is introduced to a sensing substrate 

containing probe ODN strand, which is of a known sequence, Watson-Crick base-pairing of 

complementary sequences occurs [1-3]. During this process the changes occurring in the 

sensing part of the sensor can be transduced into a useful signal (such as resistance or 

capacitance in the case of electrical transducers). In the past few years, there has been a great 

interest in developing different transducing materials to monitor DNA hybridization with a 

high selectivity and sensitivity. Recently, electrochemically-active conducting polymers have 

been demonstrated as sensing elements for label-free measurement of DNA hybridization due 

to the attractive mechanical properties, tunable charge transport properties and processing 

advantages of polymers[1-4]. Additionally, their synthetic routes are compatible with organic 

functionalization schemes, including covalent bonding of the probe to the monomer [5], 

entrapment of the probe into polymer during synthesis [6], and surface chemistries [7], which 

can impart a high degree of selectivity to the device. While the immobilization matrix and 

method are important in DNA sensor design, the choice of a suitable detection technique is 

also of a great significance in determination of overall performance of the DNA biosensor, in 

particular with respect to the immobilization and hybridization efficiency of the DNA. The 

detection techniques employed in DNA biosensors can be optical, electrochemical or mass-

based [3, 8]. Recent development in the nanostructuring of the sensing elements has paved 
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the way for large number of new generation chemical sensors and biosensors [9, 10]. 

Basically, by creating miniaturized sensing elements, it is possible to control the fundamental 

properties of materials even without changing their chemical composition [11]. The 

advantages such as size scale, aspect ratio and other properties of nanostructured materials 

are especially obvious in the use of electrical sensors and field-effect transistor-based sensors. 

The sensors presented in this thesis are based on DNA sensors constructed using miniaturized 

conducting polymers as nano-thick films on glassy carbon micro-electrodes and as nanowires 

between fabricated gold micro-electrodes on glass substrates.  
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1.1. Structure of the thesis 

The overall structure of the study takes the form of seven chapters, including this 

introductory chapter. Chapter one provides the introduction and literature review on gene 

sensor designs. The experimental details and a short introduction to the characterization 

techniques are presented in Chapter two. Chapter three describes the DNA sensor constructed 

based on micro-electrode modified polypyrrole and functionalized polypyrrole. Chapter three 

also describes the kinetic study of DNA hybridization performed on the surface of the 

conducting polymer sensing element.  Chapter four is concerned with the studies on the 

growth of single and multiple PEDOT nanowires on a gold fabricated electrode. In that 

chapter the effects of morphological instability on the growth of PEDOT nanowires due to 

various factors like solvent viscosity, electrolyte conductivity, monomer and dopant 

concentration affecting the AC frequency and the amplitude required to grow nanowires are 

discussed. Chapter five deals with the electrochemical growth of single nanowires using 

different dopants, and comparison of the electrical and electrochemical characteristics of 

these nanowires, particularly between the nanowires grown in acetonitrile with BMIPF6 and 

PSS as dopants. Chapter six contains studies on label- and label-free DNA sensing performed 

with a copolymer of PEDOT and carboxylic functionalized PEDOT [ poly(EDOT-co-EDOT-

COOH)] nanowires, which showed high sensitivity towards its target sequence. Chapter 

seven provides a general conclusion of the work that has been carried out and an outlook for 

future work. 
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1.2. Deoxyribonucleic acid (DNA) 

Deoxyribonucleic acid (DNA) is a nucleic acid that is packaged into thread-like structures 

called chromosome that is present in the nucleus of the cell. Inside the chromosome, DNAs 

are tightly coiled around proteins called histones that support its structure (Figure 1.1). DNA 

contains the genetic instructions used in the development and functioning of body cells and it 

transfers the hereditary information from generation to generation.  

 

Figure 1.1 The image showing DNA in chromosome 
 

DNA is primarily a polymer that is built of nucleotides as the monomer units, therefore the 

DNA polymer is known also as a "polynucleotide"[12]. Each nucleotide consists of a 5-

carbon sugar (deoxyribose), a nitrogen-containing base attached to the sugar, and a phosphate 

group. The bases carry the genetic information, whereas the sugar and the phosphate groups 

file:///G:/Bhuvaneswari%20Kannan%20thesis_Final.docx%23_ENREF_12
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are relevant to the DNA structure. There are four different types of nucleotides found in 

DNA, differing only in the nitrogenous base (Figure 1.2). The four nucleotides are adenine 

(A), guanine (G), cytosine (C) and thymine (T).  

The linking between two nitrogenous bases on opposite complementary DNA that is 

connected via hydrogen bonds is called a base pair [12, 13]. Base pairs in the two chains are 

linked by hydrogen (H) bonds; adenine is always paired with thymine (A-T, two H-bonds) 

and guanine with cytosine (G-C, three H-bonds) (Figure 1.2). Figure 1.2 A shows the Watson 

- Crick model of base pairing of adenine with thymine and guanine with cytosine, and that 

these base pairs are held together by hydrogen bonds that are specific for each pair. Two 

complementary single-stranded DNA (ssDNA) sequences spontaneously form a double 

stranded DNA (dsDNA) helix (as exemplified in Figure 1.2). This process is called 

hybridization (Figure 1.2 B). 

 

Figure 1.2 (A) The structural part of a fragment of a DNA chain showing the hydrogen 
bonding between the base pairs. (B) Graphical illustration of ds DNA (called also DNA 

helix). 

The most important feature of the DNA double helix is the specificity in the base pairing. As 

stated above adenine preferentially pairs with thymine and guanine with cytosine, due to both 

Hydrogen bonds

Sugar-phosphate 

backbone

Complimentary 

base pairing

A B
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steric and hydrogen bond related constraints. The steric constraints arise from the helical 

nature of the phosphate-sugar backbone, which has a space within the helix that exactly fits a 

purine-pyrimidine base pair. Pairing between mismatched bases can, however, occur if all 

surrounding base pairs match. Such a bond is weaker and thermodynamically less favourable 

than a bond between perfectly matched bases. 

1.3. DNA sensors 

DNA plays a pivotal role in life science, showing an increasing potential for medical 

applications after the great accomplishment of the Human Genome Project [13]. Due to its 

unique base pairing and its helical structure, DNA has become one of the most recognizable 

icons in biology during the past several decades. Today, DNA biosensors hold a great 

promise in applications such as clinical diagnostics of diseases, environmental and food 

safety monitoring [14], forensic investigation etc. In a typical DNA sensor configuration, a 

single-stranded probe sequence is immobilized within the recognition layer, where base-

pairing interactions recruit the target DNA to the surface. (Scheme 1.1). The repetitive, 

essentially uniform structure of DNA leads to a well defined assembly on the recognition 

surface [13, 15]. It is at this interface that the critical dynamics of target capture takes place to 

generate a recognition signal; therefore, immobilizing nucleic acid probe sequences in a 

predictable manner while maintaining their inherent affinity for target DNA is crucial to 

overall device performance. The recognition event ultimately depends on the method of 

signal transduction, whether it is electrochemical, electrical or optical.  

file:///G:/Bhuvaneswari%20Kannan%20thesis_Final.docx%23_ENREF_13
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Scheme 1.1  A general DNA biosensor design: Target DNA is captured at the recognition 
layer, and the resulting hybridization signal is transduced into a usable electronic signal 

1.4. Electrochemical readout 

Electrochemical reactions give an electronic signal directly without a need of expensive 

signal transduction equipment. Therefore, they are well suited for DNA diagnostics[13]. 

Moreover, because immobilized probe sequences can be readily confined to a variety of 

electrode substrates, detection can be accomplished with an inexpensive electrochemical 

analyzer. Indeed, portable systems for clinical testing and on-site environmental monitoring 

can be developed.  

The detection platforms for the electrochemical sensors can be categorized into different 

types as outlined in the next section, depending on the component that provides 

electrochemical signal.  

Target analytes Electrical signals

Recognition layer Signal transduction

file:///G:/Bhuvaneswari%20Kannan%20thesis_Final.docx%23_ENREF_13
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1.4.1. Detection Platforms 

1.4.1.1. Direct Electrochemistry of DNA 

Direct DNA electrochemical detection relies on the electroactivity of the nucleic acids or 

changes in electronic or interfacial properties induced by hybridization, for signal 

transduction [16, 17]. In 1960, Palecek et al. developed methods to discriminate single- 

versus double-stranded DNA through direct DNA reduction [18]. Later the same group 

presented a method to distinguish between ssDNA and dsDNA immobilized on a hanging 

mercury drop electrode, with adsorptive transfer stripping voltammetry [19]. Wang and 

Kawde reported a new protocol for amplifying the label-free adsorptive-stripping 

hybridization signal based on the dramatically enhanced accumulation of purines nucleobases 

in the presence of copper ions [20]. Such electrical DNA assays involve hybridization of the 

target to inosine-substituted oligonucleotide probes (captured on magnetic beads). After 

target hybridization, the streptavidin-coated beads were magnetically separated from the pool 

of analytes. The collected DNA was depurinated in acidic solution, and the free guanine and 

adenine nucleosides were collected and analyzed using adsorptive stripping voltammetry 

(ASV). Both amplified adenine and guanine peaks can be used for detecting the DNA 

hybridization. The anodic response of free (monomeric) adenine and guanine was greatly 

enhanced in a copper solution [21]. As few as 40 femtomoles (∼2 × 10
10

 molecules) of target 

have been detected by this assay [21]. The sensor design is presented in Scheme 1.2. In 2003, 

Kerman et al. also developed the detection of PNA-DNA (Peptide Nucleic Acid-DNA) and 

DNA-DNA hybridizations based on the oxidation signal of guanine ( at 1 V) by using 

differential pulse voltammetry (DPV) at carbon paste electrode (CPE) [22]. A similar 

technique using the direct guanine oxidation signal at carbon paste electrodes has been 

reported by Ozkan et al, in which specific genotypes of the Factor V Leiden mutation in PCR 

amplicons were identified [23]. 
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Scheme 1.2 Schematic representation of the analytical protocol of Wang and Kawde [20]: 
(A) introduction of the streptavidin-coated beads; (B) addition of the biotinlyated probe; 

(C) hybridization event with the target, oligonucleotide-hybridization event; (D) release of 
the hybrid DNA from the beads using 0.05 M NaOH solution and (E) release of the guanine 

and adenine bases from the DNA strands using 10 μl of a 3 M H2SO4 and heating (to 
dryness) for 2 min; (F) potentiometric stripping detection in presence of 2 mg l−1 copper 

1.4.1.2. In-direct Electrochemistry of DNA 

Indirect DNA electrochemical detection relies on oxidation of target DNA indirectly through 

the use of electrochemical mediators (Scheme 1.3) such as polypyridyl complexes of Ru(II) 

and Os(II) to mediate the electrochemical oxidation of guanine [24]. Here, the electrode is 

held at a potential that oxidizes the reduced metal complexes, which then come into contact 

with DNA. Guanine residues in DNA can reduce the metal complex, regenerating the 

reduced mediator. The enhanced signal thus reflects the amount of guanine available for 

oxidation.  The authors have used this method to detect trinucleotide-repeat expansions, in 

which catalytic currents due to the oxidation of guanine residues immobilized within the 

target sequence show a linear dependence on the repeat number. Later Armistead et al. 
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coupled the same technique to a reverse transcription–PCR assay to monitor the over-

expression of genes in tumour samples [25]. The use of indirect electrochemical detection 

potentially eliminates the need for gel electrophoresis and fluorescent or radioactive labels in 

detecting the target genes. 

 

Scheme 1.3 Schematic representation of guanine oxidation mediated by a ruthenium 
complex in solution [24]. 

1.4.1.3. DNA Detection using Redox Active Reporters 

Several strategies have been pursued for DNA detection with redox indicators in which target 

DNA sequences are labelled with redox-active reporter molecules. The hybridization is 

detected based on the electrochemical response from the reporter molecule (marker). An 

electronic method for the detection of DNA hybridization events by the site-specific 

incorporation of ferrocenyl derivatives into DNA oligonucleotides was developed by Yu  et 

al. [26]. Wang et al. developed nucleic-acid hybridization assays based on the use of different 

inorganic-colloid (quantum dots) nanocrystal tracers for the simultaneous electrochemical 

measurement of multiple DNA targets [27]. In this technique the probe was modified with 

magnetic beads and then hybridized with target DNA. The probes were then separated 

magnetically from the pool of analytes and hybridized again with the nanoparticle-labelled 
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reporter strands. The products were isolated, and the nanoparticles dissolved and analyzed by 

adsorption stripping voltammetry (ASV). The working principle of this assay is presented in 

Scheme 1.4. Campbell et al. also reported an enzyme-amplified DNA sensing technique 

involving electropolymerization of a polycationic redox polymer, upon which amine 

terminated oligonucleotide single strands were electrodeposited by ligand exchange with 

bipyridyl osmium complexes impregnated within the polymer gel [28]. Then the target DNA 

was captured at the electrode surface and subsequently hybridized to a reporter strand 

modified with horseradish peroxidase (HRP). Later the same group extended this technique 

to screen-printed carbon electrodes on a polyester sheet, which are potentially amenable to 

mass manufacture [29] . 

 

Scheme 1.4 Multi-target electrical DNA detection protocol based on different inorganic 
colloid nanocrystal tracers, according to Wang et al. [27]. (A) Introduction of probe-

modified magnetic beads ; (B) Hybridization with the DNA targets; (C) Second 
hybridization with the QD-labelled probes; (D) Dissolution of QDs and electrochemical 

detection. 
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1.4.1.4. DNA Mediated Charge Transport Electrochemistry 

Sensors based on DNA-mediated charge transport generally contain a redox-active reporter 

molecule that is intrinsically, but non-covalently, related with the double helix. The idea that 

electrochemical reactions could be used to signal DNA hybridization was first explored by 

Milan and Mikkelsen in 1993 [30]. Their assay featured a single-stranded probe sequence 

adsorbed onto glassy carbon, wherein hybridization of target DNA caused an increase in the 

surface concentration of electrostatically bound Co(phen)3
3+

 as a result of the higher negative 

charge density at the hybridized surface [30]. Characteristic redox reactions of the cobalt 

probe were detected by cyclic voltammetry. Steel et al. reported the use of Ru(NH3)6
3+

 probe 

molecules to signal DNA hybridization at gold films modified with thiol-bearing DNA probe 

sequences. As the DNA is captured to form double stranded product, proportionately more 

ruthenium hexamine binds, yielding a higher signal [31].  

1.5. Electrical Readout 

A variety of methods have been developed for the detection of the binding of the 

complementary strand of DNA to a gene chip using electrical rather than the established 

optical signal and electrochemical techniques. Problems associated with the established 

fluorescence-based optical detection techniques include the high equipment costs and the 

need to use sophisticated numerical algorithms to interpret the data [15, 32]. Therefore a 

direct electrical readout technology was developed to overcome these drawbacks. This type 

of readout promises to provide a simple accurate and inexpensive lab on a chip platform [15]. 

Lab on a chip-based DNA sensors based on direct electrical readout offer isensitivity, 

specificity, parallelisation and miniaturisation for the detection of selected DNA sequences or 

mutated genes associated with human diseases [15, 21]. This direct electrical current 

detection (DCED) was first described in the late 80s by Mroczkowski et al [33]. The 

technology relies on receptors immobilized on an insulating support (Scheme 1.5.) that 
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capture targets from the solution. After labelling the target with gold particles, 

autometallographic enhancement was performed. During enhancement, the gold particles 

specifically catalyze the formation of a conductive silver layer. Conductivity of the silver 

layer can be measured between a pair of electrodes. Hence, the binding reaction and thus the 

presence of the target in solution can be sensed by measuring a drop in the electrical 

resistance that results from formation of the silver layer. 

 

Scheme 1.5 Principle of direct current electrical detection as performed in [35]. (A) 
Capture DNA probes are immobilized on an insulating substrate; (B) A DNA target from 
solution is hybridized to the immobilized capture DNA and subsequently labelled with 

gold nanoparticles; (C) The gold particles are autometallographically enhanced to form a 
conductive silver layer. Movable electrode tips are applied to the chip surface. A drop in 

electrical resistance indicates the hybridization event. 

 

 Similarly, Burmeister et al, developed a simple DC electrical readout technology that is 

capable of multiplexing; it is miniaturizable, inexpensive and intrinsically highly sensitive 

[34] where allele-specific oligonucleotide probes were immobilized on chips coated with a 

silane functionalized polymer. Biotinlyated PCR products of the human cholesteryl ester 

transfer protein gene from different patients were then hybridized to the probe modified 

chips, labelled with gold nanoparticles, and autometallographically enhanced. The chips were 
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scanned for DC electrical resistance by applying movable electrodes to the surface [35]. A 

fully integrated label-free DNA recognition circuit based on capacitance measurement was 

also developed recently [32] 

Silicon nanowires (SiNWs) have widely been developed over the past few years as 

ultrasensitive biosensors based on direct electrical readout [36-38]. Hahm et al [36]. 

developed an electrically addressable label-free DNA sensor based on single silicon 

nanowires, synthesized using a gold nanocluster catalyzed chemical vapour deposition 

(CVD) approach. The SiNWs were linked with PNA surface receptors, using an intervening 

avidin protein layer. A micro fluidic channel was patterned on top of the PNA modified 

SiNW to admit the flow of target molecules (see Scheme 1.6). Change in conductance was 

measured upon addition of target DNA molecules. These SiNW sensors functionalized with 

peptide nucleic acid (PNA) receptors can distinguish wild-type from the ΔF508 mutation site 

in the cystic fibrosis transmembrane receptor (CFTR) gene in fM level.  

 

 

Scheme 1.6 Schematic of a sensor device consisting of a SiNW (yellow) and a microfluidic 
channel (transparent blue), where the arrows indicate the direction of sample flow [36]. 

 

In another study, arrays of highly ordered n-type silicon nanowires were fabricated using 

complementary metal-oxide semiconductor compatible technology as shown in Scheme 1.7 

[39]. PNA captured probe-functionalized SiNW arrays showed a concentration dependent 
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resistance increase upon hybridization to complementary target DNA that was linear over a 

large dynamic range with a detection limit of 10 fM. The SiNW also showed a satisfactory 

discrimination against mismatched target DNA. 

 

Scheme 1.7 Schematic representation of a SiNW array biosensor for DNA detection, 
according to [39] 

 

Recently Arter et al. developed a virus (M13 bacteriophage) modified PEDOT nanowire 

device for biosensing based on direct electrical detection [6]. The lithographically patterned 

nanowire electrodeposition (LPNE) method was used to create devices with linear arrays of 

several hundred virus-PEDOT hybrid nanowires on glass. Scheme 1.8 shows the working 

mechanism of this sensing device. Unlike the other methodologies mentioned above, here a 

conducting polymer was used as a transducer, chosen for the unique properties like high 

degree of structural malleability and flexibility. First the PEDOT nanowires were 

electrodeposited across the gap of the electrodes followed by direct encapsulation of virus 

into the PEDOT wire. The resultant PEDOT nanowires incorporated viruses and could detect 

20 nM of antibodies in phosphate buffered fluoride (PBF) solution. 
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Scheme 1.8 Schematic diagram of the LPNE process for the synthesis of virus-PEDOT 
nanowires according to Arter et al. [6]; (A) The virus-nanowire device used for resistance-

based measurements; (B) Schematic, indicating little to no change in resistance after 
treatment with a nonbinding negative control antibody (n-Ab) (D) Depiction of the 

substantial change in resistance due to the presence of virus-binding positive antibody (p-
Ab) 

 

Till to date, very few studies have investigated conducting polymer nanowires for DNA 

sensing based on direct electrical readout. In this thesis we will discuss the development of a 

single conducting polymer nanowire device for DNA sensing based on DC direct electrical 

readout. For the sake of completeness a brief overview of some of the recently investigated 

optical approaches will be presented. 

1.6. Optical Readout 

Optical techniques are simple and can be easily automated. They are based on UV, Vis, or IR 

absorption, fluorescence, and surface plasmon resonance (SPR). Optical sensors are based on 

the measurement of either the intrinsic optical properties of the analyte or the optical 

properties of an indicator dye or a labelled biomolecule [40]. In the first development of 

sensitive DNA measurement methods, a radio labelled probe sequence was hybridized to the 
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sample and detected using autoradiography [18, 43]. Radio labelled detection associated with 

the Southern blot has been largely replaced by fluorescence detection, due to longer indicator 

shelf life, expanded multiplexing capabilities and important safety and environmental 

concerns associated with radioisotope handling [17, 41].  

1.6.1. Fluorescence based Optical Detection 

Optical biosensors based on fluorescence are extraordinarily sensitive, with detection limits 

approaching ~10
7
 molecules/cm

2
, and arrays containing thousands of unique probe sequences 

have been constructed [42]. Fluorescence-based indicators are employed in many nucleic acid 

detection methods like the fluorescent in-situ hybridization (FISH) technique [43], which 

involves nucleic acid detection hybridization of fluorescent labelled probe to target analyte 

mixtures. Hybridizations are achieved by exposing samples to fluorescent-labelled 

oligonucleotide probes and by allowing standard Watson–Crick base pairing between the 

probe and target oligonucleotide. The fluorescent-labelled probes are detected using standard 

microscopes, laser confocal systems or CCD cameras [44]. Multiple fluorescent species can 

be simultaneously detected using multiple fluorescent labels in conjunction with wavelength 

filter systems [42].  

Hui et al. developed a DNA sensor based on a surface-immobilized molecular beacon (MB) 

hybridization format [45] (Scheme 1.9). Here, an oligonucleotide modified with a thiol or 

thioether at its 5’ end was self-assembled onto a gold substrate and the 3’ end was modified 

with a fluorophore. The oligonucleotide was designed in such a way that, in the absence of 

complementary DNA, the oligonucleotide will fold onto itself forming a hairpin loop that is 

stable in buffered saline at room temperature. Upon hybridization to a complementary 

sequence, the hairpin stem opens and the dye was separated from the gold, resulting in the 
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restoration of its fluorescence. The overall fluorescence intensity, recorded from all of the 

photoexcited dye molecules, reflects the extent of the hybridization process.  

 

Scheme 1.9 Working principle of a molecular beacon-based fluorescent labelled-DNA 
sensor according to Hui et al. [45] 

1.6.2. Florescence Resonance Energy Transfer (FRET) based Optical Detection 

Another popular method to detect the DNA binding interaction is FRET (fluorescence 

resonance energy transfer) [46]. FRET is a distance-dependent method for detecting binding 

interactions. In a typical FRET experiment, a nucleic acid is labelled with two different 

fluorophores, a donor and an acceptor, covalently attached at different locations. The two 

most important conditions for FRET are the distance between donor and acceptor and the 

spectral overlap between the emission spectrum of the donor and the absorption spectrum of 

the acceptor [42]. There are two types of acceptors [47]. Quenchers are acceptors that are not 

fluorescent and therefore, cause the donor simply to decrease its fluorescence emission 

intensity. Acceptors can also be fluorescent dyes that accept the energy non-radiatively from 

the donor and then re-emit the energy with the acceptor’s characteristic emission spectrum. In 

Denaturing
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this form of FRET, donor fluorescence decreases at the expense of an increase in acceptor 

fluorescence. 

Gaylord et al. demonstrated a different, FRET-based approach that employed conjugated 

polymers as the sensing element to detect specific DNA sequences [48]. In that method, a 

fluorescein-tagged (C*) peptide nucleic acid (PNA) sequence served as the probe sequence. 

Hybridization of the neutral PNA probe to the negatively charged DNA target creates a 

significant electrostatic attraction between the PNA/DNA complex and a luminescent 

cationic conjugated polymer (CCP), thus bringing the tagged dye (acceptor) and the polymer 

(donor) sufficiently close to allow efficient FRET (Scheme 1.10). This light-harvesting 

polymer-based FRET signal amplification provides a means to transduce DNA hybridization 

to optical sensing. 

 

Scheme 1.10 Schematic of a FRET based sensing approach according to Gaylord et al. [48], 
where a CP complex with a PNA-Chromophore dye (C*) probe/ DNA causes FRET signal to 

report the presence of a complementary DNA sequence. 
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1.7. Conducting Polymers for DNA Sensing 

Conducting polymers (CPs) have emerged as potential candidates for biosensors [1, 7, 49-

51]. CPs have attracted much interest as suitable transducers for biomolecule recognition. 

They can be used to enhance stability, speed, sensitivity of biosensing and hence are finding 

increasing use in medical diagnostics and similar. Shimidzu (1987) first explored the 

possibility to immobilise DNA on CP substrates and underlined the possible implication of 

CP’s electroactivity for DNA sensing [52]. Following this preliminary work, studies 

concerning the interaction between CPs and DNA were published by Minehan et al. [53]. 

Their studies showed that the rate of solution adsorption of DNA to a polypyrrole substrate 

surface occurred with a t
1/2

 dependence and was linear in DNA concentration. Since these 

first applications which were largely dedicated to DNA immobilisation, there has been a 

tremendous interest in these biomaterials including transduction strategies based on CP’s 

physico-chemical activity [54], development of new routes of DNA immobilisation and 

fabrication to microelectronic devices. These numerous approaches finally gave rise to real 

biological applications in the fields of genetic or infectious diseases [54, 55]. In order to use 

conducting polymers as a platform of DNA sensors, it is necessary to understand their 

electronic properties. 

1.7.1. Conducting Polymers 

Electronic conductivity in polymers can be divided into two categories: i) polymer 

composites, where the conductivity is achieved by adding conducting (usually metallic) 

particles to an insulating polymer matrix, forming a percolative network, and ii) intrinsically 

conducting polymers (CPs) [56-59], where the conductivity arises from a conjugated 

structure of the polymer backbone. This thesis deals with only the intrinsic CP type of 

electronically conducting polymers.  
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The most simple and the first conducting polymer to be identified was polyacetylene (-

CH=CH-)n [60, 61]. Its discovery in the 1970s and subsequent studies led to a Nobel Prize for 

Heeger, MacDiarmid and Shirakawa in 2000. In the polyacetylene chain each carbon is sp
2
 

hybridised and thus it can be considered as a one-dimensional analogue of graphite, which 

might - at first sight - be metallically conducting along the chain due to resonance between 

the possibly equal bonds forming a half filled π-electron band. 

The π-bonds are considered as the main source of charge transport in conjugated systems 

[62].The distance along the polymer chain, over which the electrons are delocalized, is 

termed the conjugation length. If the π-electrons were delocalized over a whole, long, CP 

molecule like polyacetylene, giving all bonds in the chain equal length, this material would 

behave as one dimensional metal. However, the Peierls distortion theorem demonstrates that 

the polymer chain is more stable in a so-called dimerized state with an alternating pattern of 

single- and double bonds [63]. 

Trans-polyacetylene (Figure 1.3) is a good model compound for illustrating the electronic 

structure of conjugated polymers. The carbon atoms in this configuration are unsaturated with 

sp
2
 hybridization and one remaining  pz orbital on each carbon. The sp

2
 hybrid orbitals are in 

one plane forming σ-bonds, with strongly localized electrons, between adjacent carbon 

atoms. The pz orbitals have a perpendicular orientation respective to the polymer backbone. 

Overlapping pz orbitals constitute π-bonds between neighbouring atoms, giving 

delocalization of π-electrons over the polymer chain. 

file:///G:/Bhuvaneswari%20Kannan%20thesis_Final.docx%23_ENREF_60
file:///G:/Bhuvaneswari%20Kannan%20thesis_Final.docx%23_ENREF_61
file:///G:/Bhuvaneswari%20Kannan%20thesis_Final.docx%23_ENREF_62
file:///G:/Bhuvaneswari%20Kannan%20thesis_Final.docx%23_ENREF_63


Chapter 1 Introduction 

23 
 

 

Figure 1.3 Top: Chemical structure of trans-polyacetylene. Bottom: Orientation of the sp2 
hybrid orbitals forming σ-bonds. 

 

Figure 1.4 shows some other important conjugated polymer structures, which include 

polythiophene (a) and its widely used derivatives - polyethylene dioxythiophene (PEDOT) 

(b) and poly(3-alkyl)thiophene (c) with the alkyl side chain, polypyrrole (d), polypyridine (e), 

which is a photoluminescent polymer and polyphenylene vinylene (f), which is an 

electroluminescent polymer.  

CPs can be made conductive by being doped with a chemical species during oxidation or 

reduction of the polymer [60, 61]. For their high conductivity they have been also called 

synthetic metals [60]. During doping a dopant (commonly a cation or anion) becomes 

embedded in the polymer matrix to counterbalance the created charge on the polymer during 

oxidation or reduction of the polymer and has the effect of charging the polymer [60, 61, 64]. 

In a highly doped state a CP could conduct as well as metals and semiconductors. 
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Figure 1.4 Molecular structures of: (a) polythiophene; (b) polyethylenedioxythiophene 
(PEDOT); (c) poly(3-alkyl)thiophene; (d) polypyrrole; (e) polypyridine and (f) 

polyphenylene vinylene. 

 

Band theory of CPs is different from other crystalline semiconductors. CPs have similar 

properties to inorganic crystalline semiconductors, but the movement or charge transport of 

electron varies between these two types of materials [65]. In CPs, oxidizing or reducing the 

material does not create free electrons or holes at the conduction bands. This is because 

structural deformation occurs along the polymer backbone, where the transfer of charge 

occurs, creating areas more likely to transport the charge [66]. For CPs, during doping when 

an electron is excited from the valence band, a polaron is created. Unlike traditional band 

theory, the hole that the electron leaves is not completely empty. Instead, partial 

delocalization takes place and results in a structural deformity from several of the 

surrounding monomer units to balance the energy level created by the electron, thus 

polarizing the nearby material which transforms in to a new equilibrium condition - called 

polaron [67]. For a polymers with degenerate ground states (i.e. trans-polyacetylene), the 

initial charge forms a polaron and a subsequent charge will create another polaron. The two 
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polarons, however, degenerate to form two charge solitons. For polymers with non-

degenerate ground states (polypyrrole, polythiophene etc) two polarons associate to form 

bipolarons [65, 67].  

Pyrrole is a 5-membered ring heterocyclic compound. Polypyrrole was first synthesized in 

1916 as “pyrrole black” by oxidation of pyrrole. In 1968 it was electrodeposited for the first 

time [68].  PPy can be doped with various agents to alter its physical, chemical and electrical 

properties. The conductivity of doped PPy can range from that of insulators (with almost no 

conductivity) to 100 Ω
-1

 cm
-1 

[9, 69]. Polypyrrole is one of the most extensively used 

conducting polymers in biosensor designs [70, 71] due to its good biocompatibility and 

polymerization at neutral pH.  

The exact mechanism of PPy polymerisation is still in debate, but the basic mechanism is 

given here in Scheme 1.11. One way to polymerize pyrrole is through an anodic oxidation 

[67]. The first step in polymerisation is an oxidation of monomers creating a radical cation. 

The initial stage of the radical coupling is the joining of pyrrole monomer radicals to form 

dimer intermediates then the elimination of H
+
 ions (deprotonation). Later steps involve the 

linking of the pyrrole monomers with oligomeric and polymeric pyrrole species [9]. 
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Scheme 1.11 Most widely accepted mechanism for PPy formation [53]. 

 

PEDOT is a relatively new member of the conducting-polymer family. It shows interesting 

properties, including relatively good electrochemical, ambient, and thermal stability as 

compared with other polythiophenes [72]. PEDOT is built from ethylenedioxythiophene 

(EDOT) monomers. It is insoluble in many common solvents and unstable in its neutral state, 
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as it oxidizes rapidly in air. To improve its processibilty, a polyelectrolyte solution like 

poly(styrene sulfonate) (PSS) or poly(styrene sulfonic acid) (PSSA) can be added, which 

results in an aqueous dispersion of PEDOT:PSS, where PEDOT is its oxidized state [64, 73]. 

Each phenyl ring of the PSS monomer has one acidic SO3
-
 group (see Scheme 1.11).  

 

Scheme 1.12 The chemical structure of PEDOT: PSS in water [72]. 

 

Among the various conducting polymers (Figure 1.3 and 1.4) poly(pyrrole) and PEDOT, and 

their derivatives, are frequently used for biosensing and the current literature on their 

applications in DNA sensing will be reviewed in brief. 

1.7.1.1. Polypyrrole and its Derivatives in DNA Sensing 

Alocilja et al. reported a DNA sensor based on polypyrrole for rapid detection of Escherichia 

coli [74]. The recognition element was a 25-base pair oligonucleotide specific for E. coli 

derived from the uidA gene that code for the enzyme -D glucuronidase. Wang et al. showed 

DNA doping into a conductive polymer using synthetic oligonucleotides on a glassy carbon 

platform [75]. Their label-free approach relies on the doping of DNA probes within 

electropolymerized polypyrrole (PPy) films and monitoring the current changes by cyclic 

voltammetry provoked by the hybridization event. Another study by the same authors used 

electrochemical quartz crystal microbalance (EQCM) to demonstrate the irreversible doping 

PSS
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of a single-strand (ss) DNA incorporated within polypyrrole network [76]. A pulsed 

amperometric detection of target DNA in PCR amplified amplicons on platinum electrodes 

modified by ssDNA (20 bases) entrapped within polypyrrole has also been reported [77]. 

Disadvantages of this sort of polypyrrole-based DNA sensor using entrapped DNAs are steric 

hindrances and poor accessibility of the probe entrapped within the film to the analyte 

resulting in poor hybridization efficiency which greatly affects the sensitivity and selectivity 

of the device.  

To overcome the above disadvantages, functionalized polypyrroles were synthesized and 

used for DNA detection [10, 78-82]. Ionescu et al. used poly(pyrrole-NHS) electro-

polymerized on a platinum electrode (Figure 1.7 A) to covalently anchor an amino-21-mer 

oligonucleotide probe for detecting by an amperometric method a short complimentary DNA 

(cDNA) sequence specific to West Nile Virus (WNV) [79]. After the probe attachment a 

target model of the WNV cDNA, was hybridized on to the surface. This hybridization event 

on the sensor surface was detected by an additional hybridization process with a 

complementary biotinylated 15-mer WNV cDNA followed by the specific attachment of a 

biotinylated glucose oxidase via an avidin bridge. (Scheme 1.12 B). The hybridization event 

was then monitored at 0.6 V vs. Ag/AgCl by amperometric detection of H2O2, generated by 

the enzyme marker in the presence of glucose. Since the product of the enzyme-catalyzed 

reaction was detected, the sensitivity of the sensor was related to the permeability of the 

(pyrrole-NHS) film. The chemical binding of a cDNA probe of the WNV on this polymer led 

to an efficient DNA sensor with detection limit of 1 fg ml
−1

. 
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Scheme 1.13 Methodology of Ionescu et al. [79] (A) Structure of pyrrole-NHS monomer;(B) 
WNV DNA-sensor scheme. i) Polypyrrole-NHS. ii) Coupling of aminated DNA probe. iii) 

Hybridization of the WNV cDNA target. iv) Hybridization of the biotinilated 
complementary strand. v) Coupling with Av-Gox and detection of the signal. 

 

Similarly Thompson et al. synthesized a sensing element based on pyrrole monomer 

modified with a phosphonic acid group [78] (Scheme 1.14). The transducer surface was first 

immobilized with DNA probe with the help of magnesium cations that served as a bridge 

between the phosphonic acid group of the grafted polymer and the phosphate group of the 

oligonucleotide probe. The hybridization event was studied using cyclic voltammetry before 

and after the addition of the cDNAs. 

 

Scheme 1.14 Key steps in the preparation of the DNA hybridization sensor probe:  5 mM 
aqueous MgCl2  (2) ssDNA[78]. 
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More recently, our group investigated the effect of the ‘linker’group - a functionalized side 

chain that links the polymer backbone and the bioprobe - on the resulting sensor properties 

[5, 83]. Pyrrole monomers with saturated and unsaturated side chains were synthesized 

(Scheme 1.14). The functionalized pyrrole with side chain bearing a carboxylic acid (-

COOH) linker group was copolymerized with pyrrole on a glassy carbon electrode (3 mm 

diameter) with optimized ratio to control the surface immobilization of probe DNA. The 

resultant probe-modified electrode surface was introduced to different concentration of 

cDNA. Electrochemical impedance spectroscopy (EIS) coupled with Fe (CN)6
-3/-4 

redox 

probe was used to study hybridization event [84]. It was shown that copolymers with 

unsaturated side-chain functionalization have superior properties for use in biosensor 

applications in terms of sensitivity and selectivity compared to those with a saturated side 

chain.  

 

Scheme 1.15  Schematic illustration of the DNA sensor. (i) 5-(3-pyrrolyl) 2,4-pentadienoic 
acid (PPDA)  (ii) 3-Pyrrolylpentanoic Acid (PPA) [5]. 

1.7.1.2. Poly(ethylenedioxythiophene) and its Derivatives in DNA Sensing 

Krishnamoorthy et al. developed an electrochemical DNA hybridization detector based on 

PEDOT microtubules in which a short ssDNA was immobilized on PEDOT to create a DNA 

recognition element [85]. To fabricate the DNA sensor, PEDOT microtubules were 
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synthesized in the pores of a gold coated polycarbonate membrane in presence of ssDNA 

using EDOT (0.01 M) and 0.1 M KCl dissolved in pH 8 phosphate buffer and cycling the 

potential between 0.2 V and 1.3 V vs. SCE with a scan rate of 50 mV s
−1

. This ss-DNA 

modified PEDOT microtubule sensor could detect target DNA concentrations as low as 80 × 

10
−9

 g ml
−1

. 

Recently Chen et al. reported amplified electrochemical sensing of DNA by using  

electrodeposited PEDOT on an electrode surface and incorporation of Nile blue (NB) as 

redox active intercalator into DNA [86]. The poly(3, 4-ethylenedioxythiophene) film was 

potentiodynamically electrodeposited on to glassy carbon electrode and the DNA solution 

was spread over the PEDOT modified electrode and dried. The resultant PEDOT/DNA 

modified electrode was dipped into PBS solution containing NB for 10 min. This 

PEDOT/DNA/NB composite electrode was then introduced to cytochrome-c. The 

PEDOT/DNA/NB sensor surface was characterized by cyclic voltammetry and a shift in NB 

reduction peak was observed in presence of cytochrome-c. Ju et al. also studied the 

interaction between Nile blue and immobilized ss- or dsDNA, the application to 

electrochemical detection of the recognition event and calculation of the binding constants 

[87]. Shinkai and co workers [88] prepared a PEDOT/ DNA/ tetracationic porphyrin 

(TMpyP) composite and concluded that DNA is useful as a scaffold to arrange redox active 

couples in a one dimensional matrix. Moreover, Goto et al. [30] prepared a PEDOT polymer 

by using DNA as a liquid crystal electrolyte and the prepared polymer exhibited optical 

activity [89]. 

Mouffouk and Higgins reported selective electrochemical response to hybridization based on 

oligonucleotide-functionalised PEDOT-coated micro-electrodes [90]. They synthesized a 

carboxylic acid–functionalised 3,4-ethylenedioxythiophene (EDOT) derivative. Its co-

polymerisation with EDOT on a Pt disk micro-electrode gave a redox-active poly-3,4-
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ethylenedioxythiophene (PEDOT) with pendant –COOH groups. These were coupled in-situ 

to an amino alkyl-terminated oligonucleotide. This system resulted in direct electrochemical 

detection of hybridization of DNAs. Recently Luo et al. synthesized a new EDOT monomer, 

2-((2,3-dihydrothieno[3,4-b]-1,4-dioxin-2-yl)methoxy)acetic acid (C2-EDOT-COOH), and 

copolymerized it with hydroxyl EDOT on a ITO/glass substrate and studied the application in 

DNA sensing [91]. The probe DNA was covalently grafted with the copolymer through 1-

ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride and N-hydroxysuccinimide 

(EDC/NHS) coupling (Scheme 1.15 A). The hybridization event was detected via 

fluorescently labelled target DNA by measuring changes in the fluorescence intensity 

(Scheme 1.15 B). In addition to this fluorescent detection technique they also used QCM to 

detect the DNA binding event. Moreover, the DNA modified copolymer surface was further 

used to study glucose oxidase-avidin (GOD-A) interactions (Scheme 1.15 C). 

 

Scheme 1.16 (A) Schematic of electropolymerisation of EDOT copolymer (i) followed by 
immobilisation of probe-DNA through EDC (ii) and NHS (iii) coupling; (B) Schematic of 

fluorescence detection on PEDOT film; (C) Schematic of amperometric detection of 
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glucose oxidase- avidin (GOD-A) interactions with redox polymer poly(vinylimidazole)-
poly(acrylamide) copolymer partially imidazole-complexed with Os(4,4- dimethyl- 2,2-

bipyridine)2Cl+/2+ on DNA-modified PEDOT [91]. 

1.8. Miniaturized Sensing Elements using Conducting Polymers 

The signals generated by conducting polymer-based sensors are primarily determined by the 

difference in a specific property before and after exposure to a test target molecule. 

Therefore, the specific surface area of the conducting polymers plays a key role in 

determining the sensitivity [63, 92-94]. When bulk polymer is used to construct a sensor, the 

response time is relatively long due to slow penetration of the target molecules into the 

conducting polymer. Often there is also an accompanying hysteretic effect [95]. In contrast, 

for a sensor constructed of conducting polymer nanostructures, response time is expected to 

be significantly faster due to the porous structure and large surface to volume ratio. 

Miniaturization of this sensing element has a great impact on the sensitivity and selectivity of 

the CP sensing devices [95, 96] . Miniaturization of the sensing element can be achieved in 

many ways. Examples include nanofilms [94, 96], nanofibres [97, 98], nanowires [92], 

nanotubes [99, 100] . In this thesis, miniaturization of the sensing elements has been achieved 

in two ways: a) electropolymerization of a very thin (nm) CP film on a micro-size electrode 

(Chapter 3). b) Construction of individually addressable 1D CP nanowires on microfabricated 

gold electrodes (Chapter 6). In that regard, below is outlined the recent literature on synthesis 

and applications of CP nanowires for DNA sensing.  

1.9. Conducting Polymer Nanowires for DNA Sensing 

The development of minituratized sensing elements could impact significantly the areas of 

genomics, proteomics, biomedical diagnostics, and drug discovery [92, 101, 102]. In this 

regard, nanoscale sensors based on nanowires (NWs), have received considerable recent 

attention. CP 1D nanowires hold unique advantages over other materials due to their easy 
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synthesis routes, chemical, electrochemical and physical properties and most importantly, 

biocompatibility [103]. Moreover, the large surface area to volume makes the 1D CP sensors 

more sensitive than 2D and also improve their response [92, 102]. The direct conversion of 

chemical information into an electronic signal can take advantage of the existing low power 

microelectronic technology and lead to miniaturized sensor devices. The size of biomolecules 

is comparable to the size of nanostructures and any interaction between these entities 

generates a significant change in the nanostructure electrical properties. Furthermore, 

nanowires are heralded for device miniaturization and for incorporation into a sensor array 

format, enabling duplicate elements to reduce false positives/negatives. Miniaturisation 

allows for fabrication of pattern recognition systems, termed electronic noses/tongues, where 

each sensor in the array has a unique response to an analyte creating a fingerprint type 

response that increases sensitivity and selectivity [104, 105].  

Recently, conducting polymer nanowires grown via template and template-free method for 

chemiresistive and FET based biosensors have been developed [6, 92, 95, 101, 103, 106, 

107]. The presence of a charged target bound to the immobilized recognition/probe-

biomolecule on the nanowire surface imparts the change in the electrical properties of CP 

nanosensor [105]. Such so-called gate effect-based nanosensors [105, 108] require 

immobilization of a biomolecule directly on/in the CP matrix. Ramanathan et al. 

demonstrated the feasibility of fabricating single and multiple individually addressable 

polypyrrole and polyaniline nanowires of controlled dimension (100 nm wide and up to 13 

µm long) and location by electrodeposition within a e-beam patterned channel between two 

electrodes on the surface of a silicon wafer [107]. The protein avidin was entrapped in the 

polymer matrix during the electrochemical polymerization of polypyrrole. To demonstrate 

the utility of the avidin modified polypyrrole nanowires as sensors, biotin conjugated 20-mer 

DNA (biotin-DNA) was introduced. An immediate increase in avidin functionalized 
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nanowire resistance was observed when biotin-DNA was conjugated with avidin on the 

nanowire surface implying the ability of an individually addressable CP nanowire to function 

as a sensor.  

Later Mulchandani and co workers developed a single polypyrrole nanowire immunosensor 

and a DNA sensor [101] (Scheme 1.16). Their approach involved polymerisation of 

polypyrrole nanowires using an alumina template, then taking the individual nanowires made 

this way and aligning them manually in between the gap of gold fabricated electrodes on a 

silicon substrate. A gold layer was then lithographically deposited on the aligned nanowire to 

ensure a firm contact between nanowire and contact electrodes (Scheme 1.16 iii).  

 

Scheme 1.17 Schematic representation of nanowire fabrication process: (i) solution 
containing polymer nanowire, (ii) alignment of a nanowire in between the gaps of gold 

electrodes, (iii) Au metal deposition over the nanowire fabricated electrode and (iv) use of 
fabricated nanowire as DNA sensor [101]. 

 

Biofunctionalization of the nanowire was then carried out by covalently immobilizing the 

antibody (anti-B. globigii) using EDC-NHS coupling. The change (increase) in resistance 

i ii

iiiiv

R
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was then observed upon addition of increasing concentration of the target-bacteria. They also 

constructed a work-function based DNA sensor [106] using the same nanowire fabrication 

method.  

Recently, a similar procedure was adapted to fabricate a highly sensitive, conductometric and 

label-free biosensor for the detection of immunoglobulin E (IgE).The detection was based on 

the immobilization of an IgE aptamer onto a single polyaniline nanowire electrochemically 

synthesized in an e-beam lithographically made channel on Si/SiO2 [109]  

A virus-PEDOT nanowire and a label-free protein sensor PEDOT was constructed[6] (see 

Scheme 1.8). A protein sensor using conducting carboxylic acid functionalized PEDOT 

nanowires [110] has also been developed recently. To construct carboxylic acid-

functionalized PEDOT nanowires, the authors utilized a template free electric-field assisted 

synthesis to grow nanowires across the gold electrodes by applying AC currents [111] and, in 

some cases, DC [110] currents. To detect the sensing activity of the constructed device, first 

amine-modified aptamers was immobilized on to the surface through EDC/NHS coupling, 

and then different concentrations of thrombin in the presence of PBS (pH 5) were introduced 

to bind with the surface-attached aptamers. The device sensitivity was evaluated by 

monitoring the change in source–drain current as a function of thrombin concentration. This 

nanowire device sensitivity was found to be in the range of 1 µM to 1 nM; however sensing 

was not performed with the single nanowires.  

In this thesis, we report on highly sensitive DNA detection (down to fM) by using a single 

poly (EDOT-(C2-EDOT)-COOH) nanowire as a sensing element where the polymer 

nanowire is prepared without any templates or photolithographically-made channels. Such 

sensors have been made and utilized for the first time. 
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Chapter 2. Materials and Methods 

This chapter describes the experimental details and the methodologies used in this work. The 

basic principles for all the techniques used for characterization of materials and devices and 

detection of DNA sequences are described. 

2.1. Glassy Carbon Micro-Electrodes 

Two types of glassy carbon electrode were used in this thesis: an 11 µm diameter carbon 

electrode (called ‘micro-electrode’ herein) made from a carbon fibre and a 3 mm diameter 

glassy carbon electrode (called ‘macro-electrode’ herein) (Figure 2.1). The electrodes were 

purchased from BAS Ltd. 

Prior to electropolymerization, the working electrodes (micro- and macro-electrode) were 

polished mechanically with 0.5 μm alumina slurry, thoroughly washed with ethanol and 

ultrasonicated with Milli-Q water. They were subsequently electrochemically cleaned in 0.05 

M sulphuric acid (H2SO4) by potential scanning between 0 and 2.2 V until reproducible 

cyclic voltammograms were obtained. Alumina slurry was purchased from BAS Ltd and 

H2SO4 from Sigma-Aldrich. 

 

Figure 2.1 Image of macro electrode (A) and micro electrode (B)   
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2.2. Fabrication of Gold Electrodes 

The gold electrodes on glass substrates were patterned via a photolithographic process. 

Photolithography is a fabrication method where a pattern is transferred onto a substrate by 

optical means [112, 113]. It is essentially the same process as used in lithographic printing. 

Lithography is transferring a pattern to a photosensitive material by selective exposure to a 

radiation source such as UV light. Photoresists are photosensitive materials used in 

photolithographic process to form a patterned coating on a surface. A photosensitive material 

experiences a change in its physical properties when exposed to a radiation source. If a 

photosensitive material is selectively exposed to a radiation (e.g. by masking some of the 

radiation) the pattern of the mask is transferred to the material exposed, as the properties of 

the exposed and unexposed regions differ [114, 115]. 

In lithographic process a substrate is first spin coated with a photoresist, subsequently 

exposed to a desired pattern, and developed (developing is the process where the 

photosensitive material is selectively etched away). After the developing process the substrate 

is subjected to wet etching process to remove gold and chromium layer [115]. Wet etching is 

the process where the material is dissolved when immersed in the etching solution. It works 

very well for etching of thin films on substrates, and can also be used to etch the substrate 

itself.  The fabrication process used in this work involves several steps, namely surface 

preparation, metal deposition, coating (spin casting), pre-baking (soft baking), alignment, UV 

exposure, development, post-baking (hard baking) and post-processing cleaning, as shown in 

the Scheme 2.1. 
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Scheme 2.1 Sketch of the photoresist processing steps for pattern transfer into a gold 
layer on the top of a glass substrate. 

2.2.1. Pre cleaning of Glass Slides and Surface Activation 

The 3″x1″ glass slides were obtained from Winner Medical Appliances Ltd. and the 

chemicals for piranha solution were bought from Sigma-Aldrich. The purchased micro glass 

slides were cleaned with detergent to remove oil and surface contaminants followed by 

submerging the slides in piranha solution (3:1 ratio of H2SO4 and H2O2. CAUTION: piranha 

solution is extremely corrosive and must be handled with great care using suitable protective 

clothing) for at least 1 hour to remove the organic contaminants. The glass slides were then 

rinsed with plenty of Milli-Q water and stored immersed in Milli-Q water (18 MΩ.cm) in 

slide jar. Before the deposition of metals, the glass slides were treated with oxygen plasma in 

a Reactive Ion Etcher (RIE) to activate the surface for 60 sec. This method improved the 

adhesion of the metal on to the glass substrate. The RIE used in this work was MARCH 05-

1201; model RIE (Figure 2.2). 
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Figure 2.2 Image of reactive ion etcher 

2.2.2. Metal deposition 

Thermal evaporation is one of the most commonly used metal deposition techniques [112, 

116]. It consists of vaporizing a solid material (pure metal, eutectic or compound) by heating 

it to sufficiently high temperatures and recondensing it onto a cooler substrate to form a thin 

film. The vacuum is required to allow the molecules to evaporate freely in the chamber, and 

subsequently to condense on all surfaces. Once the metal is evaporated, its vapours undergo 

collisions with the surrounding gas molecules inside the evaporation chamber. As a result a 

fraction of metal is scattered within a given distance through the ambient gas. The mean free 

path for air at 25 °C is approximately 45cm and 4500 cm at pressures of 1x10
-4

 and 1x10
-6

 

torr, respectively [116]. Therefore, pressures lower than 1x10
-5

 torr are necessary to ensure a 

straight line path for most of the evaporated species and for substrate-to-source distance of 

approximately 10 to 50 cm in a vacuum chamber [117]. Good vacuum is also a prerequisite 

for producing contamination free deposits. The JEOL thermal evaporator (Figure 2.3) was 

used in this work to evaporate the chromium and gold on the glass electrode. 

The cleaned glass substrates were dried using nitrogen gas and loaded inside the chamber. 

The chromium chip (~ 0.2 g) and gold wire (~ 15 cm) were loaded in a tungsten basket. 
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Chromium (~ 50 nm thickness) layer was deposited first followed by gold (~ 100 nm 

thickness) at the chamber vapour pressure of 1.5x10
-3

 mtorr. 

 

Figure 2.3 Image of thermal evaporator used for depositing Cr and Au on to the glass 
surface. Inset: Image of tungsten baskets. 

 

After the metal deposition the substrates were spin coated with selective photoresists.  

2.2.3. Positive and Negative Photoresist and Spin Coating 

There are two types of photoresists: positive and negative. For positive photoresists, the 

photoresist is exposed with UV light wherever the underlying material is to be removed. In 

these resists, exposure to the UV light changes the chemical structure of the resist so that it 

becomes more soluble in the developer. The exposed resist is then washed away by the 

developer solution, leaving windows of the bare underlying material. The mask, therefore, 

contains an exact copy of the pattern which is to remain on the wafer. 

Negative resists behave in just the opposite manner. Exposure to the UV light causes the 

negative resist to become polymerized, and more difficult to dissolve. Therefore, the negative 

resist remains on the surface wherever it is exposed, and the developer solution removes only 

the unexposed portions. Masks used for negative photoresists, therefore, contain the inverse 

(or photographic "negative") of the pattern to be transferred. Figure 2.4 below shows the 
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pattern differences generated from the use of positive and negative resist [116]. In this work 

we used a negative photoresist for photolithographic fabrication. 

The AZ nLOF 2070 negative photo resist was obtained from Sigma-Aldrich. Firstly, the 

viscosity of the resist was optimized by addition of propylene glycol mono methyl acetate 

(PGMA) and the spinner rotational speed was set accordingly. In this work the AZ nLOF 

2070 was diluted to 1:3 ratio with propylene glycol mono methyl acetate (PGMA). 

To spin coat, the gold deposited substrate was held on a spinner chuck by vacuum and the 

diluted AZnLOF 2070 negative resist was coated to uniform thickness at 2500 rpm for 60 

sec. 

 

Figure 2.4 Sketch of positive and negative photo resist process 

2.2.4. Pattern Transferring 

The patterned mask was placed in the mask holder (Figure 2.5) and the pattern transferred to 

the substrate (see Scheme 2.1) by exposing the substrate to the UV radiation for 6 sec. After 

UV exposure the substrate was again baked on a hot plate at 110 ˚C for 60 sec to remove any 

excess solvent and to harden the resist surface. 

Glass

GlassGlass Glass

PR

PRPR

PR

MaskPositive resist Negative resist
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Figure 2.5 Photo image of the UV mask patterning machine. Inset: The mask used for 
patterning. 

2.2.5. Developing and Etching 

The substrate was submerged in AZ 300 MIF developer solution (obtained from Sigma-

Aldrich) for 90 sec to develop the unexposed area of the pattern. After developing, the 

substrate was cleaned thoroughly with Milli-Q water and dried with nitrogen gas. 

Au and Cr layer were etched from the substrate by a wet etching process (Figure 2.6. A and 

B). The gold layer was etched out by submerging the substrate for 60 sec in potassium 

iodide/iodine (KI/I2) solution. Both KI and I2 were obtained from Sigma-Aldrich. To prepare 

Au etch solution 22.5 g of KI was added to 100 ml Milli-Q water followed by 7 g of I2 chips 

with stirring at room temperature till dissolution was complete. 

Gold and iodine form soluble gold iodide via the following reaction: 

  2 Au + I2           2 AuI (2.1) 

The solubility of AuI is improved by adding KI to the solution. Iodine/iodide can be 

substituted by other halogenides except fluorine which does not form soluble gold 

compounds.  

For etching of the Cr layer from the substrate  HClO4 (8.6 ml) was dissolved in 200 ml Milli-

Q water followed by the addition of 32.9 gm of ceric ammonium nitrate ((NH4)2[Ce (NO3)6). 
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The following equation (2.2) summarizes the process of chromium etching with perchloric 

acid and ceric ammonium nitrate:  

3 Ce (NH4)2(NO3)6 + Cr          3 Cr (NO3)3 + 3 Ce (NH4)2(NO3)5 (2.2) 

Hereby the cerium oxidation state is reduced from IV to III, whereas the chromium oxidation 

state increases from 0 to III. Chromium nitrate is steadily produced during etching and forms 

a dark film on the chromium surface. However, due to its aqueous solubility it is dissolved in 

the etchant. 

The AZnLOF photoresist dissolves in acetone, therefore to remove the photoresist layer the 

electrode was first washed with acetone followed by isopropanol and dried with nitrogen 

(Figure 2.6.C).  

 

Figure 2.6 Optical microscopic image of a fabricated electrode (i) before gold etching (after 
developing the mask pattern) (ii) after gold etching, (iii) after Cr etching and (iv) after 

photoresist etching. 
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2.3. Conducting Polymer Materials 

2.3.1. Synthesis of 3-pyrrolylacrylic acid (PAA) 

A copolymer of pyrrole and 3-pyrrolylacrylic acid (PAA) grown on a micro-electrode was 

used as a transducer to sense DNA.  Pyrrole was purchased from Sigma Aldrich and PAA 

was synthesized according to the previous procedure developed in our laboratory [5]. The 1-

(p-tolylsulfonyl) pyrrole-3-carboxaldehyde (1) was synthesized by Dr.Hui Peng as previously 

described [5]. It had been stored (under -18˚C) and was used without further purification. The 

subsequent synthesis steps are shown in Scheme 2.2. A Wittig condensation between 1-(p-

tolylsulfonyl) pyrrole-3-carboxaldehyde (1) and (triphenylphosphoranylidene) methyl acetate 

(TPPMA) proceeded to 3-(1-(p-tolylsulfonyl) pyrrol-3-yl) acrylic acid methyl ester (2), 

which was hydrolyzed to give PAA (3). 

 

Scheme 2.2  Synthesis of PAA. (a) TPPMA, THF, 50 °C for 4 h; (b) MeOH/NaOH, refluxed for 
5 h. 
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2.3.2. Synthesis of 2-((2,3-dihydrothieno[3,4-b]-1,4-dioxin-2-yl)methoxy)acetic 

acid (EDOT-COOH) 

The 2-((2,3-dihydrothieno[3,4-b]-1,4-dioxin-2-yl)methoxy)acetic acid (EDOT-COOH) was 

synthesized from hydroxymethyl EDOT (EDOT-OH) according to previously reported 

literature [117]. This synthesis involves two steps. The schematic of the synthesis is shown in 

Scheme 2.3 

 

Scheme 2.3  Synthesis of EDOT-COOH from EDOT-OH. (A) Synthesis of EDOT-COOCH3 from 
EDOT-OH (B) Synthesis of EDOT-COOH from EDOT-COOCH3 

Step 1: Synthesis of EDOT-COOCH3 from EDOT-OH 

First methyl 3-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy)propanoate (EDOT-

COOCH3) was prepared from (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol (EDOT-

OH). A 100 mL round-bottom flask was charged with a stir bar, EDOT-OH (861 mg, 5.0 

mmol), NaI (150 mg, 1.0 mmol), and NaH (50 % suspension in mineral oil, 240 mg, 6.0 

mmol), and the flask was backfilled with nitrogen (three times). Dry tetrahydrofuran (THF; 
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20 mL) was introduced and the suspension was stirred for 15 min and cooled in an ice bath at 

the same time. Methyl bromoacetate (0.57 mL, 0.92 g, 6.0 mmol) was added drop wise 

through syringe, and the reaction mixture was stirred for 18 h. The majority of THF was 

removed with a rotary evaporator; the crude product was partitioned between water and ethyl 

acetate, and the aqueous layer was extracted with ethyl acetate (twice). The combined organic 

layers were washed with brine, dried with MgSO4 and evaporated. The crude product was 

purified with a silica gel column (hexane/ethyl acetate) 5:1).
 1

H NMR (400 MHz, CDCl3): 

6.36 (d, 1H), 6.35 (d, 1H), 4.23 (ddd, 1H), 4.20 (dd, 1H,) 4.10 (s, 2H), 4.08 (dd, 1H), 3.76 

(dd, 1H, J), 3.78 (s, 3H).
13

C NMR (100 MHz, CDCl3): 171.1, 141.3, 125.4, 99.8, 99.7, 72.5, 

70.5, 69.8, 67.8, 65.2 53.1.  

Step 2: Synthesis of EDOT-COOH from EDOT-COOCH3 

The EDOT-COOCH3 (610 mg, 2.5 mmol) was dissolved in THF (10 mL) in a 100 mL round-

bottom flask, and freshly prepared aqueous NaOH solution (2 M, 10 mL) was added. The 

mixture was stirred vigorously until the starting material was completely consumed, as 

followed by thin layer chromatography (TLC) (3 h). The mixture was acidified to pH <3 and 

then extracted with ethyl acetate (5×). The combined organic layers were washed with water 

(until a neutral pH was obtained), dried with MgSO4, and solvents evaporated. The EDOT-

COOH (480 mg, 83%) was obtained as thick, colourless oil that solidified upon freezing. The 

product was stored in refrigerator to avoid oxidation and contamination.
1
H NMR (400 MHz, 

CDCl3): 6.36 (d, 1H), 6.35 (d, 1H), 4.23 (ddd, 1H), 4.20 (dd, 1H),  4.10 (s, 2H), 4.08 (dd, 

1H), 3.76  (dd, 1H), 3.76 (dd, 1H) .
13

C NMR (100 MHz, CDCl3):  141.3, 125.1, 100.0, 99.9, 

72.5, 69.8, 68.4, 65.2. 
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2.4. Oligonucleotide (ODN) 

All the oligonucleotides (ODN or DNA sequences) were synthesized by Alpha DNA, 

Canada. The ODN sequences used for investigating sensing on the polymer-modified GC 

micro-electrode (Chapter 3) are listed in Table 2.1. Table 2.2 contains the ODN sequence 

used in the nanowire sensor design (Chapter 6). 

Table 2.1 Summary of the ODN sequence specific Salmonella virus gene used in the 
sensing experiments on conducting polymer modified micro-electrode. 

 

 

 

 

 

Table 2.2 Summary of the ODN sequences specific to Human breast cancer gene (BRCA1) 
used for sensing experiments on conducting polymer nanowires (Chapter 6). 

 

2.4.1. Oligonucleotide Probe Immobilization and Hybridization 

All the probes were amino functionalized; hence they were covalently attached to the 

carboxylic acid functionalized polymers through EDC/NHS coupling in the presence of PBS 

buffer at room temperature. Phosphate buffer (PBS) (purchased from Sigma Aldrich) was 

used for all DNA sensing experiment. The PBS (0.01 M phosphate buffer, 0.0027 M KCl, 

0.137 M NaCl) was prepared using Milli-Q water (18.2 MΩ.cm). Hydrochloric acid was used 

to alter the pH of the buffer. 

Labels DNA sequences (5' to 3') 

5'-NH2 modified probe GATGAGTATTGATGCCGA 

Complementary target TCGGCATCAATACTCATC 

Non-complementary target TATGCTGGTGCGTCGCAC 

Two point mismatch target TCGGCATCAAAACTCATC 

Labels DNA sequences (5' to 3') 

5'-NH2 modified probe CACTGAGACTGGTTTCCTG 

5'-Cy5 modified complimentary target CAGGAAACCAGTCTCAGTG 

Complimentary target CAGGAAACCAGTCTCAGTG 

5'-Cy5 modified noncomplementary target ACTTCCCAACTGAGACTGT 

Non complimentary target ACTTCCCAACTGAGACTGT 

One point mismatch target CAGGAAACCGGTCTCAGTG 
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The hybridization was carried out by incubating the probe–grafted sensor film with a target 

ODN sequence in the presence of PBS buffer at the desired temperature. Detailed conditions, 

e.g. pH of the buffer, hybridization temperatures and times are given in the Results and 

Discussion chapters. 

2.5. Introduction to Characterization Techniques 

2.5.1. UV-vis Spectroscopy 

UV/Vis spectroscopy is a technique used to investigate electron transfers between orbitals or 

bands of atoms, ions, and molecules in the gas phase as well as in liquids and solids [118]. In 

the UV-spectrometer the sample absorbs a part of the incident radiation and the remainder is 

transmitted to the detector. The detector then converts the transmitted radiation to an 

electrical signal, which is amplified before it is displayed. The spectral region of 200 to 700 

nm is of special interest for in situ UV/Vis spectroscopy [119, 120].  

In this thesis the UV-visible spectra of the copolymer of pyrrole and 3-pyrrolylacrylic acid 

(PAA) [poly (Py-co-PAA)] were characterized using a Shimadzu Pharmaspec UV-1700 

spectrophotometer, in the range from 300 nm to 800 nm. Details concerning the conditions 

like solvents used and sample preparation are discussed in Chapter 3. 

2.5.2. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) gives the morphological and topographical information 

of the solid surfaces that is necessary in understanding the behaviour of the surface. In an 

SEM the sample is bombarded with a scanned electron beam [121].  Electrons are accelerated 

towards the sample and focused by several condenser lenses. When the focused beam hits a 

point on the sample, numerous collisions between the electrons from the beam and atoms in 

the sample will occur. As a result of these collisions some of the outer-most electrons will be 
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detached from the sample and are easily attracted by the detector[122]. Detectors connect the 

signal-producing and the signal-processing system of an SEM. They convert the signals 

produced (electrons) into electrical signals. The shorter wave length of the electrons gives a 

better resolution than in optical microscopes. Thereby pictures of the samples with higher 

magnifications (up to 10000X) can be recorded [122]. 

For the electrons to be able to scatter through the sample, the sample should be conductive. In 

the case of a non-conductive sample a layer of platinum or gold particles are sputtered on the 

surface of the sample. Alternatively, nonconducting specimens may be imaged uncoated 

using specialized SEM instrumentation such as the "Environmental SEM" (ESEM). 

Environmental SEM instruments place the specimen in a relatively high pressure chamber 

where the working distance is short and the electron optical column is differentially pumped 

to keep vacuum adequately low at the electron gun. The high pressure region around the 

sample in the ESEM neutralizes charge and provides an amplification of the secondary 

electron signal [122].  

The morphology of the conducting polymer-modified GCE was characterized using a Philip 

ML30S FEG Scanning Electron Microscope. A sample was sputtered with platinum for 180 

sec in order to increase the conductivity of the sample. The sample stage was tilted 30˚ to 

scan the GC micro-electrode. The morphology of the conducting polymer nanowires was 

characterized using an FEI Quanta 200 FEG Environmental Scanning Electron Microscope. 

2.5.3. Fluorescence Spectroscopy 

Fluorescence is a spectrochemical method of analysis where the molecules of the analyte are 

excited by irradiation at a certain wavelength and they then emit radiation of a different 

wavelength. The emission spectrum provides information for both qualitative and 

quantitative analysis [123].  
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In this work, a Leica fluorescence Philip 100 microscope was used to study the presence of 

Cy5 labelled target ODNs hybridised with the probe-ODN modified copolymer nanowires.  

2.5.4. Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR spectroscopy is one of the principal techniques used to obtain physical, chemical, 

electronic and structural information about molecules due to either chemical shift, Zeeman 

effect, or the Knight shift effect, or a combination of both Zeeman and Knight shift effect, on 

the resonant frequencies of the nuclei present in the sample [124]. The most commonly 

investigated nuclei in NMR spectroscopy are H
1
, C

13
 and N

15
. 

In this thesis, the synthesized carboxylic acid modified EDOT was analyzed using a 400 

MHz Bruker NMR spectrometer. 

2.5.5. Raman Spectroscopy 

Raman spectroscopy concerns a change in frequency when electromagnetic wave (EM) from 

the light source is scattered by molecules or atoms. If incident light has a frequency, ν0 

(which is chosen such that it does not correspond to strong absorption by the sample), most of 

the light that is scattered has the same frequency ν0, but a small component of the scattered 

light has a frequency νr. The difference in frequencies, νr - ν0 = Δν, is referred to as the 

Raman frequency [126] and corresponds to a molecular vibration frequency of the sample. In 

summary, the Raman scattering involves a complex interaction between the incident EM 

wave and the material’s molecular/atomic structure [125, 126] Raman spectroscopy has 

proved to be a useful method for studying the doping/dedoping of conducting polymers 

[127]. Raman spectra of PPy [127], polythiophene, PEDOT [128, 129] have been extensively 

studied by the Raman scattering technique. 
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In this thesis work, a Renishaw 1000 Raman spectrophotometer employing a 785 nm laser 

beam was used to characterize the PEDOT nanowire samples and perform Raman mapping 

on a single PEDOT nanowire. 

2.5.6. Electrochemical Analysis 

Cyclic voltammetry 

In cyclic voltammetry, the working electrode potential is swept at a specific sweep rate (in 

volts / second) and the resulting current vs. time curve is recorded. Usually the sweep is 

reversed at a specific switching potential, hence the name cyclic voltammetry [130]. Since 

the sweep rate is constant and the initial and switching potentials are known, the time can be 

easily converted to potential, and current vs. applied potential can be recorded.  

The Figure 2.7 illustrates a model CV of bare gold electrode. The resulting current vs. applied 

potential curve (a cyclic voltammogram) is predicted for an ideal, reversible system to have 

the shape as in the Figure 2.7. The peak current ip in this voltammogram is given by Randles-

Sevcik equation (2.3); 

                                           ip = (2.69 ×105) n3/2 AD1/2ν 1/2C (2.3) 

where ip is the peak current (in amperes), n is the number of electrons passed per molecule of 

analyte oxidized or reduced, A is the electrode area (in cm
2
), D is the diffusion coefficient of 

analyte (in cm
2
/sec), ν is the potential sweep rate (in volts/sec), and C is the concentration of 

analyte in the bulk solution (in moles/cm
3
). The midpoint potential of the two peaks in the 

voltammogram is given by equation 2.4:  

                            
                          

 
    

  

  
   

 
    

  
   

 
      

                                                                    

where E
0
 is the redox potential, and DO and DR are the diffusion coefficients for the oxidized 

and reduced halves of that redox couple. 
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Finally, the separation between the two peaks of the voltammogram is given by equation 2.5: 

                 ΔEp = Ep,anodic − Ep,cathodic = 2.3 RT/nF = 59/n mV (at 298 K)                 (2.5) 

Hence, one could determine the concentration, the diffusion coefficient, the number of 

electrons per molecule of analyte oxidized or reduced, and/or the redox potential for the 

analyte, all from a single CV experiment. If the diffusion constants for the oxidized and 

reduced species are similar, the value of E
0
 can be estimated from the average of Epa and Epc, 

where Epa is the potential of the anodic peak current and Epc is the potential of the cathodic 

current.  

In this work, cyclic voltammetry experiments using macro-electrodes (3 mm dia) were 

performed in a three electrode cell by using CH instrument electrochemical workstation 

Model 440, CV of micro-electrodes were performed using EDAQ picostat and CV of PEDOT 

nanowires were performed with home built Scanning Ion Conductance Microscopy (SICM). 

 

Figure 2.7 Schematic of a model CV graph, where ipc and ipa are the cathodic and anodic 
peak currents, respectively. The difference between Ep and the point where current is half 

that at Ep, Ep/2, is 56.5/n mV at 25 °C, where n is the number of electrons transferred. 
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Electrochemical impedance spectroscopy 

In electrochemical impedance spectroscopy (EIS), potential is held at a fixed value (eg., close 

to the redox potential of the working electrode) and a small amplitude A.C. potential is 

applied[84, 131, 132].  

 

Figure 2.8 (A) A vector diagram describing the relationship between total impedance Z, 
real Z’ and i imaginary Z’’. (B) Nyquist plots for (i) a capacitor, (ii) a capacitor in series with 

a resistor, (iii) a capacitor in parallel with a resistor, and (iv) a resistor in series with a 
parallel RC-circuit[133]. 

 

It is a common practice to model electrochemical impedance in terms of an equivalent circuit 

composed of a number of single and/or sub-circuit elements. The behaviour of commonly 

encountered and less complex elements such as capacitors and resistors can be inferred from 

the impedance spectrum (Figure. 2.8). The complex impedance data inherently involves the 

interplay of three variables, the imaginary component of the impedance, Zim, the real 

component of the impedance, Zreal, and the phase angle, θ [130]. The need to represent these 

variables as a function of frequency complicates the picture in that information about at least 

one of the parameters is lost when using the two most common types of representation for 

impedance data, the Nyquist and Bode representations [134]. Nevertheless, Nyquist has 
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become the most widely used graphical representations of impedance data. In the Nyquist 

format, the -Zim is plotted on the y-axis and Zreal is plotted on the x-axis (Fig. 2.8Bi–iv) [133]. 

The impedance behaviour of a material can be derived from three elements, the resistance to 

ionic charge transport in solution (Rs), the resistance to electronic charge transport (Rct), and 

the capacitance associated with charge separation or double layer capacitance (Cdl). Also, in 

materials like conducting polymer, the charge carriers must move through the polymer 

medium, which is often inhomogeneous and disordered (at least on the molecular scale). In 

order to understand discrepancies between experimental behaviour and combinations of these 

circuit elements, a non-electrical elements like constant phase element (CPE) are often 

included in an effort to account for the effects of film properties, charge carrier mobility and 

conduction path.  These elements are conveniently used as short-cuts to explain the 

macroscopic anomalous behaviour and deviations from theoretical predictions of the models 

but their microscopic meaning is poorly understood.  

The Warburg element is a frequency-dependent element that accounts for the effect on the 

electrode impedance of diffusion of redox species in the solution.  The Warburg impedance 

of a simple reversible redox couple reacting at an electrode is given by equation 2.6,  

                                                                  
 

  
−  

 

  
                                                      (2.6) 

where σ is the Warburg constant, and ω is angular frequency (ω = 2πf). The Warburg 

constant for a solution redox couple is given by equation 2.7 [133] 

                                                                  
  

       
                                                           (2.7) 

where F is the Faraday’s constant, D is the diffusion coefficient of diffusing species and R 

and T are the gas constant and temperature, respectively [133].  
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Figure 2.9 Top: illustration of a state of an electrode in an electrochemical cell. Bottom: 
corresponding equivalent circuit model. 

Figure 2.9 shows a circuit for the electrode impedance of a solution redox couple, which 

includes the solution resistance, Rs in series with a parallel circuit containing a constant phase 

element, CPE, the Faradaic or charge transfer resistance, Rct and the Warburg impedance, Wd. 

In this thesis all the EIS were recorded using an EG&G potentiostat/galvanostat (Princeton 

Applied Research, model 280) coupled to an EG&G 1025 Frequency Response Analyzer. 

The cell was housed in a Faraday cage to reduce the stray electrical noise. 

2.5.7. Conductivity Measurements by I-V 

Two-terminal device measurements 

Two-terminal device measurements involve connecting two opposing electrodes (source and 

drain electrodes) as working electrodes and sweeping potential between them (Figure 2.10 

A). The current vs. voltage graph (I-V) can be computed from the current vs. bias potential 

[58]. In devices based on semiconductors it is believed that charge trapping, structural 

changes in the molecules and the interplay between them are likely to be reflected in 
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resistance change of the semiconductor [62]. This change in resistance can be easily 

measured using two-terminal devices as inverse of I-V slope. The conductivity of the 

semiconductor can be calculated from the measured resistance. A two-terminal device can 

also exhibit interesting and important behaviour of the semiconductor like rectification, 

negative differential resistance [135] and conductance switching effects [136]. A Scanning 

Tunnelling Microscopy (STM) modified two terminal device (Figure 2.10 B)  has also been 

utilized to measure the I-V of a crossed wire junction [136]. In this thesis we have measured 

the I-V of PEDOT nanowires using a Keithley SMU 2400 probe station in order to obtain the 

conductivity of the nanowires.  

 

Figure 2.10 (A) Basic two-terminal device set up, (B) Scanning tunnelling microscopy (STM) 
modified two terminal devices 

Three-terminal device measurement 

A three-terminal field-effect transistor (FET) is a transistor that relies on an electric field to 

control the conductivity of a channel of one type of charge carrier in a semiconductor 

material [137]. The FETs are majority charge carrier devices. The device consists of an active 

channel through which majority charge carriers, electrons or holes, flow from one terminal to 

other. The three major FET terminals are ‘Source’ (S) through which the majority carriers 

V

V
A B
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enter the channel, ‘Drain’ (D) through which the majority carriers leaves the channel and 

‘Gate’ (G), the terminal that modulates the channel conductivity. The third terminal – gate - 

is the current control terminal. In a basic FET set up the source and drain are connected to 

semiconductor through ohmic contacts. The conductivity of the channel is a function of 

potential applied to the gate. The FET controls the flow of electrons (or electron holes) from 

the source to drain by affecting the size and shape of a "conductive channel" created and 

influenced by voltage (or lack of voltage) applied across the gate and source terminals [138, 

139]. The schematic diagram of n-type FET is shown in Figure 2.11.  

 

Figure 2.11 Diagram of an n-type FET 

 

In a FET-device all the three terminals are essentially conductive. Therefore a new FET-like 

device was developed to measure the resistance change in our two terminal nanowire device. 

A scanning ion-conductance microscope (SICM) has been developed that can image the 

topography of non-conducting surfaces that are covered with electrolytes [114]. The probe of 

the SICM is an electrolyte-filled micropipette. The flow of ions through the opening of the 

pipette is blocked at short distances between the probe and the surface, thus, limiting the ion 

conductance. A feedback mechanism can be used to maintain a given conductance and in turn 

determine the distance to the surface [140]. In conventional SICM, a micropipette is mounted 

on a three-dimensional piezoelectric translation stage and automatic feedback control moves 

S D

G

Oxide layer

Body

n+ n+
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the pipette up or down to keep the pipette current constant (the set point) while the sample is 

scanned in x and y directions. Thus, a pipette-sample separation, typically equal to the 

pipette’s inner radius, is maintained during imaging. 

The SICM can be modified to make a three terminal FET-like device in an electrochemical 

cell. The SICM measurements were performed using a simple home-built SICM instrument 

consisting of a manual x, y, z stage and a z-axis piezoelectric positioner and controller to give 

high-precision control of the pipette tip position in the direction normal to the sample[141]. 

The detail construction of this SICM instrument was given in [142]. Figure 2.12 shows a 

photographic image of our home built SICM. 

 

Figure 2.12 Photograph of home-built SICM 

 

In this thesis, we used double barrelled SICM pipette containing Ag/AgCl reference electrode 

and Ag wire counter electrode as a gate electrode to construct ‘Bio-FET-like’ devices for 

DNA sensing. More details about conditions employed are discussed in Chapter 5 and 6. 
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Chapter 3. High-Sensitivity, Label-Free DNA Sensors Based on 

Conducting Polymer Nanofilm Modified Micro-Electrode 

3.1. Introduction 

In this chapter label-free oligonucleotide sensors that uses a change in the electrode kinetics 

of the redox reaction of the negatively-charged Fe(CN)6
3-/4-

 redox couple to signal the 

formation of a DNA duplex with a surface-conjugated probe nucleotide are investigated. 

Recently, electrochemically-active conducting polymers have been demonstrated as sensing 

elements and transducers for label-free measurement of DNA hybridization [1, 83, 143-145]. 

As discussed in Chapter 1, polypyrrole and its derivatives seem particularly useful for this 

purpose [83, 145-147]. The incorporation of the probe oligonucleotide into a conjugated 

polymer is attractive because the electrochemical and electronic properties of conjugated 

polymers are a sensitive function of their environment, so that hybridization of the 

incorporated probes would be expected to perturb the electrochemical response of the 

polymer. Our group has recently reported that copolymers of pyrrole with functionalized 

pyrrole carrying an unsaturated side chain have superior properties to their analogues with 

saturated side chains for use in this biosensor application, speculating that the extension of 

the polymer backbone conjugation towards the probe attachment site makes the electronic 

structure more sensitive to perturbations caused by ODN hybridization [5].  

In this Chapter, the effect of miniaturization of the sensing element in the form on CP 

modified micro electrode on DNA sensing was demonstrated. The sensitivity of the detection 

of the surface-complementary oligonucleotide was significantly improved, into the low nM 

range, by forming the CP as a highly porous, very rough layer by growing it using 

electrochemical polymerisation on a micro-electrode (11 µm in diameter). In comparison, 

smoother surfaces formed on macro-electrodes (3 mm in diameter) had detection sensitivity 

in the low µM range. The morphology of the CP layer is taken to be the key determinant of 
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the achievable sensitivity. To achieve a highly porous, very rough morphology the copolymer 

of pyrrole and 3-pyrrolylacrylic acid (PAA) [poly(Py-co-PAA)]  was electrochemically 

polymerized on the 11 µm in diameter electrode, and measured the surface hybridization-

induced changes in electrode kinetics of Fe(CN)6
3-/4-

 during DNA hybridization by 

electrochemical impedance spectroscopy (EIS) (Scheme 3.1).    

This work provides an explanation for the very high sensitivity achieved by others, also using 

very rough electrodes [148, 149].  The Donnan exclusion of the redox couple from small 

pores on the CP modified micro-electrode was proposed as the reason for the enhanced 

sensitivity. Moreover, a simple model was presented to rationalize our results, which was 

used to obtain the association and dissociation kinetics of the ODN.  

 

Scheme 3.1 Working principle of the sensor: the rough surface made of copolymer of 
pyrrole and 3-pyrrolylacrylic acid (PAA) acts as a sensing and transducing layer to 

recognize the DNA duplex formation by using electrochemical impedance spectroscopy to 
determine the kinetics of a negatively charged redox couple ([Fe(CN)6]3−/4−) at the 

modified electrode. 

 

Fe (CN)6
3-

Fe (CN)6
2-+e

CP modified

electrode
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3.2. Micro-Electrodes 

Micro-electrodes are powerful and versatile tools in the study of electrochemical processes of 

mechanistic and/or analytical interest. They experience high mass transport rates but little 

interference from interfacial capacitance or solution resistance effects. These advantageous 

properties are due to their small size. Micro-electrodes can be used in highly resistive 

environments; they can work in very small sample volumes and enable the detection of very 

small amounts of material [150].  

A micro-electrode sits in a hemispherical diffusion field, and hence one cannot obtain a 

uniform flux of electroactive species (and therefore the current density) over the surface of 

the disc [151]. The rate of diffusion to the edge of the electrode will always be higher than to 

the centre. As a result the rate of diffusion to the disc and hence the current density are 

generally estimated as space averaged quantities [152, 153]. 

In general, for micro-electrodes the following holds: 

• A steady state for a Faradaic process is attained very rapidly. 

• The Faradaic-to-charging current ratio, IF/IC, is improved as the charging current decreases 

in proportion to decreasing area of the electrode, while the steady-state Faradaic current is 

proportional to its characteristic dimension (the radius for a disc microelectrode). Therefore, 

the IF/IC ratio increases with the reciprocal of the characteristic dimension. 

• The ohmic drop of potential, IR, is decreased as the measured currents are very low. 

• The applied potential can be scanned very rapidly because the charging current is 

suppressed. 

• The signal-to-noise ratio is greatly improved when an individual micro-electrode performs 

under steady-state conditions. 
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3.2.1. Electropolymerization of Conducting Polymer on Micro-Electrodes 

Electrochemical growth of a conducting polymer generally leads to a microstructure which is 

an irregular assembly of irregular spheres, generally taken to be indicative of a diffusion-

limited aggregation in which oligomers generated at or near the electrode aggregate onto the 

electrode. The diffusion limited aggregation differs with the size of the electrode which leads 

to different morphology on the electrode surface [154]. For example, a micro disk electrode 

has a hemispherical diffusion field: there is not a uniform flux of electroactive species or 

uniform current density over the surface of the electrode since the rate of diffusion of the 

electroactive species to the edge of the electrode will always be higher than to the centre 

[153]. In contrast, a macro-electrode has a planar diffusion field and has uniform flux of the 

electroactive species over the surface [151, 153-161], apart from close to the edge. Electrode 

size affecting the electro polymerization has been clearly discussed by Fletcher et al. [162, 

163]. In our experiments, even though the electro polymerization conditions were the same 

for both micro- and macro- electrodes the polymer morphologies obtained varied were very 

different because of the different diffusion characteristics. The concentration of electroactive 

species in the vicinity of a micro-electrode is larger than that in the vicinity of a macro-

electrode, and increases with decreasing electrode size down to ~10 μm giving rise to 

different morphology with more rough surface (see Figure 3.3). The limiting flux of the 

active species (J) to the surface of the planar macro-electrode (>10 μm) can be approximated 

by the simple mass transfer equation : J =Dc/δ  [162] 
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Figure 3.1 The direction of diffusion of flux in macro (left) and micro (right) electrode. 

The limiting flux of oxidized species in the half reaction at the micro electrode surface can be 

determined by Fick’s law eqn 3.1.  

                        J = D (dCo/dx) x=0 = D [Co*- Co(x=0)]/δ = i/nFA                                (3.1) 

where D is diffusion coefficient, dCo/dx  is concentration gradient and x is a distance 

coordinate normal to the electrode surface and δ is the diffusion boundary layer thickness 

[153][162]. 

3.2.2. EIS on Micro-Electrodes 

On an ultra-micro-electrode of a sufficiently low radius r, due to hemispherical reagent 

diffusion, steady-state conditions in the system are reached rapidly. At the same time, the 

diffusion and ohmic limitations and nonfaradaic distortions caused by the charging of the 

double-layer capacitance Cdl diminish considerably. These properties of micro-electrodes 

manifest themselves both in steady-state and non-steady-state methods, such as impedance 

spectroscopy [164].  
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Figure 3.2 The direction of diffusion of flux in macro (left) and micro (right) electrode 

 

Equivalent circuits (Figure 3.2) include the diffusion impedance (in particular, the Warburg 

impedance), in parallel with charge transfer resistance Rct, double layer capacitance Cdl in 

series with the ohmic electrolyte resistance Rs. These parameters undergo considerable 

changes upon going from the planar diffusion geometry of a macro-electrode to the 

hemispherical diffusion geometry of a micro-electrode. 

An important feature of micro-disc electrode impedance is the dependence of the Warburg 

impedance on the electrode radius. In an impedance experiment, an oscillating concentration 

field is induced, whose penetration into the solution depends upon the frequency. At 

sufficiently high frequency, equation 2.7, derived for the condition of semi-infinite linear 

diffusion, applies. However, at lower frequency, the dimension of the oscillating 

concentration field becomes comparable to the diffusion boundary layer thickness, δ. Below 

this characteristic frequency, f*, the impedance decreases back towards the real axis. The 

frequency f* is inversely proportional to r
2
 for electrodes with a radius below about 100 μm. 

For large electrodes f* is practically radius-independent. In this case, the characteristic scale 

factor is not r, but the diffusion layer thickness δ, on which the characteristic frequency 

depends. This result qualitatively conforms to the dependence of the limiting diffusion 

current Id on radius of the electrode r [8][155]. In other words, in the micro size range, Id ~ r, 

whilst for the macro-electrodes feature the square dependence. For micro-electrodes the 

steady-state diffusion resistance (which is equal to the Warburg diffusion impedance (Wd - 0) 

at low frequencies) Rd ~ 1/r and Rd ~ 1/r
2
 dependence is almost square.  
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3.3. Experimental Procedure 

Electropolymerisation 

Potentiostatic electro-copolymerisation of pyrrole and 3-pyrrolylacrylic acid with 1 V [83] 

was from a solution containing 0.5 M pyrrole, 6.25 mM PAA, 0.2 M LiClO4 in propylene 

carbonate to a total charge of 4 mC cm
-2

 corresponding to a nominal thickness between 10 

and 20 nm [165, 166]. A different morphology was obtained by growing a very thin film of 

poly(Py-co-PAA) on the GC macro electrode by cyclic voltammetry, by a single potential 

scan at 20 mV s
-1

 between -0.75 V and 0.75 V. 

Immobilization and hybridization 

The amino-functionalized ODN probes were covalently grafted onto the copolymer films by 

standard EDC-NHS carbodiimide chemistry [167]. ODN probe was covalently grafted to the 

polymer film coated electrode by using 40 μL of phosphate buffer (pH 5.2) containing 0.1 

mM of ODN probe and 0.02 M of EDC and 0.1 M of NHS and kept at 28°C for 1 h. Finally, 

the modified electrode was thoroughly washed using PBS solution (pH 7.4) in order to 

remove any remaining unattached ODN probes.  Hybridization was done by incubating the 

sensor films in 20 µl PBS (pH 7.4: 0.01 M phosphate buffer, 0.0027 M KCl, 0.137 M NaCl) 

containing target ODNs in a range of concentrations from 0.1 mM to 1 nM for 1 h at 42 °C. 

After hybridization the electrode was washed with PBS solution for 5 min to remove any 

non-hybridized ODN.  EIS spectra were recorded in PBS solution containing 5 mM [Fe 

(CN)6]
3−/4−

 redox couple (1:1 mol/mol) at an applied bias potential of +0.230 V Ag, AgCl, 

KCl (sat).  
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Surface characterization of the poly(Py-co-PAA)-modified electrodes 

The surface density of carboxylic groups on the poly(Py-co-PAA) modified micro and macro 

electrode was determined by reaction with toluidine blue followed by washing then releasing 

the dye into a clean solution and determining the amount spectrophotometrically [168]. 

Briefly, the number of carboxylic groups on the surface of the polymer was determined 

according to the method reported by Sano et al [168], based on the assumption that one 

molecule of toluidine blue (TB) binds with one –COOH group. In this method, the carbon 

electrode modified with poly(Py-co-PAA) was incubated in fresh TB solution (2 x 10
-4 

M) in 

0.1 mM NaOH for 1 h at 40 ºC. The surface was then rinsed 3 times with fresh 0.1 mM 

NaOH. The samples were placed in a clean flask with 1 ml of 50 % acetic acid for 30 min at 

40 ºC to release the bound toluidine blue into the solution. The absorbance of the solutions 

was measured with a UV-1700 Shimadzu spectrophotometer at a wavelength of 630 nm. The 

number of reactive carboxylic acid groups in the films was determined from a calibration 

curve of toluidine blue concentration versus absorbance. 

3.4. Morphology of the poly(Py-co-PAA)-Modified Electrodes 

The films grown on a micro-electrode were extremely rough on the micrometer scale (Figure 

3.3 C and D) with an apparent thickness in parts much greater than the nominal value 

calculated from the charge, whereas those grown on a macro-electrode were relatively 

smooth (Figure 3.4 C and D).  The very significant increase in chemically-accessible area for 

the micro-electrode-grown film was confirmed by reaction with toluidine blue (TB) of 

carboxylate groups in the film, originated from the acrylic acid. Assuming a 1:1 reaction 

stoichiometry between toluidine blue and carboxylic acid, the number of –COOH groups of 

the polymer coated macro-electrode was determined as (1.07±0.05) x10
17

 cm
-2

 (projected 

area) and on the micro-electrode as (6.9±1.37) x10
20

 cm
-2

 (n=3) .  In part the increase in 
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chemically-accessible area was due to the roughness of the micro-electrode, which we 

speculatively attribute to the nature of the fibre used to make it.  However the surface 

roughness was increased significantly beyond that due to the electrode preparation (Figure 

3.3) implying a rather different deposition morphology.  If the –COOH surface density 

difference were simply due to different pore volume in the deposited polymer, then given the 

observed layer thickness on the micro-electrode of order 500 nm and an amount of polymer 

equivalent to a uniform thickness of 10-20 nm, an assumption of a densely packed pore array 

can explain the results provided that the pore radius is on the order of a few nm. 

 

Figure 3.3(A) and (B) SEM image of bare carbon micro-electrode; (C) and (D) SEM image of 
poly(Py-co-PAA) modified carbon micro-electrode. 

 

A very rough and highly porous film morphology could arise because of the change in 

diffusive mass transport conditions during the polymerization.  The small size of micro-

electrodes in relation to the thickness of the diffusion boundary layer means that the diffusion 

field around the electrode has a hemispherical geometry at sufficiently long time, resulting in 
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an increase relative to planar diffusion geometry of the diffusive flux of reactants and 

products to and from the electrode. The growth of polypyrrole is strongly dependent on the 

concentration of the monomer and of oligomeric intermediates near the electrode [169]. In 

view of the morphological transitions that have been reported during growth of polypyrrole 

films dependent on current, cell geometry and monomer concentration [169-173], [154, 174], 

an effect of electrode size on film morphology is perhaps to be expected.  

 

Figure 3.4 (A) and (B) SEM image of bare carbon macro-electrode; (C) and (D) SEM image 
of poly(Py-co-PAA) modified carbon macro-electrode. 

 

Control experiments were performed by determining the number of TB molecules bound to a 

polypyrrole film obtained using the same charge on micro-electrode. The absorbance of TB 

in the solution from the polypyrrole film was negligible when compared to the absorbance of 

TB on poly(Py-co-PAA) (Figure 3.5 curve b) confirming the complete absence of the 

carboxylic acid groups on the PPy film. The UV spectra of toluidine blue with poly(Py-co-

PAA) and pyrrole are shown in Figure 3.5. 
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Figure 3.5 The UV spectrum of TB released from A) Poly (Py-co-PAA) modified micro-
electrode B) Pyrrole modified micro-electrode 

 

Previously Arnold et.al [175] reported that the efficiency of DNA hybridization to the 

surface-bound probe was maximized when the probe density was 10
12

-10
13

 cm
-2 

for 25-mer 

probe and 10
11

 cm
-2

 for 70-mer probe [91, 175]. The value for 25-mer probe is 3-7 orders of 

magnitude lower than what we obtained with poly(py-co-PAA) under an assumption that all 

of the carboxylic groups are exposed on the surface  However, these values cannot be directly 

compared as we used a shorter 18-mer probe that is expected to have higher hybridisation 

efficiency and higher optimum probe density according to the equation Np = 1/ Zp, where Np 

is the surface density of ODN probes, Zp is the length of the probe ODN. 

3.5. Comparison of Sensing Properties of poly(Py-co-PAA)-Modified Micro- 

and Macro-Electrodes 

The scheme for the DNA hybridization event at the surface of the poly(Py-co-PAA) polymer 

modified electrode is illustrated in Figure 3.6.  

a

b
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Figure 3.6 Scheme of DNA hybridization event at the surface of the poly(Py-co-PAA) 
polymer modified electrode, A represents the poly(Py-co-PAA) electrode surface with 

probe ODN, B represents the cODN, C represents the sensor surface after DNA 
hybridization (the surface coverage of dsODN = θ).K denotes the equilibrium constant for 

the process. 

 

A typical example of the electrochemical impedance spectra obtained for the poly(Py-co-

PAA) films on the micro electrode is presented in Figure 3.7B in the form of a Nyquist plot. 

The electrochemical impedance spectra of poly(Py-co-PAA) film on a micro electrode (a), 

after attachment of 0.5 mM ODN probes (b) and after incubation in PBS solution containing 

either 1 nM of complementary ODN (cODN) (c) are shown. A characteristic of the spectra is 

the semicircle region observed at higher frequencies that corresponds to the electron-transfer 

limited process where the diameter of the semicircle equals to the electron-transfer resistance, 

Rct [164]. The linear part of the spectrum is a characteristic of low frequency range and 

represents the diffusion limited process described as Warburg impedance, Wd. The obtained 

spectra were modelled with a modified Randles circuit [176, 177] with the equivalent circuit 

shown in the Figure 3.7B inset that includes the solution resistance, RS, in parallel with the 

Faradaic impedance (that consists of the Warburg impedance, Wd and charge-transfer 

resistance, Rct), in parallel with the constant phase element, CPE. Inclusion of CPE instead of 

a simple double layer capacitance, Cdl, is often used and is associated with a non-ideal 

capacitive behaviour resulting from electrode roughness [178], inhomogeneous conductivity 

or non-even diffusion [179].  

K

A B C
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The ferro-ferricyanide redox couple remained essentially electrochemically reversible in a 

cyclic voltammetric experiment on the poly(Py-co-PAA) copolymers, with half-wave 

potential unaltered from that observed on the un-modified glassy carbon electrode, as shown 

in Figure 3.7A but with a small change of shape implying a change of rate constant. Kinetic 

parameters related to the electron transfer at the poly(Py-co-PAA)/DNA modified electrode 

surface can also be obtained by analysis of EIS. The heterogeneous standard charge-transfer 

rate constant (kel,obs) can be obtained by using Equation 3.2: 

                                                  
  

        
 

 

         
                                (3.2) 

where the charge-transfer coefficient α is assumed to be 0.5 [130], C*
(1-α) 

= CR
α
 = C0, C0 

being the concentration of the redox couple in the solution. The other constants in Eq. 2 are 

as follows: T = 298 K, electrode area A = 9.7· 10
-7

 cm
2
, number of the electrons transferred = 

1 and F = 96485 C mol
-1

.  

The effect of attaching the probe nucleotide to the surface and then of hybridisation with the 

target nucleotide was to decrease the rate constant for the redox process, measured by 

determination of the charge transfer resistance using EIS and fitting with a modified Randles 

equivalent circuit model (Figure 3.7B). The signal is conveniently expressed as the relative 

change in Rct upon hybridisation following incubation of the sensing film in the solution of 

the complementary sequence. 
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Figure 3.7 (A) Cyclic voltammograms of the bare carbon micro-electrode (a) and poly(Py-
co-PAA) modified electrode (b) both in 5 mM Fe(CN) 6

3-/4- redox couple solution at a scan 
rate of 50 mV s-1. (B) The electrochemical impedance spectra of poly(Py-co-PAA), directly 
after electropolymerization on carbon micro-electrodes (a), after attachment of  0.5 mM 
ODN probes (b), and after the sensors were incubated in PBS solution containing 1 nM of 
complementary ODNs (c). The inset shows the modified Randles equivalent circuit used 

for the data fitting. 

 

Figure 3.8 compares the impedance spectra of the poly(Py-co-PAA) modified micro-

electrode (A) and macro-electrode (B) (curves a), the same films after the attachment of ODN 

probes (b) and after the sensors were incubated in PBS solution containing 100 μM of 

complementary ODNs. The measured impedance values for the micro-electrodes were in the 

range of MΩ compared to the impedance values for the macro-electrode which were in the 

range of 100 Ω, as expected when the size of the electrode is decreased. The percentage 

change in the Rct, (expressed as ΔRct/Rct
0

 •100 %, where Rct
0
 is charge transfer resistance for 

the poly(Py-co-PAA)/DNA film) is approximately seven times higher for micro-electrode 

(760 %) than for the macro-electrode (89 %), demonstrating much higher sensor response 

obtained by the use of micro-electrode. Table 3.1 presents these data, along with the other 

fitted parameters for the impedance spectra in the Fig. 3.8 A and B.   
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Figure 3.8 (A) The electrochemical impedance spectra of poly(Py-co-PAA) on micro 
electrode, (B) and macro electrode, directly after electropolymerization (a), after 

incubation of 1 mM ODN probes (b), and after the sensors were incubated in PBS solution 
containing 100 μM of complementary ODNs (c). The experimental data are shown as 

symbols and the fitting using Randles equivalent circuit data as solid lines. 

 

We believe that the morphology of the polymer formed on the electrode is the reason for 

much higher sensor response and this morphology arises because of the change in diffusive 

mass transport conditions during the polymerization and, to some extent, inherent roughness 

of the micro-electrode. 

 

 

[a] solution resistance, [b] Constant phase element, [c]charge transfer resistance, [d] 

charge transfer rate constant (calculated from R ct )[130], [e] change in charge transfer 

resistance of the sensor hybridized with ODNs  relative to the change observed for fully 

complementary target, where Rct
0 

is the charge-transfer resistance of the sensor film with 

probe ODN. 

Results for several different, independently-prepared  electrodes modified with poly(Py-co-

PAA) are given in Figure 3.9. The copolymer sensing films made on micro-electrodes were 

significantly more sensitive (1 nM range of cODN)(Table 3.2) when compared to the 

100 150 200 250 300 350

0

20

40

60

80

100

 

 

Z
 im

g
 (

O
h

m
s
)

Z 
real

 (Ohms)
0 2 4 6 8 10 12

0

1

2

3

4

5

 
Z

real
(M ohms)

Z
 im

g
(M

 o
h

m
s
)

 

 

a
b

c

a

b

c

Z real (MΩ) Z real (Ω)

Z
 im

g
(Ω

)

Z
 im

g
(Ω

)

Table 3.1 EIS parameters measured for hybridization of complimentary-ODN on poly (Py-
co-PAA) modified micro and macro electrode. 

 

Measurement on Rs
[a]

 /Ω CPE
[b]

 /F Rct
[c]

 /Ω kel,obs
[d]

 /cms
-1

 ∆Rct/Rct
0[e]

% 

Macro electrode 98.2 2.63 E
-05

 293 2.61 E
-03

 89 

Micro electrode 2.80 E
+03

 1.42 E
-11

 6.46 E
+06

 8.64 E
-03

 760 
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performance of the same polymer sensing film prepared on macro-electrodes (mM range of 

cODN). The change in sensitivity is dramatic.  

 

Figure 3.9 Sensor response (expressed as the relative changes in charge transfer resistance 
upon hybridization) on incubation with different concentrations of the complementary 

ODN on micro-electrodes modified with poly(Py-co-PAA) (upper sets of data, filled 
symbols), macro electrode modified with poly(Py-co-PAA) thinner film (brown crosses) 

and macro-electrodes modified with poly(Py-co-PAA) (lower sets of data, hollow symbols) 
thick film. Each data set, marked with a different symbol on the graph, is obtained on 

newly prepared poly(Py-co-PAA) to show repeatability of the sensing.  The solid line is the 
fit to theory with association constant K = 4.5×108M-1

 

 

Sensitivity does not  seem to significantly depend on the nominal film thickness, as the 

presumably thinner film prepared potentiodynamically on the macro-electrode (1 cycle from -

0.75 V to 0.75 V, the thickness not measured) had a similar behaviour to the films prepared 

by the constant potential method   We believe that the surface morphology is the reason for 

the increase in sensitivity.  There was a small variation from one micro electrode to another 

in the obtained sensor signal (ΔRct/Rct
0
 ), as shown in Figure 3.9, which we assume was 

largely due to different morphology in the polymerised films. 
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Table 3.2 EIS fitted parameters of poly(Py-co-PAA) modified micro-electrodes with 
attached probe-ODN, and upon successive addition of complimentary ODNs of 0.1 mM, 

0.1 µM, 17.8 nM, 7.5 nM, 5 nM, 2.5 nM, 1 nM. 

 

Rs
[a] 

(/10
2
 Ω) Rct

[b] 
(/10

6
 Ω) kel,obs

[c] 
(cms

-1
) ∆Rct/Rct

0[d]
% 

poly(Py-co-PAA) 2.836 0.167 0.334 - 

p-ODN (1.0 mM) 2.836 0.761 0.073 - 

cODN (1.00 nM) 1.479 1.124 0.049 48 

cODN (2.50 nM) 1.805 1.334 0.042 76 

cODN (5.00 nM) 1.730 2.234 0.025 193 

cODN (7.50 nM) 1.739 2.891 0.019 280 

cODN (17.8 nM) 1.845 3.573 0.016 370 

cODN (0.10 µM) 2.457 6.417 0.011 740 

cODN (0.10 mM) 2.366 7.568 0.007 890 

 

[a] solution resistance, [b] charge transfer resistance, [c] charge transfer rate constant 

(calculated from R ct )[130], [d] change in charge transfer resistance of the sensor hybridized 

with ODNs  relative to the change observed for fully complementary target, where Rct
0 
is the 

charge-transfer resistance of the sensor film with probe ODN. 

3.6. Selectivity of the Sensor Film 

The selectivity of the sensor based on poly(Py-co-PPA) modified macro and micro-electrode 

was investigated by measuring the response to several mismatched ODN targets. 

The measured EIS parameters for successive addition of probe-ODN, fully non-

complementary ODN, two-points mismatch ODN and fully complementary ODN on the 

poly(Py-co-PAA) modified micro-electrodes are listed in Table 3.3 and shown in Figure 

3.10C.  

The response signals, relative to that for the fully-complementary target taken as 100%, for 

fully non-complementary and two-points mismatched ODN target were 0.6 %, and 24 % 

respectively (Figure 3.11B). The fact that the system is fully discriminating the non-

complementary ODN confirms that the results are not simply an artifact of non-specific 

binding of the solution oligonucleotide to the surface. 
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Figure 3.10(A) Electrochemical impedance spectra of poly(Py-co-PAA) modified macro-
electrode (a) after immobilization of 1 mM ODN probe, (b) after incubation with 0.1 mM 
noncomplementary ODN, (c) after incubation with 0.1 mM two-points mismatched ODN, 
(d) after immobilization with 0.1 mM fully complementary ODNs The solid lines are the fit 
to the modified Randles model with best parameters. (B) The expansion of (a) and (b) EIS 

spectra of A; (C) The EIS spectra of poly(Py-co-PAA) modified micro-electrode (a) after 
immobilization of 2.20 nM ODN probe; (b) after incubation with 2 nM noncomplementary 

ODN; (c) after incubation with 2 nM two-points mismatched ODN, (d); after 
immobilization with 2 nM fully complementary ODNs. The solid lines are the fit to 

modified Randles model with best parameters; D) The expansion of (a) and (b) EIS spectra  
of C. 

For the macro-electrodes the estimated detection limit is 1 µM , if the sensor response to a 

noncomplementary ODN target (0.1 mM) is considered as the noise (S/N> 3)and for the 

micro-electrode-films, the estimated detection limit is 0.1 nM, if the sensor response to a 

noncomplementary ODN target (2 nM) is considered as the noise (S/N> 3). 



Chapter 3 High-Sensitivity, Label-Free DNA Sensors Based on Conducting Polymer Nanofilm Modified 
Micro-Electrode 

80 
 

 

Figure 3.11 The normalized changes in the charge-transfer resistance of a sensor based on 
poly(Py-co-PAA) film after hybridization with different ODN sequences (0.1 mM) on (A) 

macro electrode and (B) micro electrode; (a) noncomplementary ODN; (b) two-point 
mismatched ODN; (d) fully complementary ODN; ΔRct

0  is the change in the charge-transfer 
resistance of the sensor film with fully complementary ODN. 

Table 3.3 EIS fitted parameters of poly(Py-co-PAA) modified micro-electrodes with 
attached probe-ODN, and upon hybridization with complimentary non-complementary 

ODN, two point mismatch and fully complementary ODN. 

 

Rs  
[a]

 (/ 10
2
 Ω) Rct  

[b]
 (/ 10

6
 Ω) kel,obs 

[c]
 (/cm s

-1
) Relative ΔRct/ΔRct

0 [d]
 

p 2.34±0.37 0.12±0.16 0.465±0.022 

 nc 2.87±0.18 0.13±0.17 0.429±0.022 0.6±11.94 

2m 1.65±0.24 0.52±0.12 0.107±0.003 24± 6.02 

c 3.07±0.22 1.78±0.96 0.031±0.001 100±6.17 

 

[a] solution resistance, [b] charge transfer resistance, [c] charge transfer rate constant 

(calculated from Rct )[130], [d] change in charge transfer resistance of the sensor hybridized 

with ODNs  relative to the change observed for fully complementary target, where Rct
0 
is the 

charge-transfer resistance of the sensor film with probe ODN, [e] probe-ODN, [f] non-

complementary ODN, [g] two-points mismatch ODN, [h] complementary ODN; all at 2 nM. 

3.7. Theoretical Model for the Sensor Response 

At the reversible potential for the ferro-ferricyanide couple, the polypyrrole film is in its 

oxidised (conducting) state.  The charge transfer can be regarded as a redox reaction between 

polymeric sites at the solution interface of the film and the redox species in the solution [180, 

181].  For the case of fast electron transfer through the polymer, the observed electrochemical 

reaction rate constant is dependent on the concentration of the redox species present at the 
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polymer-solution interface.  As discussed by Gebala and Schumann [182], for a planar 

interface in the metal surface the charge transfer rate depends upon the distribution of charge 

both parallel and perpendicular to the surface, and the charge distribution in the interface can 

be dependent on the applied potential, because the surface-bound ODN could change in 

average orientation in response to the local electric field.  For a porous interface, however, 

and for a conducting polymer electrode for which the polymer-solution potential difference 

can be essentially independent of the applied potential [180, 181], the effect of charged 

species bound to the polymer surface would depend on the pore dimensions in comparison 

with the characteristic dimension of the charged surface layer and of the electrical double 

layer in solution.  If these dimensions are comparable (1-10 nm scale) then an appropriate 

description for the distribution of the negatively charged redox couple between the bulk 

solution at the pore mouth and the interior of the pore would seem to be a Donnan 

equilibrium between the bulk solution and a medium carrying a certain proportion of fixed 

negative charges per unit volume.  The solution composition is dominated by the chloride salt 

in the PBS.  Thus we consider the equilibrium between a solution of NaCl and a small pore in 

which the surface-bound ODN and dsODN are treated simply as a certain concentration of 

fixed negative charges per unit volume, denoted [Z
-
].  If [Na

+
]o,i  denotes the concentration of 

Na
+
 in the pore (i) and bulk solution (o) and γ± o,i the mean ionic activity coefficient then 

application of the Donnan equilibrium condition between the pore and bulk solution, and the 

condition of electroneutrality in both solutions, gives(for the derivation of the equation see 

Appendix I): 

                        
      

      
 

 

 
 

    

      
   

    

      
 
 

   
    

    
 
 

                                       (3.3) 

The Donnan potential difference between the interior of the pore and the bulk solution would 

then be (approximately since other components of the solution have been ignored and activity 
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coefficients of unity assumed; R is the gas constant, T the Kelvin temperature and F the 

Faraday constant): 

                Δ  −
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The distribution of the minor species of the solution, in particular the components of the 

signalling redox couple, would be determined by this potential difference. For Fe(CN)6
3-

, for 

example,  
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The charge transfer resistance is 

                               
  

   
 

  

         
     

                    (3.6)  

Where i0 denotes the exchange current, A denotes the electrode area, kel the electrochemical 

rate constant,  the transfer coefficient and Cox and Cred the concentrations of the oxidised 

and reduced forms of the redox couple at the reacting electrode surface.  So, setting  ≈ 0.5, 

equations 3.3-3.6 give an expression for the relative change in charge transfer resistance for 

the Fe(CN)6
3-/4-

 couple upon hybridisation:  

                                        
    

   
  

 

 
 

     
      

   
     
      

 

 

   
    

    
 
 

     
      

   
     
      

 

 

   
    

    
 
 

 

 
 

   

−        (3.7) 

where [Z
-
]1 denotes the charge concentration trapped in the pores when the surface ODN is 

un-hybridised (the single-stranded initial state) and [Z
-
]2 denotes that in the hybridised state. 

Dilute-solution theory for activity coefficients in polyelectrolyte solutions has been given by 

Manning [183]. The dominant effect is of ion pairing of the mobile ions (the cation in this 
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case) with the fixed charges on the polyelectrolyte. This theory, and tables of activity 

coefficients for electrolyte solutions, indicates that (γ±o/γ±i)
2
 ≈ 2 and is relatively independent 

of the fixed charge concentration if this is sufficiently high.  The relative change has its 

maximum value when the surface ODN is completely hybridised, that is when [Z
-
]2 = 2[Z

-
]1 .  

Applying equation 3.7 to the data shown in Figure 2 implies that for the micro-electrodes for 

which Rct / Rct
0
 reaches a maximum value of approximately 7,  the ratio [Z

-
]1 / [Na

+
]o ~ 3.  

That is, [Z
-
]1 ~ 0.4M.  If we assume a charge number of 20/ODN and further assume that the 

molecular spacing on the surface is of a similar value to the pore dimension, then this 

estimated volume charge density is consistent with pore dimensions on the scale of a few nm 

(see Appendix I), which is further consistent with our deduction from the observed apparent 

layer thickness and surface –COOH density.  The explanation for the microstructure effect on 

the maximum attainable signal is simply the effect of pore size and surface immobilisation 

density on the effective charge concentration within the pores, relative to the background 

electrolyte concentration outside the pores.  The fixed charge concentration, [Z
-
], should be 

considered as an average over the projected area of the electrode. The difference between the 

different electrodes thus lies in the surface density of pores of size scale sufficiently small 

that the Donnan exclusion of the redox couple can be effective.  

3.8. Kinetic Study of ODN Hybridization 

We developed a simple kinetic model that describes the obtained results well, following the 

ideas of [184]. The scheme is a patch model: the part of the surface covered with duplex 

ODN (dsODN) is described by an electrochemical rate constant for ferro/ferricyanide 

reaction denoted as kds whilst that covered just with probe ODNs (ssODN) is described by a 

different, larger electrochemical rate constant for ferro/ferricyanide reaction denoted as kss. 

The observed electrochemical reaction rate is the sum of the part occurring on the surface 

covered with dsODN and the part occurring on the surface covered with ssODN. We 
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reconcile this model with the ideas of Donnan exclusion developed above by arguing that we 

can classify the nano-scale pores on the surface into just two classes: one class that has 

dsODN bound and one class that just has ssODN bound. This is clearly an approximation that 

becomes perhaps more valid as the pore dimensions decrease. Under this 2-class assumption, 

the observed electrochemical reaction rate constant can be written as: 

kel,obs = θ kds + (1-θ) kss                        (3.8) 

where θ denotes the fraction of the pores that have dsODN bound .  We argue that the two 

rate constants are different because of the different charge of surface-bound ssODN 

compared with the double-stranded dsODN formed upon hybridization, which thus imposes a 

different concentration of redox couple within the pores whose internal surface is covered 

with dsODN. Although the patch model is clearly an approximation it proved informative in 

systematizing the results. The observed electrochemical reaction rate constant can be 

calculated directly from the charge transfer-resistance, Rct, and hence the time- and 

complementary-ODN concentration-dependent coverage, θ, can be estimated. 

The rate of change of surface coverage of dsODNs following the titration of the 

complementary oligonucleotide to the solution is given by: 

                       −   −                            (3.9) 

where kon and koff denote the rate constants for reaction of the complementary oligonucleotide 

(solution concentration c) with the surface-bound oligonucleotide to form surface-bound 

dsODN, and for dissociation of the surface-bound dsODN, respectively.  Hence from 

equations (8) and (9) we can model the time- and concentration- dependence of the observed 

electrochemical rate constant in order to derive the basic parameters of the model: the rate 
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constants, kon and koff, as well as the equilibrium constant for ODN association on the surface, 

K = kon/koff . 

Assuming c is constant in equation (9), because the surface consumes only a small amount of 

complimentary ODN from the solution, so that θ is the only variable, the binding kinetics can 

be described:         

   
     

              
   −                                         (3.10) 

where                . 

Using the patch model (eq 10) then gives the time variation of         : 

             −      −     
    

             
   −                                         (3.11) 

Detailed derivation of the equation (11) from equation (8) is presented in Appendix II 

Figure 3.12 presents the time evolution of the EIS spectra for ODN-modified poly(Py-co-

PAA) film on a micro-electrode upon hybridization with 1 nM of cODN and also shows the 

time evolution of calculated Rct values for the polymer sensor films on the micro-electrode 

incubated with different concentrations of complementary ODNs – 1 nM, 5 nM and 10.2 nM. 

The hybridization rate increases with the increase in the concentration as evidenced from the 

increased slope of the Rct vs. time curves in the Figure 3.12. 

Figure 3.13 A shows a typical time-variation of the heterogeneous charge transfer rate 

constant, kel,obs, calculated from the fitted values for Rct [130], for a poly(Py-co-PAA) 

modified micro electrode with the probe oligonucleotides incubated in the solution of the 1 

nM complementary ODN (corresponding to the Nyquist plots shown in Figure 3.12A and 

curve (a) in Figure 3.12 B). Figure 3.13B presents the dependence of kel,obs values determined 
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at sufficiently long time of hybridisation after each addition of increased concentration of 

complementary ONs. The data in Figure 3.13A and B are adequately described by equations 

(3.11) and (3.12), respectively: 

                −     −                                                (3.12) 

 

Figure 3.12(A) Time evolution of Nyquist plot for ODN-modified poly(Py-co-PAA) film on 
micro-electrode upon hybridization with 1 nM of cODN (up to 120 min). The solid lines are 

the fits to the modified Randles equivalent circuit ; (B) Time evolution of Rct for the 
poly(Py-co-PAA) modified micro-electrode titrated with different concentration of cODN: 

a) 1 nM, b) 5 nM and c) 10.2 nM. 

 

The dependence of Rct / Rct
0
 on c can be obtained because Rct~ 1 / kel,obs  .  The fitted curve is 

shown on Figure 3.13.  The values for kon and τ obtained from fitting the experimental curves 

are collected in Table 3.4. Each measurement was made on a separately prepared electrode.  

The dissociation constant, koff, could not be accurately obtained using equation (3.11) alone. 

The values were obtained using the binding equilibrium constant derived from a separate set 

of measurements fitted to equation (3.12): Figure 3.13B.  The obtained  K = (4.92±0.57)·10
8
 

M
-1

, indicates a strong binding between probe-ON bound to the poly(Py-co-PAA) modified 

surface and the complementary ODN from the solution [185, 186]. We can see from the Fig. 

3.13 that the theoretically deduced values for kel,obs fit well the experimental data confirming 
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that our simple equilibrium binding model describes well the hybridisation kinetics on the  

sensor surface within the experimental error. 

 

Figure 3.13 (A) The time evolution of charge transfer rate constant kel,obs during 
hybridization with 1 nM target concentration. The solid line is the fit to equation (3.11); 

(B) The charge transfer rate constant kel,obs of the polymer films upon completed 
hybridisation with cODN of different concentrations. The solid line is the fit to equation 

(3.12). 

 

Table 3.4 Kinetic parameters for poly(Py-co-PAA) sensors calculated using the patch model 
according to  equations (3.11) and (3.12). 

cODN/nm 

kss
[a]

(/10
-

02
cm

2
s

-1
) 

kds
[b]

(/10
-

02
cm

2
s

-1
) τ [c] s 

kon
[d]

(/10
6
M

-1
s

-

1
) 

koff
[e]

(/10
-03

s
-

1
) 

1 1.68±0.25 1.08 444±55 2.55±0.11 1.88±0.57 

2.5 5.92±0.33 1.01 700±168 0.57±0.04 0.47±0.15 

5 7.61±0.69 0.18 853±287 0.23±0.03 0.19±0.08 

10 10.2±1.30 0.01 852±290 0.13±0.002 0.10±0.05 

 

[a]  charge transfer rate constant at zero concentration of cODN, [b] charge transfer rate 

constant at concentration of cODNs at the saturation of the sensing film. [c] τ =    konc + 

koff), [d] the binding rate constant, [e] the dissociation rate constant,  assuming equilibrium 

binding constant =(4.92±0.57)·10
8
 M

-1 

The values of equilibrium binding constant, K, obtained by this model are in agreement with 

earlier data that used different methods of detecting ODN hybridization: K = 5.7·10
8 

M
-1 

for a 

20-mer ODN hybridization obtained from quartz micro balance studies [187], K = 4.98·10
8 
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M
-1

 for a 15-mer and 2.62·10
8 

M
-1

 for a 75-mer ODN hybridization obtained from surface 

plasmon diffraction sensor [188] and  K = 1.47·10
8 

M
-1

 for a 19-mer ODN hybridization from 

EIS [189].  

 

Figure 3.14 The dependence of association rate constant kon on the concentration of 
complementary ODN. 

 

The simple ‘patch’ model implies that the association rate constant, kon, should be 

independent of the concentration of complementary ODN.  This was not the case as seen 

from Figure 3.14.  The likely explanation is that the binding rate of the negatively charged 

ODN to the surface is influenced by the charge already accumulated on the surface, and thus 

dependent on the coverage, .  The rate constants kss and kds should of course also be 

independent of the concentration of complementary ODN. Table 3.4, showing data for 

different complementary ODN concentration obtained on different electrodes illustrates that 

kss is the same for all the electrodes, within expectation of the variability from one electrode 

to another, whilst kds appears to decrease with increasing complementary ODN concentration.  

We suggest that this simply reflects the limitations of the model dividing pores into just 2 

classes. 
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3.9. Conclusion 

An electrochemical, label-free method for measurement of the solution concentration of 

ssDNA that is sensitive on the scale of 0.1 nM ((S/N> 3) was demonstrated by miniaturizing 

the sensing element. This was accomplished by using an electrochemically-grown co-

polymer thin film of pyrrole and 3-pyrrolylacrylic acid on glassy carbon micro-electrode (11 

µm in dia) as the detector surface, formed by a technique that leads to an extremely rough 

and porous growth morphology of the polymer. The detection method used EIS to determine 

the electrochemical rate constant for reaction of a probe redox couple.  A simple model was 

developed for the effects, based on Donnan exclusion of the probe from nano-scale pores in 

the polymer surface, as a result of the fixed negative charge bound to the surface in the form 

of single-stranded and double-stranded nucleotides. The time variation of EIS was used to 

evaluate the rate constants for the surface hybridisation reaction. The equilibrium constant for 

the surface hybridisation reaction to be on the order of 10
8 

M
-1

 was determined, consistent 

with other literature reports using different methods. This EIS methodology can be adapted 

easily to provide a simple in-situ detector of the end-point of DNA amplification procedures, 

and for application in micro fluidic devices. 
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Chapter 4. The Electrochemical Growth of Conducting Polymer 

Nanowires 

4.1. Introduction 

A variety of techniques have been described for forming conducting polymer 

“nanowires” of diameter typically a few times 10 nm to a few times 100 nm, for the 

purpose of creating chemical sensors where the transduction is due to a charge change at 

the surface. These methods include forming the deposit under a small overhang created at 

the edge of a metal line electrode [190], polymerisation in a small drop on the end of a 

sharp tip which is moved to create the wire [191], polymerisation using a scanned 

pipette, and polymerisation with the electrolyte confined to a groove between the 

electrodes [192]. Direct electrochemical growth of single wires between two electrodes, 

without any particular fabrication other than the preparation of the electrodes, has also 

been proposed, following the extensive work on electrochemical growth of metal wires 

[193] and on dielectrophoretic assembly into wires of both metal and semiconductor 

particles [194-199]. Thus, whilst the electrochemical growth of conducting polymers 

generally results in nodular deposits, several groups have reported the electrochemical 

growth of conducting polymer wires (single, un-branched dendrites) to connect the two 

electrodes [200-203]. The present work has been stimulated by our difficulty in 

reproducing some of these earlier works. Some general phenomena are clear. The method 

usually requires a non-uniform electric field. The method also usually requires an 

alternating potential difference between the electrodes. Growth of isolated single 

dendrites with constant potential difference across the gap between parallel electrodes, 

has only been successful [202-205] in the absence of any electrolyte. The AC 

polarization is usually square wave and typically in the range of a few kHz to 1 MHz, 

with amplitude up to 20 V depending on the frequency.  
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Poly(3,4,-ethylenedioxythiophene) (PEDOT) is viewed as a promising conducting 

polymer (CP) for making organic based electronic devices. In this chapter, a part of the 

parameter space was delineated (AC frequency and amplitude, solvent, monomer 

concentration) to obtain PEDOT single “nanowires” grown between two gold electrodes 

on a glass substrate, and deduce the controlling phenomena. The importance of Faradaic 

rectification and the fact that the resultant DC electrochemical current distribution is 

determined by the applied alternating field was highlighted. Furthermore, the AC-

induced convection was observed in our system , through the movement of dust particles 

in the electrolyte, and so the importance of directed convection induced by the alternating 

field was emphasised.  

To comprehend parameters that might be of importance in determining whether wires 

(single, unbranched dendrites) might form, we first briefly review literature on 

morphological instability in electrochemistry in this chapter. 

4.1.1. Factors causing Morphological Instability 

Instabilities in electrochemical growth of materials, leading to dendritic or nodular 

growths or to networks of various kinds, have been well-studied [206-221]. Non-

uniformity of the reaction across the surface, leading to morphological instability, is 

determined by the relative rate constants for transport of reactants to the surface and for 

reaction at the surface, and by the dominant mode of transport: diffusion, 

electromigration or convection.  

If the reaction is limited by diffusion to the interface, then because the limiting diffusion 

flux to a point is greater than that to a plane, a planar morphology is unstable with respect 

to the growth of protrusions, resulting in dendrites [211, 216]. If the dendrite growth is 

rapid enough, then the effect of the movement into the solution of the solid-solution 
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boundary at the dendrite tip is further to enhance the limiting diffusion flux to the tip and 

hence further to favour dendrite growth until the limiting flux is such that the reaction 

rate becomes controlled by electrode kinetics at the growth tip. Specifically, even for 

very fast electrode reactions the dendrite tip diameter is limited by the electrode kinetics, 

there being an element in the rate determined by the surface energy of a curved interface. 

In the case of a pure-diffusion limited process, for example when the reactant is an 

electrically neutral species or there is an excess of a supporting electrolyte so that 

electromigration of the reactant is not a significant element in its transport, then the shaft 

of the dendrite is itself morphologically unstable. Hence the dendrite may branch. The 

morphological development is determined by the interaction of the diffusion boundary 

layers around all the different growth projections. Whether a simple branched dendrite, 

densely ramified structures or nodular deposits form, is further determined by the 

electrode kinetics [206, 207, 209, 218, 219, 222].  

If the reactant is charged, and there is no supporting electrolyte, then there is an 

additional term in the transport equation due to electromigration of the reactant. The 

geometry of the electric field then becomes a significant factor for morphological 

development [217]. The electric field is intensified at a tip protruding from an electrode; 

hence the electromigration term will also be enhanced at a tip. The effect of 

electromigration should be to stabilize a single dendrite against branching. However, the 

electric field at a growing tip is determined by the boundary conditions at the tip and in 

particular by the dependence on the current density on the overpotential due to the 

electrode reaction. The effect is that, as the current density to the growing protrusion 

increases the local field intensity does not increase as rapidly as expected. Depending on 

the relationship between current density and overpotential, the growth of the protrusion 

may be limited [222]. 
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Morphological instability is also strongly influenced by convection. The general effect of 

convection should be to eliminate spatial inhomogeneity in the transport of reagents and 

hence to act against the development of morphological instability, except where the 

convection is spatially non-uniform such as when a deposit develops to shield some area 

of the surface from convection. Gravity-induced flow consequent upon the development 

of density gradients can be important in some circumstances. Non-uniform convection 

can also be induced when AC excitation is used as noted later, the viscosity, dielectric 

constant and conductivity of the solution being important control parameters.  

Since in general polymer nanowires grow under AC and not under DC excitation, 

understanding the growth of conducting polymer nanowires requires a clear description 

of the effects that are different for AC or DC polarisation of an electrochemical cell. 

Firstly, the electric boundary conditions are different for AC and DC polarisation. At 

sufficiently high frequencies, the double layer capacitance at the electrode-solution 

interface is effectively a short-circuit, so the boundary condition for AC polarisation is 

that the solution immediately adjacent to the electrode is an equipotential surface, at the 

same potential as the electrode. However, for DC polarisation, the potential of the 

solution immediately adjacent to the electrode is determined by the electrode kinetics, so 

will be different from that of the electrode and will in general not be an equipotential 

surface. The primary current distribution [223] is determined by the field with the 

solution adjacent to the electrode taken to have the same potential as the electrode, and is 

that obtained with sufficiently high-frequency AC polarisation. The secondary current 

distribution [224] takes into account the effect of the electrode kinetics, and is that 

obtained with DC polarisation. Spatial variations in electrochemical reaction rate are 

most pronounced under conditions influenced by the primary current distribution alone 

[222]. Secondly, the electrode-solution interface is a non-linear circuit element. Although 
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for high-frequency AC polarisation the current would flow dominantly through the 

electrode capacitance and hence cause no net electrode reaction, for sufficiently high 

amplitude the effect of rectification of the small part of the current that passes through 

the impedance elements associated with the electrode reaction can be significant. This 

Faradaic rectification [225-228] is frequency- and amplitude- dependent and causes a net 

electrode reaction. In contrast to simple DC polarisation, the current distribution and 

hence the spatial distribution of reaction is determined by the much higher amplitude AC 

polarisation: that is, by the primary current distribution.  Hence, in contrast to the 

behavior under DC polarisation, under AC highly irreversible electrode processes can 

have their spatial distribution determined by the primary current distribution around the 

system. 

AC polarisation induces non-uniform convection in the system. Three phenomena have 

been identified [195] that are associated with non-uniform electric fields and hence are 

determined by the electrode geometry, whose relative importance also depends upon the 

geometry of the cell (specifically its depth). Firstly, Joule heating of the solution by the 

alternating current is spatially non-uniform and determined by the current distribution in 

the cell. The Joule heating effect induces a temperature gradient in the medium, which 

leads to a density gradient within the cell, and consequently creates electro-convective 

flow. The second effect, also associated with the Joule heating, is electro-hydrodynamic 

flow, which is induced as a consequence of the temperature-dependent variation of 

electrical conductivity and dielectric constant of the medium. The importance or 

otherwise of these effects depends upon the depth of the electrochemical cell: in this 

case, the height of the drop deposited over the electrodes. The third effect is AC electro-

osmosis [229, 230]. A non-uniform electric field across an electrode surface results in a 

variation with position across the electrode of the phase of the AC excitation in the 
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solution adjacent to the electrode. A consequence is a net DC field parallel to the 

interface, which induces an electro-osmotic flow. These convective effects all scale 

strongly with the electric field and when the electrodes are shaped in the form of 

opposing sharp wedges, they all have maximum flow at the tip of the wedges and all 

serve to transport reagents from all regions of the cell to the electrode tips. All these 

effects have a strong frequency dependence determined by the dielectric relaxation of the 

solution and a magnitude that is determined by the viscosity of the solution. 

4.2. Experimental Procedure 

4.2.1. PEDOT Growth between Microelectrode’s Gap 

3,4,-ethylenedioxythiophene (EDOT), acetonitrile, propylene carbonate and poly(styrene 

sulfonic acid), (18 wt % solution in water, MW 75 kDa: PSSA) was purchased from 

Sigma Aldrich. All reagents were used as supplied without further purification, unless 

otherwise stated. 

The electrodes, in the form of opposing wedges, were patterned via photolithography and 

consist of a ~ 50 nm thick Au top layer and a 50 nm thick Cr adhesion layer, on a glass 

substrate. The gap between the electrodes varied between 10 and 20 μm because of 

variability in the etching process. In a few instances, larger gaps (100 µm) were studied 

(Table 1). The slide was mounted on an inverted microscope using which the progress of 

the experiment was closely visually monitored.  A small droplet (typical radius 150 µm, 

contact angle 41
o
, height 70 µm) of electrolyte solution containing EDOT monomer and 

dopant anion precursor (PSSA) was placed across the electrodes, and a waveform 

function generator was used to apply across the gap a symmetrical square wave with 0 V 

mean signal. The wire growth apparatus is shown in Figure 4.1. Frequency and peak-to-

peak amplitude were variables. Obtaining single wires necessitated careful manual 
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adjustment of the excitation amplitude and close microscopic observation during the 

procedure: thus we found that we have been able to describe only guidelines rather than a 

tightly specified method.  

 

Figure 4.1 The wire growth apparatus. The monomer solution consisted of EDOT, PSSA 
in water, PC or ACN. FG designates a function generator. 

 

To grow single wires the amplitude had to be just high enough to induce convection, 

indicated by movement of specks of dust in the solution.  To grow a single nanowire at 

an excitation frequency where this proved feasible, the amplitude was first set at a value 

(‘safe’ value, Table 4.1) where no convection and no observable electrochemical 

phenomena occurred. Then the amplitude was increased slowly until the first signs of 

convection were observed in the solution. Then the amplitude was increased carefully a 

little further (0.2 - 0.5 V) until a black dot (most likely the initiation of etching of the 

gold electrode) was observable on the live electrode. Then, after a short pause, ~ 2 sec, 

the amplitude was reduced to zero. The wire was sometimes visible as a faint shadow in 

the optical microscope; its presence was subsequently confirmed by an electrical 

connection established between the electrodes in the absence of the solution, and by 

electron microscopy. Excitation amplitude was quickly read from an oscilloscope, to the 

nearest 1 V grid mark. The amplitude and frequency required depended on the nature of 

the solvent used (see Table 4.1). We used three different solvents: water, propylene 
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carbonate (PC) and acetonitrile (ACN) and varied the concentration of EDOT monomer 

(0.1, 0.05 and 0.01 M) while fixing the concentration of the anionic dopant precursor, 

poly(styrenesulfonic acid), (PSSA) at 1 μM. Addition of the PSSA solution evidently 

also introduced a small amount of water to the organic solvents. The evaporation of the 

electrolyte was not an issue by tracking the drop size under the microscope. The only 

case where evaporation was an issue was with acetonitrile as solvent, where a visible 

change in drop size was noted ~ 10-20 sec after the drop was applied between the 

electrodes. However, with experience, the whole experiment could be completed in less 

than 6 sec, so evaporation of the electrolyte was not a limiting factor.  

Table 4.1 Formation conditions and resulting deposit. 

Frequency 

/ kHz 

Concentrat

ion of 

Monomer / 

mol.dm
-3 

Solvent 

containing 

1 µM 

PSSA 

‘Safe’ 

potential/

± 0.5 V 

Initiation 

potential 

/± 0.5 V 

Gap 

betwee

n 

the 

electrod

es / µm 

Wire 

format 

220 0.1 Water ± 7 ± 8 15.10 Nodule 

110 0.1 " ± 7 ± 8 15.12 Nodule 

59.3 0.1 " ± 6 ± 7 11.93 no wire 

48.6 0.1 " ± 6 ± 7 16.71 no wire 

107.5 0.01 " ± 7 ± 8 11.08 Multiple 

86.5 0.01 " ± 7 ± 8 17.67 Multiple 

69.8 0.01 " ± 6 ± 7 15.93 Multiple 

42.1 0.01 " ± 5 ± 6 11.33 Single 

36 0.01 " ± 5 ± 6 12.12 Single 

31 0.01 " ± 5 ± 6 15.04 Single 

18.9 0.01 " ± 4 ± 5 15.04 no wire 

12.3 0.01 " ± 3 ± 4 15.44 no wire 

11.6 0.01 " ± 3 ± 4 17.84 no wire 

36 0.05 " ± 5 ± 6 19.67 Nodule 

22.7 0.05 " ± 5 ± 6 21.57 Multiple 

22 0.05 " ± 5 ± 6 12.58 Multiple 

18 0.05 " ± 5 ± 6 21.87 Multiple 

10.8 0.05 " ± 4 ± 5 21.87 no wire 

220-40 0.01to 0.1 PC ± 8 to ± 5 ± 9 to ± 6 15-19 No wire 
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22.7 0.1 " ± 5 ± 6 18.16 Nodule 

1.21 0.1 " ± 3 ± 4 21.79 no wire 

33 0.01 " ± 5 ±6 15.13 no wire 

30.2 0.01 " ± 4 ± 5 12.87 no wire 

25.7 0.01 " ± 5 ±6 15.88 no wire 

18.7 0.01 " ± 5 ± 6 10.08 Multiple 

11.6 0.01 " ± 4 ± 5 10.11 Multiple 

10.9 0.01 " ± 4 ± 5 16.06 Multiple 

0.36 0.01 " ± 3 ± 4 11.26 Single 

0.42 0.01 " ± 4 ± 5 18.17 Single 

1.02 0.01 " ± 4 ± 5 13.33 Single 

0.45 0.01 " ± 5 ± 6 100.28 Single 

0.53 0.01 " ± 5 ± 6 116.93 Single 

22.3 0.05 " ± 5 ± 5 10.19 Multiple 

10.8 0.05 " ± 5 ± 6 113.77 Multiple 

0.71 0.05 " ± 4 ± 5 12.33 no wire 

0.21 0.05 " ± 3 ± 4 17.88 no wire 

220-40 0.01 to 0.1 ACN ± 8 to ± 5 ± 9 to ± 6 15-22 no wire 

39.6 0.1 " ± 7 ± 8 15.23 no wire 

25.3 0.1 " ± 6 ± 7 13.12 Nodule 

22.3 0.1 " ± 5 ± 6 14.73 Nodule 

19.3 0.1 " ± 5 ± 6 15.16 Nodule 

12.1 0.1 " ± 5 ± 6 14.83 Nodule 

1.28 0.01 " ± 4 ± 5 13.31 no wire 

36.8 0.01 " ± 6 ± 7 10.18 Multiple 

33.8 0.01 " ± 6 ± 7 15.13 Multiple 

30.4 0.01 " ± 6 ± 7 15.33 Multiple 

25.8 0.01 " ± 5 ± 6 16.17 Single 

17.1 0.01 " ± 5 ± 6 14.44 Single 

13.7 0.01 " ± 5 ± 6 12.87 Single 

32.1 0.05 " ± 6 ± 7 10.16 no wire 

22.1 0.05 " ± 6 ± 7 16.88 Multiple 

12.1 0.05 " ± 5 ± 6 11.91 Multiple 

1.23 0.05 " ± 4 ± 5 17.67 no wire 
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4.2.2. Conductivity Measurements 

The conductance of the wires was measured ex-situ using a Keithly 2400 SMU probe 

unit to measure the current-voltage (I-V) profile. The length and diameter of the wires 

were obtained from SEM images.  Since the wires were not straight, nor of a very 

uniform diameter, the measurement from the image was not precise. The conductivity σ, 

was then estimated assuming that the wires were circular in cross-section: σ = l/RA, 

where R is the resistance of the wire, A is the cross-sectional area and l is the length of 

the wire. 

4.2.3. Raman Mapping 

Raman spectra of PEDOT samples were recorded using a Renishaw Raman spectrometer 

(system 1000) with 785 nm laser excitation. The samples were examined under ambient 

conditions without any prior treatment. The curve-fitting of the Raman spectra was 

carried out using Grams/32 processing program with assumption of 80% Gaussian and 

20% Lorentzian component peaks. The Raman peak positions were obtained from the 

fitting values.  Peak assignment was from literature that used 1064 nm Raman excitation 

[129, 231]. 

4.3. Parameters Affecting the Growth of Nanowires 

Literature reports of electrochemical growth of polymer wires specify dopants such as 

PSSA, dodecyl sulphate and p-toluenesulfonate [200, 201]. We attempted to grow wires 

with these as well as with BMIPF6, LiClO4, KPF6 and NaCl. Amongst these, we were 

successful only with PSS and BMIPF6. A detailed investigation on growing PEDOT 

nanowire with BMIPF6 is presented in chapter 5. The morphology of the deposit – 

whether as a single wire joining the electrodes, or a net, or nodules (bulk deposit) 

covering the live electrode – was rather critically dependent on the parameters of the 
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system. These are the solvent, the electrolyte conductivity and dopant concentration, 

monomer concentration, the excitation frequency and amplitude, the shape of the 

electrodes and the cell geometry. Wires did not grow with DC polarisation.  A sub-set of 

the parameter space was explored: excitation frequency and amplitude, solvent and 

monomer concentration. This sub-set of the parameter space for growth of different 

morphologies of the PEDOT: PSSA could be divided into zones corresponding to single 

nanowires, nanowire nets and nodular deposits, as shown in Figure 4.2. The position of 

the zones within the parameter space depended on the solvent. A more detailed 

delineation is shown in Figure 4.3 for the particular case of 0.01 M EDOT monomer. 

This Figure illustrates that the zone of parameter space to grow single wires was rather 

restricted, which might explain the difficulty in reproducing results. There were a number 

of observations that have been classified under the heading ‘no wires’: these include 

nodules growing over the live electrode but nothing growing across the gap; extreme 

etching of the electrodes; and no visible polymerization at all.  
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Figure 4.2 Parameter space diagram illustrating the conditions to grow PEDOT 
nanowires with water (A), propylene carbonate (B) and acetonitrile (C) containing 1 
μM poly(styrenesulfonic acid) (PSSA). The corresponding SEM images of single and 

multiple wires are given below. A1) A single wire grown in water at ± 5 V and 45 kHz; 
A2) Multiple wire grown in water at ± 6V and 110 kHz; B1) A single wire grown in 
propylene carbonate at ±4 V and 0.36 kHz; B2) Multiple wire grown in propylene 

carbonate at ± 4V and 22.3 kHz; C1). A single wire grown in acetonitrile at ±7 V and 
25.8 kHz; C2) Multiple wire grown in acetonitrile at ±7 V and 36 kHz. The variation in 
electrode shape is due to AC-induced etching during the polymer growth. Label 3 and 
4 from figure A-C corresponds to no wire and bulk deposit or dendrites respectively. 
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The SEM images of bulk deposit grown in water, ACN and PC (corresponds to label 4 
from figure A-C ) are given in Figure A.1, A.2 and A.3 in Appendix III.  

 

As noted in the ‘Methods’ section, one phenomenon that was clearly important and is 

illustrated in Figure 4.2 was etching of the gold electrodes in the polymer growth 

medium, leading to a change of the electrode shape. Another phenomenon that was 

clearly important was induced convection, observable as the movement of small dust 

particles within the solution.  

 

Figure 4.3 The parameter space that delineates the single (red stars), multiple wires 
(blue squares)  and no wire (green cross) zones grown with water (A), PC (B) and ACN 

(C) containing 0.01 M EDOT monomer and 1 μM PSSA. 

4.4. Raman mapping on PEDOT Nanowire 

The average room temperature conductivity of the single nanowires was in the range 

from 1 – 12 S cm
-1

. These values are consistent with the range of conductivities reported 

for 1D PEDOT nanowires by other authors [201, 202] (A table of conductivity of the 
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single nanowire is presented as Table A.1 in Appendix III). The nanowires obtained 

were characterized using Raman spectroscopy to observe variations in the degree of 

doping along the length of the wire (Figure 4.4).  

 

Figure 4.4 (A) Optical image of a PEDOT: PSSA nanowire grown in acetonitrile; (B): 
Raman mapping of the nanowire, different colored dots indicate the chosen points to 
study the Raman shift (scale bar is 5 μm). ;(C): The Raman spectrum of the nanowire 

at two extreme points, (a) near the live growth electrode and (b) near the ground 
electrode. (The full Raman spectra of the PEDOT nanowire from 800 to 2000 cm-1 with 

corresponding peak labels and an example of a fitted Raman spectrum are given in 
Figure A.4 in Appendix III);(D): Variation of peak wavenumber for Cα = Cβ stretching 

band with position along the length of the nanowire from the ground to the live 
growth electrode. 

 

The main band at 1431 cm
-1

 has been assigned to Cα = Cβ stretching on the five-

membered ring of PEDOT [231, 232]. It is widely accepted that three oxidation states 

exist for PEDOT: a neutral (undoped) state, a singly charged polaron state and a doubly 
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charged bipolaron state, the latter two formed by oxidative doping [128], the ratio of the 

polaron to bipolaron concentration being determined by the dopant concentration and 

being reflected in the position of the Raman band around 1444 cm
-1

. It has previously 

been shown that this band broadens and shifts with change in doping level when suitable 

excitation lines are used [231]. In the present study (785 nm excitation) a shift to longer 

wavelength in the position of this band was clearly observed along the length of the 

nanowire, from 1444.7 cm
-1

 near the live electrode to 1423.6 cm
-1 

near to the ground 

electrode position (Figure 4.4D). The clear red shift indicates that the degree of oxidation 

and thus the concentration of the PSS anion dopant that was locked in to the polymer 

chain varied along the length of the polymer wire.  

4.5. Discussion on Factors Affecting the Growth of Nanowires 

Figures 4.2 and 4.3 illustrate that the zone of the parameter space within which single 

wires may be grown seems rather restricted. This in itself implies some difficulty in 

obtaining the correct condition without some significant trial and error. The empirical 

observations show that AC-induced convection and etching of the electrodes are 

important phenomena determining the growth of single wires.  Further, the nature of the 

electrolyte salt used would seem to be important. We can relate these observations to the 

general ideas concerning morphological instability of electrochemical growth of deposits 

that were presented in the Introduction.  First, a sufficiently high amplitude excitation 

was necessary to initiate the reaction: the higher the frequency, the higher the required 

amplitude, consistent with Faradaic rectification. Second, AC-induced convection was 

important: to grow a “nanowire”, the excitation amplitude had to be just sufficient to 

induce convection, observable by the movement of dust particles.  Since the monomer is 

uncharged, its transport to the electrode can only be by diffusion and convection. The 

convection needs to be directed towards the growth point to promote single wire growth 
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(the detailed convection simulation is presented in Appendix III ). The simulation 

modelling shows that the convective effects driven by Joule heating can explain the 

observations (Figure 4.5). Even though the calculated temperature rise is small (Figure 

4.5A), on the scale of the electrode gap the induced temperature gradient is sufficient to 

develop convective vortices which transport material into the gap region (Figure 4.5B). 

Further simulations were conducted to predict the variations of maximum temperature 

and maximum velocities at different potentials ranging from 3-9 V (Figure 4.5C). Our 

simulations showed that both maximum temperature and velocity increase parabolically 

against the applied voltage. 

 

Figure 4.5 Computational modelling of an approximation to the electrochemical cell: 
(A) the contours of temperature induced by the Joule heating effect; (B) the structure 
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of symmetric vortices induced by electro-convective and electro-hydrodynamic forces 
at  z =10 µm with respect to the plane of the electrodes and (C) variation of maximum 
temperature and maximum solution velocity within the electrode gap as a function of 
the applied AC amplitude. The model assumes an aqueous solution with conductivity 
37.5 µS cm-1, and frequency 40 kHz. The electrode gap is 13 µm, width at the tip is 10 

µm and the chamber dimensions are a droplet of 150 µm radius and 70 µm height, 
contact angle 40o. 

 

The modelled potential range and the obtained velocities are consistent with the 

experimental observations (velocity deduced approximately from observation of dust 

particle motion). Thus it seems that the effects induced by Joule heating were indeed the 

driving factor in our experiment, rather than effects caused by AC electro-osmosis, 

though any contribution due to this phenomenon cannot of course be ruled out. In the 

Appendix III we give further computational modelling results describing the distribution 

of electric potential, electric field, and temperature as well as the 3D structure of 

convective vortices within the droplet. The modelling also shows that the vortex 

development is sensitive to the geometry of the electrolyte covering the electrodes. We 

did not systematically explore this possible effect on wire growth, but it may be another 

explanation for the difficulties we experienced in reproduction of literature reports, 

particularly since the detailed geometry depends on the exact volume of the drop and the 

wetting of the surface by the drop, which may be difficult to control precisely. 

4.6. Effect of Solvent and Dopant on the Growth of Nanowire 

In water, at higher excitation amplitudes and higher frequencies, nodular deposits were 

always formed whereas in propylene carbonate or acetonitrile at high excitation 

amplitude no deposit could be formed and the electrodes corroded rapidly. Excessive 

convection would eliminate the concentration gradients necessary to promote the 

morphological instability, and further could cause initially formed oligomers to be 

removed away from the electrode [233]. The relative variations in monomer 
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concentration across the electrode induced as a consequence of the interplay of surface 

reaction and solution transport should be greatest at low monomer concentration, which 

is indeed the condition for which single wire growth was observed.  

To promote single wire growth there would appear to be a balance that must be struck 

between the Faradaic rectification (the DC component driving the reaction) and the 

induced convection (determined by the power dissipation in the solution). Because the 

power dissipation at a given frequency depends on the conductivity and dielectric 

constant of the solution, and the induced convection depends upon the viscosity, the 

balance struck is different for different solvents: in the present work, the excitation 

frequency required to grow single wires in water (50 kHz) was greater than that required 

for acetonitrile (22 kHz) or propylene carbonate (0.5-1 kHz). DC excitation at a potential 

just sufficient to cause polymer growth did not induce convection and only nodules 

resulted; at higher applied DC excitation, oxygen evolution destroyed the electrodes. 

Etching of noble-metal electrodes (particularly gold) is enhanced by Faradaic 

rectification under AC stimulation. When the electric field is non-uniform, then this 

effect can act to etch the electrodes non-uniformly [226, 234]. The effect is expected to 

be solvent-dependent. Metal etched from one electrode will be plated onto a nearby 

counter-electrode. Indeed, since the field is focussed at sharp protrusions, the effect of 

etching and re-deposition induced by Faradaic rectification could be to induce a 

morphological instability of the electrodes. The effect of etching was clearly seen with 

the wedge shaped electrode tips (Figure 4.1, Figure 4.6), and was dependent on the AC 

frequency and amplitude. Electrode etching promoted the growth of multiple wires or 

nets of wires. 

The final effect to consider is that of the transport of the dopant anion. The overall 

electrode reaction involves incorporation in some way of the anionic dopant into the 
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polymer, to match the charge consumed by oxidation of the monomer. Both the literature 

and the present work indicate that the use of a highly charged polymeric dopant at low 

concentration appears to be a critical factor in promoting the growth of single wires. PSS 

has been favoured by various authors as a dopant anion because it is assumed to 

solubilise both the monomer EDOT and the initially-formed oligomers. The morphology 

of deposit formed is reported to depend strongly upon the PSSA concentration, from 

relatively flat deposits on a plane electrode at low PSSA concentration (1 µM, as in the 

present work) to columnar nodules at high concentration [235]. The morphology of the 

PEDOT deposit on a plane electrode, using PSS anion dopant, is also reported to be 

controllable in interesting ways according to the electrochemical deposition conditions, 

with particular double-current-step sequences promoting columnar growth [236].  

Tamburri et al have discussed the morphology of PEDOT formed in the presence of PSS 

anion [235].  They interpreted the chronoamperometry in terms of a process initially 

limited by charge transfer creating oligomers in the solution in the vicinity of the 

electrode, followed by precipitation of the oligomers onto the electrode, followed by a 

dopant-diffusion-limited growth of the nuclei thus formed.  One might speculate that PSS 

anion interacts strongly with the oligomers as they are formed at the electrode and that 

the resultant molecular aggregates assemble to form the polymer. Thus the deposition 

rate of polymer may be strongly controlled by PSS anion transport, through diffusion, 

convection and migration. Dopant transport provides a direct mechanism by which the 

local electric field gradient can control the development of deposit morphology.   
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Figure 4.6 SEM image of multiple PEDOT nanowire growth influenced by etching of 
the electrodes, which were initially wedge-shaped. The SEM images are of multiple 

nanowires grown in water (A); propylene carbonate (B) and acetonitrile (C). 

 

The effects of dopant transport and local electrode potential at the growing tip can also 

explain the variation in composition along the wire. The current to grow the wire must 

pass through the wire.  Thus the electrode potential at the wire tip would decrease and 

hence the degree of oxidation of the polymer formed would decrease as the wire grew. 

The wire grew quickly, also: hence dopant would be consumed rapidly at the growing tip 

and hence the incorporated dopant concentration would decrease as the wire extended. 

4.7. Conclusion 

The electrochemical formation of conducting polymer wires connecting two wedge-

shaped electrodes is controlled primarily by the effects of Faradaic rectification and AC-

induced convection.  The use of an AC signal to promote growth is essential for two 

reasons: firstly, the current distribution is determined simply by the electric field in the 

solution and is not modified by the effects of electrode kinetics, since the alternating 

current passes across the interface through the double layer capacitance. The direct 

current that causes the electrode processes is a consequence of Faradaic rectification, and 

because the alternating current is much larger, the direct current distribution is not 

controlled by the electrode kinetics, in contrast to the situation when a DC field is used to 

drive the electrochemistry.  The second important aspect of the AC field is that it induces 
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convection directed towards the inter-electrode gap. A number of mechanisms are 

conceivable but the results are adequately explained by the effects of Joule-heating. 

Etching of the electrodes induced by the large-amplitude AC stimulation is also 

important, as is the choice of dopant: the use of a large, highly-charged dopant can mean 

that the polymer deposition becomes limited by transport of the dopant. The frequency 

and amplitude of the stimulation required to promote single wire growth, as opposed to 

meshes or nodules, is different for different solvents because of differences in solution 

conductivity, dielectric constant, viscosity and thermal conductivity. The insight gained 

from this study can help in understanding how to control the electrochemical fabrication 

of “nanowire” devices. This knowledge was applied to grow PEDOT copolymer 

nanowires in acetonitrile for DNA sensing application (Chapter 6). 
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Chapter 5. The Electrochemical Growth of Highly Conductive 

Individual PEDOT Nanowires 

5.1. Introduction 

Dopable π-conjugated polymers (CPs), particularly poly(3,4,-ethylenedioxythiophene) 

PEDOT, have attracted attention for application in various electrochemical devices including 

batteries, capacitors, electrochromic windows, actuators, photovoltaic cells, and light-

emitting diodes [237, 238]. PEDOT, whose electrical characteristics are exquisitely sensitive 

to the doping level of the polymer and therefore to the presence of reactive analyte species in 

contact with it have also a great potential applications such biosensing [6] and 

microelectronic [239] devices. The focus on nanostructuring PEDOT into nanofibres and 

nanowires has increased rapidly due to the large specific surface area of the nanofibres, 

porous structures of nanofiber substrates, short path lengths for the transport of ions, and high 

electrochemical activity that improves the performances of the devices[240]. While 

considerable effort has been directed towards the development of new synthesis routes for 

high-performance π-PEDOT nanowires[64, 117, 201, 241, 242], less attention has been paid 

to the importance of the electrolyte in improving the device performance.  

As already quoted in chapter 4 electrochemical formation of metallic and semiconducting 

wires between electrodes grown by simple application of an AC voltage bias is an attractive 

and cost effective route, which could reduce dependence on lithographic fabrication [191, 

193]. Several groups approached this route to electrochemically grow PEDOT nanowires 

under an AC field to connect two gold electrodes without use of any templates [201]. 

However, they are limited in their applications due to poor stability and conductivity (The 

conductivity of PEDOT: PSSA is ~ 1-12 s cm
-1

). The realization of practical, long-lived, 

highly conductive electrochemical devices based on PEDOT nanowires therefore remains an 

elusive goal because of performance limitations due to poor conductivity associated with 
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dopants or additives. These problems derive partly from the electrolytes used in the devices, 

whether they are based on aqueous, organic, gel, or polymer electrolytes [243]. Improved 

electrolytes are needed that simultaneously satisfy the requirements of high ionic 

conductivity, large electrochemical window over which the electrolyte is neither reduced nor 

oxidized, fast ion mobility during redox events, low volatility, and environmental stability 

[64]. At the same time to electrochemically grow PEDOT nanowires under an AC field, the 

parameters influencing the growth of the nanowires also need to be considered: conductivity 

and viscosity of the electrolyte solution, and the dielectric constant of the solvents. Therefore 

choosing an electrolyte and solvent that meets all these requirements is essential to fabricate 

highly stable, highly conductive PEDOT nanowires. To date, a number of papers dealing with 

the growth of CP nanowires between two electrodes with polystyrene sulfonate, sodium 

dodecyl sulfonate and para-toluene sulfonate in water have been published[201, 202, 204]. 

However, attempts in growing the PEDOT nanowires connecting two electrode tips using 

different dopants (other than the above mentioned surfactants) and systematic studies of the 

relationship between conductivity of the wires or ion mobility and dopant size to the 

nanowire properties are lacking. 

In chapter 4, the various parameters influencing the morphology of the deposit of the polymer 

such as the solvent, the electrolyte conductivity, dopant concentration, monomer 

concentration, the excitation frequency and amplitude and the cell geometry were discussed. 

In addition, the parameter regimes to grow poly(3,4,-ethylenedioxythiophene) : 

poly(styrenesulfonicacid) (PEDOT:PSSA) nanowires with different solvents, namely water, 

propylene carbonate (PC) and acetonitrile (ACN) were explored[244].  

Here in this chapter, the growth of PEDOT nanowires with different dopants: sodium 

chloride (NaCl), lithium perchlorate (LiClO4), sodium hexafluorophosphate (NaPF6), 
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 poly(styrenesulfonicacid) (PSSA), 1-butyl-3-methylimidazolium hexafluorophosphates 

(BMIPF6) in water, ACN and PC are reported. The studies, by Raman mapping of the 

distribution of the dopant ions, particularly - BMIPF6 and PSSA, along the length of the 

polymer nanowire are presented. Furthermore, the effect of dopant size on the electrical 

properties of the PEDOT nanowires by measuring current-voltage (I-V) profiles to obtain 

conductivity of the single nanowires was studied. The conductivity up to 2334 S cm
-1

 for a 

single PEDOT nanowire was explored with addition of BmIPF6 as a dopant: has remarkably 

high conductivity exceeding the literature values for conductivity of PEDOT 

nanostructures[245, 246]. Moreover, the scanning ion conductance microscopy (SICM) was 

adapted to produce extremely localized cyclic voltammograms (µCVs) on the nanowires to 

study the electrochemical properties of the nanowires. The SICM has been previously utilized 

in the field of CPs for micro-fabrication [247], CP topography characterization [141] and for 

2D and 3D microspotting [248]. The morphology of the nanowires has been characterized 

using scanning electron microscopy. 

5.2. Experimental details 

5.2.1. Chemical and Reagents 

3,4,-ethylenedioxythiophene (EDOT), acetonitrile, propylene carbonate and 

poly(styrenesulfonic acid), 1-butyl-3-methylimidazolium hexafluorophosphates (BMIPF6), 

NaCl, LiClO4 and NaPF6 were purchased from Sigma Aldrich. All reagents were used as 

supplied without further purification. 

The experimental procedure to grow nanowires and the characterization techniques are 

similar to those described in Chapter 4. 
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5.3. Results and Discussions 

As mentioned above, in addition to PSSA and BmIPF6 other types of dopants were 

investigated to deposit nanowires across the electrodes: sodium chloride (NaCl), lithium 

perchlorate (LiClO4), sodium hexafluorophosphate (NaPF6) in water, PC and ACN. In the 

case of BmIPF6 as a dopant, the PEDOT: BmIPF6 mixture was insoluble in water and soluble 

only in PC and ACN, therefore we studied the growth of PEDOT:BmIPF6 with PC and ACN. 

AC-induced convection is important to grow a nanowire, and this convection driven by Joule 

heating needs to be directed towards the growth point to promote single wire growth. 

Excessive convection would eliminate the concentration gradients necessary to promote the 

morphological instability, and further could cause initially formed oligomers to be removed 

away from the electrode [233]. 

Low convection will inhibit polymerization. In the case of PEDOT: BmIPF6 in PC the 

viscosity of the electrolyte solution is too high to induce sufficient convection at the electrode 

surface. AC polarization does not induce the growth of PEDOT: BmIPF6 wires across the 

electrode in presence of PC as a solvent; rather, at excessive AC amplitude the electrodes 

corroded rapidly, while no polymerization occurred at low frequency and amplitude. 

However, when BmIPF6 is used in ACN as an electrolyte solution the viscosity was sufficient 

to promote convection. Therefore ACN was chosen as a solvent to grow PEDOT nanowires 

with BmIPF6.The single wires also successfully grown when PSSA was used in all of the 

three solvents. Nanowires did not grow with NaPF6, NaCl and LiClO4 in any of the solvents. 

This set of experiments indicated that at least one of the ions - either cation or anion - of the 

electrolyte salt must be large, in order to drive nanowire growth, as in the case of PSSA 

(PSSA
-
 anion) and BmIPF6 (BmI

+
 cation).  
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Table 5.1 Formation condition for PEDOT: 0.01 M BmIPF6 (in Acetonitrile solution) deposit 
across the electrode 

 

The ratio between the monomer and the dopant was varied and it was found that a single 

PEDOT: BmIPF6 nanowire could be formed only under equimolar ratio of monomer to 

dopant at 0.01 M. The parameter regimes to grow nanowires with different monomer and 

dopant concentration are listed in Table 5.1. Figure 5.1 shows the parameter growth regimes 

to grow PEDOT: BMIPF6 nanowires. The position of the zones within the parameter space 

depended on the solvent and concentration ratio of monomer to dopant. A more detailed 

diagram is shown in Figure 5.1B, for the particular case of 0.01 M EDOT monomer.  

Frequency 

/ kHz 

Concentratio

n of 

Monomer / 

mol.dm
-3 

Solvent 

containing 

BMIPF6/ 

mol.dm
-3

 

‘Safe’ 

potential/± 

0.5 V 

Initiation 

potential 

/± 0.5 V 

Gap 

between 

the 

electrod

es / μm 

wire 

format 

220-40 0.01 to 0.1 Acetonitrile ± 8 to ± 5 ± 9 to ± 6 15-22 no wire 

35.7 0.1 " ± 7 ± 8 19.87 no wire 

33.3 0.1 " ± 6 ± 7 16.54 nodule 

31.7 0.1 " ± 5 ± 6 15.93 nodule 

22.6 0.1 " ± 5 ± 6 15.00 nodule 

11.9 0.1 " ± 5 ± 6 12.74 nodule 

1.43 0.01 " ± 4 ± 5 18.19 no wire 

45.0 0.01 " ± 6 ± 7 14.18 multiple 

40.1 0.01 " ± 6 ± 7 13.33 multiple 

33.4 0.01 " ± 6 ± 7 15.33 multiple 

30.1 0.01 " ± 6 ±7 15.09 multiple 

24.6 0.01 " ± 5 ± 6 16.17 single 

22.1 0.01 " ± 5 ± 6 15.11 single 

18.7 0.01 " ± 5 ± 6 14.13 single 

14.1 0.01 " ± 5 ± 6 15.34 single 

42.1 0.05 " ± 6 ± 7 10.13 no wire 

26.7 0.05 " ± 6 ± 7 15.77 multiple 

10.9 0.05 " ± 5 ± 6 10.99 multiple 

0.23 0.05 " ± 4 ± 5 15.06 no wire 
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Figure 5.1 (A) Parameter space diagram illustrating the conditions to grow PEDOT 
nanowires in ACN containing 0.01 M BMIPF6; (B) The parameter space that delineates the 

single and multiple PEDOT wires grown in ACN containing 0.01 M EDOT monomer and 
0.01 M BMIPF6. 

 

The AC polarization conditions like frequency and amplitude to grow PEDOT: BMIPF6 

nanowires and PEDOT: PSSA nanowires are approximately similar (see Figure 4.2C and 

Table 4.1 in chapter 4 and Figure 5.1 in chapter 5). This indicates the solvent plays a main 

role in determining the parameter regimes to grow single nanowires. 

5.3.1. Conductivity Difference between PEDOT: BMIPF6 and PEDOT: PSSA 

Nanowires 

Interestingly, the highest room temperature conductivity of the here synthesized PEDOT: 

BMIPF6 single nanowire was 2334 S cm
-1

 and the measured conductivity did not decrease 

after 14 days. The dramatic conductivity difference between PEDOT:PSSA (12 S cm
-1

) and 

PEDOT:BMIPF6 (1300 S cm
-1

) single nanowires with same aspect ratio (length 15± 5 µm and 

width 500 ± 50 nm), can perhaps be directly correlated to a morphological difference in the 

polymer seen from SEM images (Figure 5.2): PEDOT:PSSA presents what appears as a 
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smooth nanowire (Figure 5.2 A and B) and PEDOT: BMIPF6 a relatively rough and textured 

nanowire (Figure 5.2 C and D). 

 

Figure 5.2 (A) and (B): SEM image of a single PEDOT: PSSA nanowire grown in ACN; 

(C) and (D): SEM image of a single PEDOT: BMIPF6 nanowire grown in ACN. 

 

The conductivity increased as the diameter of the nanowire decreased. The thinnest PEDOT: 

BMIPF6 nanowire (140 nm diameter and 15 µm in length) showed conductivity of 2334 S 

cm
-1

 (Figure 5.3) which is three orders of magnitude higher than that of a PEDOT: PSSA 

nanowire. The conductivities measured from the inverse slope of I-V curves of the PEDOT: 

BMIPF6 and PEDOT: PSSA nanowires are listed in Table 5.2. 
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Table 5.2 Measured conductivities of the PEDOT: BMIPF6 and PEDOT:PSSA nanowires 

 

 

Figure 5.3 I-V graph of PEDOT: BMIPF6 (1:1 ratio) obtained from ACN solution. Inset is the 
ESEM image of the wire 

 

The reason for the different morphology and increase in conductivity of the PEDOT: BMIPF6 

nanowires could be ascribed to the dopant type and the doping level of the polymer matrix. 

Firstly, in the case of BMIPF6 in acetonitrile as an electrolyte the anion PF6
-
 would be 

typically involved as the dopant for the conducting polymer [243] (PEDOT). PF6
-
 salts are 

often used as counter ions in the polymerisation of conducting polymers [249]. However, the 

fact that nanowires here did not grow with NaPF6 indicates the cation BMI
+
 has a role in the 

Dopant used  Length /  

μm  
Diameter / 

( x10 
-7

m)  
Resistance of / 

 Ω  
Conductivity /  

S cm
-1

  
PSSA  15.8±0.3  2.70±0.46  (2.33±0.22)x10 

05
  11.81 ± 0.01  

PSSA  11.8±1.1  2.00±0.74  (2.89±0.39)x10 
05

  12.73± 0.08  
PSSA  17.3±0.9  2.28±0.65  (3.42±0.21)x10 

05
  12.22 ± 0.05  

BMIPF
6
  14.3±0.3  2.52±0.68  (2.17±0.02)x10 

03
  1300.12 ± 0.02  

BMIPF
6
  16.8±0.7  2.70±0.69  (3.33±0.29)x10 

03
  876.55 ± 0.03  

BMIPF
6
  15.3±0.6  2.44±0.40  (4.33±0.01)x10 

03
  750.83 ± 0.04  

BMIPF
6
  15.1±0.7  1.40±0.18  (4.17±0.02)x10 

03
  2334.61 ± 0.05  
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PEDOT nanowire growth. When the salt BMIPF6 is dissolved in ACN solvent, ion pairs are 

formed in the solvent, with the cation BMI
+
 diminishing the diffusion coefficient of the anion 

PF6
-
. The solvation phenomenon involving the formation of ion pairs is due to two very 

important factors. One is a purely electrostatic factor, which relates the ion-pair dissociation 

constant to the dielectric constant (Ɛ) of the solvents [250]. The other is an empirical 

approach to solute-solvent interactions which states that all solvents, at least in principle, 

possess both nucleophilic and electrophilic properties [251, 252]. Thus, a solvent with a 

relatively high dielectric constant, such as acetonitrile (37) and a low donor (14.1) or acceptor 

number (19.3) [253] could lead to the formation of ion pairs [254]. Therefore we suggest that 

during the electropolymerization of PEDOT nanowires with BmIPF6, the imidazolium ion 

becomes incorporated into the polymer matrix alongside PF6
-
 ion when the solvent is ACN. 

Figure 5.4 shows the proposed mechanism of polymerization of EDOT in ACN with BMIPF6 

and the chemical structure of BMIPF6.  

 

Figure 5.4 The principle of doping mechanism of PEDOT: BMIPF6 in acetonitrile (top) 

with the structure of BMIPF6 (bottom). 

file:///F:/Thesis%20revison/Bhuvaneswari%20Kannan%20thesis_revision1.docx%23_ENREF_25
file:///F:/Thesis%20revison/Bhuvaneswari%20Kannan%20thesis_revision1.docx%23_ENREF_26
file:///F:/Thesis%20revison/Bhuvaneswari%20Kannan%20thesis_revision1.docx%23_ENREF_28


Chapter 5 The Electrochemical Growth of Highly Conductive Individual PEDOT Nanowires 

122 
 

Secondly, a difference in doping level of the polymer was observed when the PEDOT: PSSA 

and PEDOT: BMIPF6 nanowires were characterized via Raman mapping. The doping level of 

ions along the length of the PEDOT: PSSA and PEDOT: BMIPF6 nanowires were 

characterized ex-situ using Raman spectroscopy (Figure 5.4A and B). The main band at 1430 

cm
-1

 has been assigned to Cα = Cβ stretching on the five-membered ring of PEDOT [231, 

232]. This band appeared clearly in both the PEDOT: PSSA and PEDOT: BMIPF6 

nanowires. The relevant details about the Raman band peaks and their relation with the 

doping level of dopant ions was discussed in Chapter 4.  

In the present study a shift to longer wavelength in the position of this band was clearly 

observed along the length of the nanowire, from 1444.7 cm
-1

 near the live electrode to 1423.6 

cm
-1

 near to the ground electrode position (Figure 5.5). For the PEDOT: PSSA nanowire the 

clear red shift indicates that the degree of oxidation and thus the concentration of the PSSA 

dopant in the polymer nanowire varied (decreased) along the length of the wire (Figure 

5.5Da). The decrease in the proportion of self-localised excitations (polarons and bipolarons) 

is reflected as a shift in Raman Cα = Cβ stretching peak position in PEDOT: PSSA 

nanowire[129], therefore suggesting suppressed conductivity of the nanowire. Moreover, the 

low conductivity could be attributed to the nature of the PSSA itself. It is well known that the 

strongly acidic PSSA is very hygroscopic and takes up water easily, leading to severe 

deterioration of conductivity and stability of organic devices with PEDOT: PSSA electrodes 

[255, 256]. In contrast, for the PEDOT: BMIPF6 nanowires the shift in the Cα = Cβ stretching 

peak position was almost negligible (Figure 5.5Db) indicating the dopant ions are 

homogeneously distributed in the polymer matrix along the polymer wire (presumably at 

least portion of them as ion pairs BMI
+
 and PF6

-
) and consequently high level of doping 60 

along the length of the polymer wire is reflected in its increased conductivity.  
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Figure 5.5 (A) Raman mapping image of a PEDOT:BMIPF6 nanowire and (B) PEDOT: PSSA 
nanowire grown in acetonitrile; (C) An example of Gaussian fitting to estimate the peak 
shift of the Raman band at 1440 cm-1; (D) Variation of peak wave number with position 

along the length of the nanowire from the ground to the live growth electrode. 

5.3.2. Electrochemical Study on PEDOT: BMIPF6 and PEDOT: PSSA Nanowires 

The electrochemical behaviour of the two different nanowires, PEDOT: PSSA and PEDOT: 

BMIPF6, was compared by means of SICM-localized cyclic voltammetry (CV). The CVs are 

obtained in 0.01 M LiClO4 electrolyte in acetonitrile by linearly cycling the potential applied 

onto the films between +1.0 and -1.0 V at a sweep rate of 20 mV/ s. We utilized the 

flexibility of positioning the electrolyte drop just on the nanowire using double barrel pipette 

tipped SICM to perform highly localized cyclic voltammetry on the individual nanowires 
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(Figure 5.6). We previously utilized this method to produce localized CVs and I-Vs on 

PEDOT:PSSA nanowires [248].  

 

Figure 5.6 (i) An SEM image of SICM pipette tip used for micro CVs.(ii-iv) automated 
approach of the pipette to the centre of the PEDOT nanowire. 

 

Figure 5.7 A shows the electrochemical setup used to perform µCVs on nanowires. The gold 

contact pads were set as working electrode, hence providing a current pathway to the 

nanowire itself. Separated Ag/AgCl counter and reference electrodes were located inside the 

double-barrelled pipette. This technique allows positioning the pipette at desired location, 

hence enabling CV measurements at a chosen location, since µCVs can be taken at regions 

without Au electrode pad contact, i.e., representing the response of only the nanowire itself. 

Figure 5.7 B shows the contact of the pipette to the PEDOT nanowire and Figure 5.7 C the 

µCVs of PEDOT: BMIPF6 and PEDOT: PSSA nanowire. The CV of PEDOT: BMIPF6 

showed a very weak oxidation peak at + 0.5 V (due to extraction of cation), relatively broad 

peak around + 0.0 V and weak reduction peak at - 0.5 V that corresponds to anion extraction. 

These peaks where not visible in CV of the PEDOT: PSSA nanowire, which showed a broad 

capacitative feature only. The maximum anodic and cathodic peak current observed for 

PEDOT: BMIPF6 was larger than that for the PEDOT: PSSA nanowire. These distinct CV 

peaks of the PEDOT: BMIPF6 nanowire illustrates that the PEDOT: BMIPF6 wire was 

i ii iii

iv v

100 µm
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electrochemically more active than the nanowire formed with PEDOT: PSSA in ACN. Figure 

5.7 (A) Experimental SICM setup used for performing µCVs on nanowires; (B) Automated 

approach of pipette to the nanowire; (C) Overlay of CVs of PEDOT:BMIPF6 (a) and 

PEDOT:PSSA (b) nanowire. The insets in C are the SEM image of single nanowire 

composed of PEDOT: BMIPF6 (i) and PEDOT: PSSA (ii) on which the CVs were performed. 

 

Figure 5.7 (A) Experimental SICM setup used for performing µCVs on nanowires; (B) 
Automated approach of pipette to the nanowire; (C) Overlay of CVs of PEDOT:BMIPF6 (a) 

and PEDOT:PSSA (b) nanowire. The insets in C are the SEM image of single nanowire 
composed of PEDOT: BMIPF6 (i) and PEDOT: PSSA (ii) on which the CVs were performed. 

5.4. Conclusion 

The PEDOT nanowires were grown with BMIPF6 and PSSA as dopants in acetonitrile. A 

single nanowire prepared from BMIPF6/ACN solution showed the highest conductivity at 

2334 S cm
-1

, a value attributed to solvation phenomena of BMIPF6 in acetonitrile and a 

uniform distribution of the dopant (and uniform doping level) along the wire, as revealed by 

Raman spectroscopy mapping along the length of the wire. The electrochemical properties of 
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the nanowires were characterized by performing µCVs on the nanowires using a SICM set 

up. The results indicate that PEDOT: BMIPF6 nanowires, those possessing exceptionally high 

conductivity, also exhibit facile electrochemically driven ion exchange. They could be used 

as transparent electrodes and holds a great promise in applications such as low-cost organic 

plastic electronic devices, bio sensors and organic solar cells. 
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Chapter 6. A Highly-Sensitive, Label-Free DNA Sensor Based on a Single 

Conducting Polymer Nanowire 

6.1. Introduction 

Advances in applications of CPs to electro-chemical biosensing were recently reviewed [1]. 

Studies on using conducting polymer nanowires in either single-nanowire [101, 106] or 

multiplexed formats [6, 110] as sensors have demonstrated significant advantages for real-

time, label-free and highly sensitive and selective detection of a wide range of species, 

including proteins [110], nucleic acids [106], small molecules and antibodies [6], where the 

key requirement for detection involves a change in charge at the nanowire surface associated 

with binding and/or dissociation of analyte molecules. PEDOT nanowires grown by a non-

lithographic deposition process have already been used as transducers for highly sensitive 

biosensors for detection of thrombin [110] with 1 nM detection limit. However, the 

constructed nanowires were not single wires, and the detection limit was not enough for 

practical applications. Recently, single polypyrrole nanowires have been used as transducers 

for highly sensitive (detection limit of 10
-16

 M) conductometric /chemiresistive DNA sensors 

[106] but the device fabrication is limited by complex integration of the nanostructures, 

requiring transfer and positioning of individual nanostructures and making reliable ohmic 

contacts. Here, we demonstrate a non-lithographic deposition process, previously utilized for 

growing metallic [257] and polymeric nanowires [111] to fabricate a single nanowire 

copolymer of 2,3-dihydrothieno[3,4-b]-1,4-dioxin (EDOT) and 2-((2,3-dihydrothieno[3,4-b]-

1,4-dioxin-2-yl)methoxy)acetic acid (C2-EDOT-COOH) across a gap between two gold 

electrodes on a glass substrate, followed by post-covalent attachment of probe 

oligonucleotide through EDC/NHS chemistry, thus constructing a simple, ultra-sensitive 

DNA sensor for the complementary oligonucleotide that specific to Human breast cancer 

gene (BRAC1). 
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6.2. Experimental Procedure 

6.2.1. Synthesis of C2-EDOT-COOH 

We synthesized  (EDOT-COOH) from hydroxymethyl ethylenedioxythiophene (EDOT-OH) 

through an ether linkage, following a previous report [117]. The synthetic scheme was shown 

in Scheme 2.3 (Chapter 2). 

 The nanowires were fabricated between two parallel gold electrode tips on a glass substrate 

(as outlined in Figure 4.1 and discussed in Chapter 4). The gold fabricated electrodes made 

an array of six pairs of electrodes with ~ 0.5 cm separation between two adjacent electrodes. 

Each pair of electrodes was designed with the sharp tips in the middle separated by an 

approximately 10 µm gap. The gold electrodes patterned via photolithography consisted of an 

approximately 50 nm of Au layer and 50 nm Cr adhesion layer on a glass substrate. A drop of 

electrolyte solution consisting of 10 mM 3,4,-ethylenedioxythiophene (EDOT), 2x10
-4 

M 

3,4,-ethylenedioxythiophen-yl-methoxy acetic acid  (C2-EDOT-COOH), 1 μM poly(styrene 

sulfonic acid) (PSSA) and 0.1 mM LiClO4 in acetonitrile (ACN) was placed in the gap 

between the gold electrode tips. Polymer nanowires were deposited across the gap by 

applying an AC electric field. The peak-to-peak square wave voltage was usually ±7 V, 

applied with a 25 KHz frequency to initiate the polymerisation at one end of the electrode. 

The amplitude was increased slowly until the first signs of convection were observed in the 

solution, indicated by movement of specks of dust.  Then the amplitude was increased 

carefully a little further (0.2 - 0.5 V), until a black dot (most likely the initiation of etching of 

the gold electrode) was observable on the live electrode.  Then, after a short pause of ~2 sec, 

the amplitude was reduced to zero. The whole experiment was performed under an optical 

microscope. 
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The probable mechanism of growth of a single PEDOT nanowire across the gap between 

wedge shaped gold electrode on a glass substrate [258] has been already discussed in Chapter 

4 and 5.  

6.2.2. DNA Immobilization and Hybridization 

In order to chemically modify the surface of the copolymer nanowires (CONWs) to enable 

the binding of oligonucleotide (ODN) probe, a 20 µL drop of phosphate buffer saline (0.01 M 

phosphate buffer, 0.0027 M KCl, 0.137 M NaCl) containing the probe DNA (1 μM), 10 μM 

of each EDC and NHS was dropped in between the gap of the electrode. The carboxylic acid 

group in the copolymer wire was covalently bonded with amine (NH2) functionalized 

oligonucleotide in the presence of the cross linking agent EDC/NHS. After a 2 hrs incubation 

period the probe modified nanowires were washed thoroughly with PBS to remove any 

unbound oligonucleotides, followed by rinsing with Milli-Q water to remove excess of salts. 

The wires were then carefully dried with N2 gas to remove non-specifically adsorbed 

materials. The hybridization was carried out by incubating the sensory films in 20 µL PBS 

containing complementary targets that are specific to Human breast cancer gene (BRAC1) in 

a range of concentrations from 10 fM to 1 μM for 1 h at 42 °C.  

Finally, the complementary targets modified nanowire was measured In-situ in presence of 

PBS solution using SICM and Ex-situ in dry state. The general working principle of the DNA 

sensor is illustrated in scheme 6.1. 
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Scheme 6.1 Schematic representation of the two-terminal CONW sensor. Fabrication of 
single CONW in between two gold electrodes followed by immobilization of probe ODNs 
on the single CONW surface, Hybridization of target ODNs on the single CONW surface 

and Ex-situ and In-situ two terminal measurement performed on CONW device to 
measure the change in resistance of the wire 

6.2.3. Ex-situ measurements 

For ex-situ measurement, we employed a two-terminal device setup where the external (bias) 

electric field is applied to the polymer nanowire through the source (WE1) and drain (WE2) 

metal electrodes (see scheme 6.1-iv) to obtain the characteristic I-V response of the nanowire 

(in the dry state, without added buffer) with respect to the concentration of the target analyte 

binding to the probe modified nanowire. 

6.2.4. In-situ measurements 

To enable electrochemical biosensing of analytes in physiologically relevant buffers three-

terminal field-effect transistor (FET) devices can be used. For example, any semiconductor 

nanowire, including CP nanowires, silicon nanowires and carbon nanotubes can be 

configured as a three-terminal FET device for sensing biological and chemical species [11, 

37, 38, 102, 259], where the FET exhibits a conductivity change in response to variations in 

the electric field or potential at the surface. In a three terminal (FET)-like device the source–

R

R
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drain bias is applied along the polymer nanowire between the source and the drain electrodes, 

and the gate bias is applied in the perpendicular direction [66, 260]. Charge transfer and 

current characteristics can be controlled by these two external voltages. Recently several 

groups have demonstrated true FET-like modulation due to single molecule surface 

adsorption using an electrochemical gate [138, 261], in which the gate voltage is applied 

between the source and a gate electrode inserted in the electrolyte. Similarly, here we applied 

a pipette-localized technique based on scanning ion conductance microscopy (SICM) [140, 

262] to produce extremely localized I-V characteristics for the nanowires. The SICM has 

been previously utilized in the field of CPs for microfabrication and characterization [142]. 

The ultimate goal here, which the SICM enables, is to measure the change in resistance of 

(just the) nanowire on a non-conductive glass substrate upon modifying the surface with 

probe and target oligonucleotide in the presence of phosphate buffer, as opposed to an 

immersed-bath setup where the gold contact pads and other elements may also be 

contributing. 

6.3. Ex-situ measurements of CONW Modified Nanowires 

The presence of a charged target – here, the DNA strand – on the CP surface modulates the 

electrical properties of the nanowire, specifically the resistance, which can be easily 

measured without the need for labelling. The signal is conveniently expressed as the relative 

change in resistance upon hybridization following incubation of the sensing nanowire in the 

complementary sequence solution (Figure 6.1). 

The resistance change (ΔR) is then normalized with respect to the initial sensor resistance, R0 

(the sensor resistance of probe-modified CONW with zero concentration of target 

oligonucleotide) to establish the sensing limit of the CONW device. Results for several 

different, independently-prepared CONWs are given in Figure 6.1C and listed in Table 6.1 
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Additional I-V results for different concentration of ODNs are given in Appendix IV.  The 

results indicate that the ex-situ measured resistance change is directly related to the solution 

oligonucleotide concentration for values up to 1 nM, with a detectable change for 

concentration as low as 10 fM. 

 

Figure 6.1 (A) ESEM image of a single CONW grown between the tips of wedge shaped 
gold electrodes on a glass substrate; (B) Overlay of I-V curves of probe-oligonucleotide 

modified nanowire after hybridization with increasing concentrations of the target 
sequence a) 0 pM, b) 0.1 pM, c) 1 pM, d) 10 pM, e) 100 pM and f) 1000 pM .The target 

attached nanowires were measured in the dry state after removal from the solution; (C) 
Normalized percentage change in the resistance as a function of target oligonucleotide 

concentration. The different colored and shaped data points correspond to different sets 
of sensor results obtained from different single nanowires. The length of CONWs used in 

these studies was 11 μm.  

file:///F:/Thesis%20revison/Bhuvaneswari%20Kannan%20thesis_revision1.docx%23_Appendix_IV


Chapter 6 A Highly-Sensitive, Label-Free DNA Sensor Based on a Single Conducting Polymer 
Nanowire 
 

134 
 

Table 6.1 Measured changes in resistance of single CONW upon addition of different 
concentration of oligonucleotides. 

 

 

 

 

 

 

 

6.4. In-situ Measurements of CONW Modified Nanowires using SICM 

To measure the sensing property of the probe modified nanowire in-situ, in the presence of 

buffer solution, a Bio-FET like device was constructed using a SICM. This setup is illustrated 

in Figure 6.2A was used to detect changes in resistance upon hybridization of complementary 

oligonucleotide onto a probe oligonucleotide-modified PEDOT nanowire. Again, detection of 

ODN hybridization down to 10 fM concentration of the complementary sequence was 

obtained. The major advantage of this technique is the high degree of control over droplet 

volume and position, contacting the wire itself without wetting the gold contacts. Figure 6.2 

B shows an optical image of the micropipette approaching the centre of the polymer wire 

spanning the gold fabricated electrode. The potential of WE1 was set as 0 V related to the 

reference electrode (Vg = 0 V) and a bias voltage (+ 0.5 V to -0.5 V) was applied between the 

two working electrodes (Vsd). The nanowire resistance increased when the concentration of 

the target DNA was increased on the surface of the probe DNA modified nanowire, in 

agreement with the results of Figure 6.1. The measured I-V response of the nanowire upon 

hybridization at different concentrations (0.023 pM, 0.5 pM and 33.3 pM) of target ODN is 

given in Figure 6.2 C. Additional I-V results for different concentration of ODNs are given in 

Appendix IV.   

Molecule(s) bound to 

the CONW surface 

 

Measured 

resistance (R), 

MΩ 

ΔR, MΩ ΔR/R0, % 

p-DNA (1 μM) 71.9 0  

Target-DNA (0.1 pM) 125.5 53.6 74.5 

Target-DNA (1 pM) 178.8 106.9 148.6 

Target-DNA (10 pM) 249.9 178.0 246.7 

Target-DNA (0.1 nM) 329.3 257.4 357.4 

Target-DNA (1 nM) 350.7 278.8 387.7 
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Figure 6.2 (A) Experimental setup of SICM based Bio-FET. (B) Optical microscope image of 
the probe oligonucleotide-grafted CONW with the SICM pipette. The inset shows the 

automated approach of the pipette to the centre of the wire. (C) Overlay of I-V curves of 
probe-oligonucleotide modified nanowire after hybridization with different (increasing) 

concentration of the complementary target oligonucleotide: (a) 0.023 pM (b) 0.5 pM and 
(c) 33.3 pM. The length of CONWs used in these studies was 15 μm. 

6.5. Selectivity and Specificity of the CONW Sensor 

6.5.1. Selectivity of the Sensor with Cy5 Labelled Target ODNs 

To confirm the selective surface chemistry and the sequence specificity, Cy5 labeled fully 

complementary target oligonucleotide sequences were hybridized to the probe 

oligonucleotide-modified CONW sensors. Surface binding of the Cy5-labelled sequence 

could then be directly observed by fluorescence microscopy. A strong Cy5 signal on the 

nanowires was observed when the probe modified surface was hybridized with fully 

complementary Cy5-target. Moreover, fluorescent signals were observed only at the polymer 

nanowire surface, implying that the probes were indeed selectively attached to the copolymer 



Chapter 6 A Highly-Sensitive, Label-Free DNA Sensor Based on a Single Conducting Polymer 
Nanowire 
 

136 
 

nanowires through EDC/NHS chemistry and that the 1 μM targets were successfully 

hybridized with the 1 μM probe (Figure 6.3A and B). The corresponding I-V result is shown 

in Figure 6.3C. The results of the selectivity testing performed on multiple nanowires, bulk 

deposits or dendrites are given in Appendix IV.  

 

Figure 6.3 (A) Fluorescence spectroscopic images (brightness enhanced): a) before 
hybridization with Cy5-target DNA, (B) fluorescent optical image of the probe DNA (1 µM) 

modified copolymer nanowire after hybridization with 1 µM fully complementary Cy5-
target oligonucleotide. (C) The corresponding I-V results a) before hybridization with 
target DNA and b) after hybridization with fully complementary Cy5-target DNA. (D) 

Fluorescent image of 1 µM probe-oligonucleotide modified nanowire. (E) Fluorescent 
image probe DNA modified nanowire after hybridization with 1 µM fully non-

complementary Cy5-target DNA. (F) The I-V curves a) before hybridization with fully non-
complementary Cy5-target DNA and b) after hybridization with 1 µM fully non-

complementary Cy5-target DNA.  

 

The possibility of physisorption of oligonucleotides on the CONW surface is unlikely, since 

the sample was subjected to multiple cleaning and rinsing steps. Additionally, control 

file:///F:/Thesis%20revison/Bhuvaneswari%20Kannan%20thesis_revision1.docx%23_Appendix_IV
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experiments were performed to investigate the specificity of the sensing element. First, the 

(non-specific) electrostatic interactions of ODN on the surface of the copolymer nanowire 

contributing to false positive/negative signals were tested. The target (1 μM) was directly 

incubated onto the co-polymer surface without the presence of probe. Secondly, the 1 μM 

probe modified copolymer was incubated with the same concentration of fully non-

complementary Cy5 labeled target. In both the cases, almost no Cy5 signal could be seen 

(Figure 6.3D and E), and the percentage change in resistance (ΔR/R0 %) was almost 

negligible confirming the specificity of binding between target and probe ODN. 

6.5.2. Selectivity of the Sensor with label-free Target ODNs 

Given the high specificity of the CONW sensor, we employed it to detect label-free fully non-

complementary and single base mismatches ODN sequences. The selectivity test was 

performed with unlabelled target analytes by incubating the CONW with 1 nM of fully non-

complementary target. The resistance was calculated from the ex-situ I-V curve obtained for 

the wire before and after hybridization (Figure 6.4A). The percentage change in resistance 

(ΔR/R0 %) was much less (6.3 %) than the change upon hybridization of the probe modified 

wire with the same concentration (1 pM) of fully complementary target (84.2 %). Moreover 

as shown in Figure 6.4B, whilst the exposure of the CONW sensor to 1 nM of one-base 

mismatched ODNs solution to the 1 nM probe attached CONW nanowire did cause an 

important resistance change of 243 %, this was significantly (~ 30%) lower than that for 1 

nM of fully complementary target ODN (364 %). Generally, to compare the percentage 

change in resistance upon hybridization of one point mismatch (1PmM) and fully 

complementary ODN the experiments are performed in the same sensing device by detaching 

the 1PmM ODNs from the probe ODNs by washing the sensor surface with 10 mM NaOH 

[5] and then hybridizing the same sensing surface with fully complementary ODNs. We used 

here two different single nanowire devices of almost the same length (~15 µm) and width 
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(~100 nm) to sense the mismatched and complementary ODNs (Figure 6.4B). It should 

however be noted that the exposure of the nanowires to NaOH solution in quite a few 

instances led to detachment of the nanowire from the substrate. 

Figure 6.4 (A) Overlay of I-V curves of 1 nM probe-oligonucleotide modified nanowire (a) 
after hybridization with 1 nM fully non-complementary ODN (b) ; (B)  Normalized 
percentage changes in the resistance of a sensor based on CONW nanowire after 

hybridization (1 nM): non complementary ODN (non-C), single point mis match ( 1PMM) 
and fully complementary ODN sequences (cODN). R0 is the sensor resistance of probe-

modified CONW with zero concentration of target oligonucleotide. 

 

In another experiment the nanowire was submitted to a number of treatments in different 

solution and for different incubation times. Such treatments may change the conductivity and 

thus the initial resistance of the nanowire. Therefore to the prove that the change in resistance 

of the nanowire was only due to the presence of charged DNAs, the CONW nanowires were 

incubated with PBS solution in absence of any ODN for 2 hrs and washed with Milli-Q water 

and dried with nitrogen. The resistance of the nanowires were then measured using I-V before 

and after incubation. The initial resistance of the nanowire before the incubation was 108 MΩ 

and the resistance after incubation was 112 MΩ. The difference in the resistance of nanowire 

before and after incubation was almost negligible. This experiment was repeated with several 

other single nanowires and the resistance was either increased or decreased by no more than 

10 %. However, the fact that the CONW sensor is significantly discriminating the non-
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complementary ODN (Figure 6.3 and 6.4) confirms that the results are not simply an artifact 

of non-specific binding of the solution oligonucleotide to the surface or due to the CONW 

treatment during hybridization process. 

6.6. Discussion 

In a crystalline semiconductor, when DNA, which has a negatively charged backbone, 

interacts with the semiconductor surface, the variation of electric potential with position is 

changed, both inside the semiconductor and in the solution near the interface. The consequent 

effects on conductivity of the semiconductor have been thoroughly studied [260]. In the case 

of a p-type semiconductor, a charge accumulation layer is expected in the semiconductor 

close to the interface, with a consequent increase in conductivity associated with the surface 

of the semiconductor, as indeed has been observed for crystalline semiconductor nanowires 

[36, 37]. This effect is opposite in sign to that which we have reported here for the 

conductivity change of conducting polymer nanowires. Specific chemical interactions of the 

semiconductor with the solvent, or lattice distortions associated with the surface can give rise 

to localized electronic states within the band gap.  The surface conductivity can be strongly 

modulated by these surface states. It is conceivable that some of the effects of surface binding 

on conductivity change are therefore mediated through the effect of the sensing interaction on 

surface states. In the case of an amorphous conducting polymer, an alternative mechanism 

can be proposed. The charge carriers in the conducting polymer are in the form of polarons – 

a positive charge (radical cation) on the polymer backbone with associated local deformation 

of the polymer chain.  At least some of the counter-charge to surface-bound oligonucleotide 

will be in the form of positive polarons at the surface of the polymer.  We would expect these 

polarons to be trapped by the electrostatic field and resultant chain distortion associated with 

the charge on the surface-bound ODN. Thus, the model is that the polymer backbone deforms 

in the presence of ODN resulting in a space charge region on the polymer side of the interface 
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in the form of immobile, trapped charge carriers. Therefore the electrical transport becomes 

surface trap limited due to the decrease in mobility of the holes at the interface. The 

concentration of the immobile, surface-trapped holes would increase with increase in the 

negative charge concentration trapped on the solution side of the interface. This is exactly 

what would happen upon hybridization of a surface-bound oligonucleotide with its 

complementary strand. Hence the expected effect is a decrease of conductance of the polymer 

nanowire upon hybridization, limited by saturation of the surface, as we have observed.  

6.7. Conclusion 

These results demonstrate the ability of a PEDOT copolymer based nanowire device to 

function as a highly sensitive sensor. First, the use of the device constructed with a single 

nanowire of poly(EDOT-co-EDOT-COOH) as a labelled and label-free DNA sensor was 

demonstrated which could detect 10 fM concentration of target in 20 μL of sample solution. 

Secondly, the localized nature of SICM micropipette positioning was utilized to construct a 

new Bio-FET-like device capable of on-wire analysis. For the constructed CONW sensor, the 

estimated detection limit is 0.1 fM, if the sensor response to a noncomplementary ODN target 

(1 nM) is considered as the noise (S/N> 3). This extremely high sensitivity exceeds that of 

most previously reported DNA sensors based on conducting polymer transducers [85, 96, 

101] and is comparable with DNA sensor based on various other transducers like silicon 

nanowires [36, 38, 102, 104, 263]. This novel DNA sensor made of poly(EDOT-co-EDOT-

COOH) may be useful in the detection of single-nucleotide polymorphism analysis, where 

single-mismatch resolution, sensitivity, cost, and ease of use are important factors. Moreover, 

the sensitivity and selectivity of this system is sufficiently high to point towards a potential 

method for detecting oligonucleotide targets that are specific to Human breast cancer gene 

(BRAC1) without the need for target amplification schemes such as the polymerase chain 

reaction. 
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Chapter 7. Conclusion and Future work 

7.1. Conclusion 

Highly sensitive and selective DNA sensors based on conducting polymers have been 

developed to realize direct, sensitive and selective detection of DNAs by miniaturizing the 

sensing element.  The result has been achieved in two different ways: 

a) Electropolymerising a very thin but highly porous CP film comprising a copolymer of 

pyrrole and 3-pyrrolylacrylic acid (PAA) [poly (Py-co-PAA)] on a micro-size electrode.  

b) Construction of individually addressable one dimensional poly(EDOT-co-EDOT-COOH) 

single nanowires on microfabricated gold electrodes.  

A sensitive surface that could detect ODNs down to nM concentration of target analyte was 

achieved by a sensing layer with highly porous, very rough morphology. This sensing layer 

was obtained by growing poly(Py-co-PAA) polymer on an 11 μm diameter glassy carbon 

micro-electrode by applying constant potential. This result was compared with that obtained 

for a different sensing surface with different (smoother) morphology, achieved by 

electropolymerising the same copolymer on a 3 mm diameter macro-electrode. The poly(Py-

co-PAA) modified electrode morphologies showed a clear difference between the polymer 

modified micro electrode and polymer macro electrode. Indeed the bare micro electrode itself 

was rough which we attribute to the nature of the fibre used to make it.  

This interesting morphology difference prompted a surface derivatisation study on the 

poly(Py-co-PAA) modified electrode surface by reaction with toluidine blue to determine the 

density of active carboxylic acid group available for ssODN binding. The results revealed 

that the –COOH group on the poly(Py-co-PAA) coated micro-electrode was three orders of 

magnitude higher than that for the poly(Py-co-PAA) coated macro-electrode. This we 
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interpreted in terms of the increase in surface area and porosity during electropolymerization, 

which we attributed to the effect of size of the electrode on the diffusive mass transport 

conditions occurring during the polymerization. 

The EIS method was used to determine the electrochemical rate constant for reaction of a 

probe redox couple. The EIS results demonstrated that the detection sensitivity for the 

surface-complementary ODN is in the low nM (0.01 nM) range, due to the formation of the 

ECP as a highly porous, very rough layer.  In comparison, the smoother surfaces formed on 

macro-electrodes had detection sensitivity in the low µM range. The same technique (EIS) 

was used to evaluate the rate constants for the surface hybridisation reaction, by analysis of 

the time-variation of the signal. The equilibrium constant for the surface hybridisation 

reaction was determined to be on the order of 10
8
 M

-1
, which is consistent with other 

literature reports using different methods. To aid understanding of the influence of highly 

porous morphology on DNA sensing a simple model was developed, based on Donnan 

exclusion of the probe from nano-scale pores in the polymer surface, as a result of the fixed 

negative charge bound to the surface in the form of single-stranded and double-stranded 

nucleotides, thus indicating that by simply miniaturizing the sensing element the sensitivity 

can be greatly improved. 

With these findings and encouraging results, we attempted to go for further miniaturization of 

the CP sensing element in the form of nanowires. A variety of techniques have been 

described for forming conducting polymer “nanowires” for the purpose of creating chemical 

sensors. Of these, a direct electrochemical growth of single wires between two electrodes, 

without any particular fabrication other than the preparation of the electrodes, is popular and 

seemed promising.  However, the first attempts to reproduce this technique to grow wires 

across the electrode using the claimed growth conditions (from the published journals) were a 

failure. Therefore, a new study was made on investigating the growth of CP nanowires (in 
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particular PEDOT nanowires) to evaluate the growth conditions under AC field. The 

experiments were performed under a microscope to observe the growth of the nanowire. The 

study revealed that the electrochemical formation of a PEDOT nanowire connecting two 

wedge-shaped electrodes is controlled primarily by the effects of Faradaic rectification and 

AC-induced convection. Wires were only grown in a narrow range of the parameter space. 

PEDOT nanowires were successfully grown in three different solvents – water, propylene 

carbonate and acetonitrile using PSSA as a dopant. The frequency and amplitude of the 

stimulation required to promote single wire growth was different for different solvents 

because of differences in solution conductivity, dielectric constant, viscosity and thermal 

conductivity.  The morphology of the nanowires was characterized by ESEM and the effects 

of doping level along the length of the nanowire were characterized by Raman spectroscopy. 

The conductivity of these nanowires was measured ex-situ. The insight gained from this 

helped in understanding how to control the electrochemical fabrication of “nanowire” 

devices. 

PEDOT nanowires were attempted to be grown with other dopants (other than PSSA): NaCl, 

LiClO4, NaPF6, PSS and BMIPF6. Of these, PEDOT nanowires could be grown under AC 

field only with BMIPF6 as dopant and interestingly these PEDOT: BMIPF6 nanowires 

showed almost 3 orders of magnitude higher conductivity than the PEDOT nanowires grown 

with PSSA as a dopant. This interesting result stimulated characterization and comparison of 

the doping level of the dopants along the length of the PEDOT: BMIPF6 and PEDOT: PSSA 

nanowires by Raman mapping. The Raman results showed that the BMIPF6 dopants were 

uniformly distributed along the length of the nanowire whereas the PSSA dopant showed a 

gradient in concentration along the wire. This result was supported by the morphology 

characterization performed by ESEM. The electrochemical properties of the wire were 

characterized by performing µCVs on the PEDOT nanowires with in-house constructed 
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SICM. These results indicated that PEDOT:BMIPF6 nanowires are more electrochemically 

active than the nanowires composed of PEDOT: PSSA.  

Finally, after understanding how to grow PEDOT nanowires under AC field, an electrical and 

electrochemical, label-free sensor based on the PEDOT nanowires was developed. For this 

purpose a monomer based on COOH group functionalized PEDOT (2-((2,3-

dihydrothieno[3,4-b]-1,4-dioxin-2-yl)methoxy)acetic acid (C2-EDOT-COOH)) was 

synthesized. This COOH-EDOT was then copolymerized with EDOT as a single nanowire 

across a gold electrode on a glass substrate followed by post-covalent attachment of probe 

oligonucleotide through EDC/NHS chemistry, thus constructing a DNA sensor for a target 

oligonucleotide that is specific to the Homo sapiens breast cancer gene. The changes in 

resistance of the nanowire upon hybridization with target ODNs were characterized both ex-

situ (in absence of any buffer solution) and in-situ (in presence of PBS solution). Both 

measurements revealed that this novel DNA sensor based on single poly(EDOT-co-EDOT-

COOH) nanowires had sensitivity towards the target analyte down to 0.1 fM. 

In conclusion, the objective to develop an efficient, highly sensitive, label-free DNA sensor 

based on CP for direct and fast detection of target ODNs has been achieved by miniaturizing 

the sensing element both as a nanofilm and as a nanowire.  
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7.2. Future work 

It would be interesting to further pursue the investigation of the effect of morphology of the 

conducting polymer on DNA sensing, and to use different detection techniques other than 

EIS like FRET, SPR to evaluate the kinetics of DNA hybridization on the polymer sensing 

surface. 

Although the template-free fabrication of the nanowires for sensing application is simple and 

useful, the fabricated wires are not stable enough for multiple sensing measurements. To 

overcome this, in future a new fabrication method will need to be developed. 

It would be interesting to explore the application of the highly conductive nanowires in 

organic solar cells as diodes or electrical interconnectors. 

It would be interesting to perform more Raman studies on the nanowires grown with different 

solvents to understand the distribution of dopants on to the polymer matrix. 

It would be an interesting challenge to fabricate microfluidic channels across the CP 

nanowire electrodes to flow DNA solution through the channel in a controlled way and to 

monitor the rate of hybridization of ODNs on the nanowire surface. 

The major challenge is the conversion of the existing strategies, which are sensitive to 

synthetic ODNs, into manufacturable devices that work in a repeatable and reliable way on 

real DNA samples, from which could emerge a new generation of commercially useful 

electrical and electrochemical biosensors. 
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Appendix I 

Justification of estimates of pore dimensions of the polymer films 

Two statements were made in the main text (Chapter 3) asserting that the measurements were 

consistent with pore dimensions on the nm scale for the films grown on the micro-electrodes. 

Estimate based on microscopy, formation charge and increase of chemically accessible 

area 

For purposes of assessment, and not as an accurate model, a hexagonal array of cylindrical 

pores can be considered.  For this array, the total pore surface area per unit projected area is 

approximately 
        

   
  where the pores have radius, r, depth, h, and centre-spacing,d. 

The observed increase in chemically accessible area from macro- to micro-electrode-prepared 

films implies that this ratio is of order 10
3
.  That is, rh/d 

2
 ~100. The large increase in 

apparent thickness, from a uniform layer nominally 10-20nm thick to a rough layer ~500nm 

thick implies that the thickness of polymer around the pores is small in comparison with the 

dimensions of the pores: that is, d ~2r.  Hence, if h~500nm, r ~ 1nm.  

Estimate based on the deduced concentration of fixed charges, [Z
-
]. 

In the text, a concentration of fixed charges in the pores of approximately 0.4M was deduced, 

for the surface with bound, single-stranded probe ODN.  If the molecules are presumed 

trapped in a cylindrical cavity of radius, r, spaced apart a distance, L, with a charge 

z/molecule, then the charge concentration is approximately        
  where NA denotes 

Avogadro’s constant.  If r ~ L then for z = 20, the deduced value for [Z
-
] implies r ~4nm 
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Donnan equilibrium 

If the subscripts i and o denote inside and outside the pore, respectively, then the 

electroneutrality conditions are (approximately, assuming that the electrolyte can be 

considered effectively as just NaCl, all other species being in much lower concentration): 

[Na
+
]o = [Cl

-
]o   and  [Na

+
]i = [Cl

-
]i + [Z

-
]i . 

The Donnan equilibrium condition is : [Na
+
]o[Cl

-
]o  = [Na

+
]i[Cl

-
]i.  Hence: 

 
      
      

 

 

−  
   

  

      
  

      
      

 −     

Leading to equation 3.7 of the main text. 
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Appendix II 

Detail derivation of the model of section 3.8 

The equilibrium binding constant for the probe-target hybridisation and the binding ratio 

of complementary ODN to the probe at the electrode surface were estimated using the 

fitting data from the EIS spectra for the each sensor (all investigated concentrations of 

complimentary ODN). Figure 3.12B shows a typical example of the Faradaic impedance 

spectra for the sensor film on micro-electrode taken during hybridisation with, in this 

case, 20 fM complementary ODN. As the hybridization time increases the Rct increases 

until it levels off at a constant value (Fig. 3.12C).  

Using the kct values obtained from the fitting of the AC impedance curves using the same 

equivalent circuits as above, binding kinetics for the DNA hybridisation to the sensor 

surface can be derived as follows. We start with deriving the hybridization kinetic 

behaviour using the model presented in Figure 3.13. 

 

The surface sites at which the complementary ODN (cODN) will bind to the ssODN 

attached to the senor film are denoted as S. M is the complementary ODN and θ is the 

surface coverage of complementary ODN upon hybridisation with equilibrium value: 

                 
   

  

                                      (A.1) 

K

S M SM

(1-θ) θ(C)
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where K is the equilibrium binding rate constant and C is the concentration of 

complementary ODN. The rate of change of θ on approach to equilibrium is given by  

                                                    
  

  
       −    −                                 (A.2/3.9)        

where kon and koff are the rate constants for binding and dissociation, respectively  

At equilibrium, 
  

  
   so, the equation (A.2) becomes 

                                                                 −                                           (A.3) 

Therefore by rearranging (A.3) one can obtain 

                                                          
   

    
   

 

      
                                               (A.4) 

On the other hand, the charge transfer is assumed to precede with the rate constant kss on 

the un-hybridized part of the surface and with the rate constant kds on the hybridized part. 

It is assumed that these two processes are independent in parallel. Then the observed 

electrochemical rate constant kel,obs is:  

                                                                     −                                       (A.5) 

A.5 is equation 3.8 in the main text in chapter 3 

 and                                                
            

       
                                                 (A.6)                     

where kss is charge transfer rate constant at zero concentration of cODN, kds is the charge 

transfer rate constant at concentration of saturation with cODN and kel,obs is the apparent 

charge transfer rate constant. Using the Eq. A.6 the surface coverage of cODN upon the 

hybridisation at each concentration can be calculated and hence equilibrium binding rate 

constant K can be calculated from the Eq. A.4. 
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Equating the Eqn.A.1 and A.6 the charge transfer rate constant kel,obs can be calculated as 

follows:   

  

    
     −              −         

                 −     −      
  

    
                                   (A.7/3.12) 

The calculated charge transfer rate constant kel,obs (calc) and the experimental charge 

transfer rate constant kel,obs (exp) (obtained from the fitting of the Nyquist plots) are shown 

in Table 4 in chapter 3. The calculated and the experimental values for the charge transfer 

rate constant as a function of the concentration of cODN are plotted in Fig. 3.13. From 

the mid-point of the theoretical sigmoid fitted curve (Fig 3.13) the equilibrium binding 

constant K was estimated as K = (4.92±0.57)·10
8
 M

-1
. The results demonstrate the strong 

binding of cODN on the surface [264, 265].  

Association kinetics of DNA/DNA hybridization 

The kinetics measurements of association process provides the electrochemical rate 

constant kel,obs as well as the equilibrium constant K. The rate constant and affinity 

constant was determined by recording equilibrium binding to the probe surface at 

different time with same target concentration (20 fM). DNA/DNA hybridization kinetics 

shows that the Rct increases with increase in time till 45 min and becomes constant after 

1hr. 

For the kinetic hybridization reaction expressed in Figure 3.12 the rate law can be written 

as equation 3.9 in chapter 3 

  

  
       −    −       
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Assuming C is constant because the surface consumes only little amount of 

complimentary ODN from the solution, and θ is the only variable. The binding kinetics 

can be described using the following equation:         

                                        
 

         
        −                                   (A.8) 

When θ is 0 at time t = 0 the equation can be written as 

                                                                                                 
                                 − 

 

         
                  

 
So θ can be derived from the above equation as 

 

    
     

           
   −   

 

                                                (A.9) 

Where τ =   kon + koff and kon and koff are the rate constant for binding and dissociation 

respectively. 

Patch model for kel,obs is 

               −                                              (A.10) 

One can analyse the time variation of         in order to derive the rate constants for the 

binding and unbinding reaction, since           varies with
     

           
. 

By combining eqn (A.9) and (A.10) 

 

                          −
     

           
   −   

 

         
     

           
   −   

 

         (A.11) 

and τ is independent of the concentration. 

For a given concentration C fitting         vs time t 

             −      −     
     

           
   −   

 

                                (A.12/3.11) 

                −              −   
 

                          (A.13) 

where 
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     = const 1  

and       −     
   

           
 = const 2.                                                                        (A.14) 

 

 

 



Appendix III 

154 
 

Appendix III 

 

 

Figure A.III.1 The SEM image of bulk deposit of PEDOT: PSS grown in water 

 

Figure A.III.2 The SEM image of bulk deposit of PEDOT: PSS grown in PC 

 

Figure A.III. 3 The SEM image of bulk deposit of PEDOT: PSS grown in ACN 
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Figure A.III.4 (A). Raman spectrum of a PEDOT: PSSA nanowire and (B) an example of 

Gaussian fitting to estimate the peak frequency of the Raman band at 1440 cm
-1 

 

Table.A.III.1 The measured resistance and calculated conductivity for single nanowires 

formed with different solvents. The uncertainties are the standard deviation of the mean 

Solvent Resistance (MΩ) Conductivity (S cm
-1

) 

Milli-Q water 9.80±0.58 E
-01

 2.17±0.28 

Propylene Carbonate 7.36±0.11 E
-01

 3.32±1.00 

Acetonitrile 2.01±0.01 E
-01

 10.6±0.89 

 

Convection simulation (performed by Khashayar Khoshmanesh) 

The simulation was performed using Gambit 2.3 software (Fluent, Lebanon, NH, USA) to 

create the geometry and mesh generation, and the finite-volume based Fluent 6.3 software 

(Fluent, Lebanon, NH, USA) to solve the associated differential equations [266].   

We assessed the convective flow in the cell due to Joule heating and the associated electro-

hydrodynamic and electro-convective forces. First, the Laplace equation was solved by 

applying appropriate electric potentials at the micro-electrodes and zero electric flux at other 

surfaces, to obtain the distribution of electric potential within the electrochemical cell. This is 
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the primary potential distribution, determining the current distribution because of the 

application of an alternating field of sufficiently high frequency. 

02  rms  (A.1) 

Second, the electric field was calculated by differentiating the electric potential:  

rmsrmsE   (A.2) 

Third, the energy equation was solved to obtain the distribution of temperature. This equation 

consists of three terms, corresponding to the convective and diffusive heat dissipation inside 

the medium, and the source term corresponding to heat generation due to the Joule heating 

effect [267]: 

2).( rmsmedmedmedmed ETkTUc  


 (A.3) 

where U


, and T, are the local velocity vector, and temperature of the medium, respectively 

while ρmed = 998 kg m
-3

,
 
cmed = 4182 J kg

-1 
K

-1
, kmed = 0.6 W m

-1
 K

-1
, and σmed  are the density, 

specific heat, thermal conductivity, and electrical conductivity of the medium, respectively.  

Fourth, the Navier-Stokes equations were solved to obtain the variations of velocity inside the 

electrochemical cell, and were coupled to the momentum equation. The momentum equation 

consists of five terms; corresponding to the convective acceleration, pressure gradient, and 

viscous force inside the medium, and two source terms corresponding to electro-

hydrodynamic and electro-convective forces[267, 268]: 

0U 


 (A.4) 

ECEHDmedmed FFUPUU 


2)(   (A.5) 
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where P is the local pressure, and µmed = 1×10
-3

 kg m
-1

s
-1

 is the dynamic viscosity of the 

medium.  

The electro-hydrodynamic force is induced due to the temperature-dependent variations of 

electrical conductivity and permittivity of the medium: 

2

2

2

25.0
)(1

5.0 rms

medrmsmed

med

med

med

med

EHD ET
T

E
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TT
F 















































  (A.6) 

where εmed is the permittivity, and    is the charge relaxation time of the medium. The 

temperature dependence of the conductivity and permittivity of the medium were taken as for 

water: (1/σ)(∂σ/∂T)=+0.02 K
-1 

and (1/ε)(∂ε/∂T)=−0.004 K
-1

, respectively [267]. The electro-

convective force is induced due to the temperature-dependent variations of the density of the 

medium: 

TgF medzmedEC  
 

(A.7) 

where βmed = 2×10
-4

 K
-1

 is the thermal expansion coefficient of the medium, and gz = ‒9.8 m 

s
-2

 is the gravitational acceleration. 

The flow distribution and velocity of course depended upon the shape of the solution phase. 

The solution droplet shape simulated was in the form of a cap of a sphere, with cap radius 

typically 150 µm and contact angle 41
o
, cap height 70 µm.  Effects of evaporative cooling of 

the drop surface were not included: such effects would act to increase the temperature 

gradients and hence increase the convective flux. 

Further numerical simulation results of AC-induced convective transport due to Joule heating 
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Figure A.III.5 Contours of electric field (V/m) at (A) bottom surface of the droplet and 

(B) middle surface of the droplet 
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Figure A.III.6 Contours of temperature (K) at (A) bottom surface of the droplet and (B) 

middle surface of the droplet 
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Figure A.III.7 Structure of convective vortices at (A) z =10 µm with respect to the bottom, 

(B) middle, and (C) throughout the surface of the droplet. 
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Appendix IV 

Ex-situ measurements 

 

 

Figure A.IV.1 Overlay of I-V curves of probe-oligonucleotide modified nanowire after 
hybridization with different (increasing) concentration of the complementary target 
oligonucleotide: (a) 0.010 pM (b) 0.5 pM and (c) 10 pM. The length of C0NWs used in 

these studies was of 15 μm. 

 

Figure A.IV.2 Overlay of I-V curves of CONW nanowire (a) after immobilization with 0.1 
pM probe ODN (b) and after hybridization with 0.1 pM complementary target ODN. The 

length of C0NWs used in these studies was of 20 μm. 
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In-situ measurements 

 

Figure A.IV.3 Overlay of I-V curves of CONW nanowire in presence of PBS (a) after 
immobilization with 1 μM probe ODN (b) and after hybridization with 1 μM 

complementary target ODN. The length of CONWs used in these studies was of 20 μm. 

 

Selectivity testing on dendrites with Cy5 labelled ODN targets 

 

  

A B 

C D 

Figure A.IV.4 (A) The optical microscopic image before immobilization 1 μM p-DNA; The 
florescent microscopic image of (B) CONW dendrite after immobilization of 1 μM p-DNA, 
(C) CONW dendrite after hybridization with Cy5 attached 1 μM t-DNA, (D) Fluorescence 

intensity surface snapshot after hybridization of Cy5 attached 1 μM t-DNA. 
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Figure A.IV.5 Fluorescence intensity surface snapshot after hybridization of Cy5 

attached 1 μM t-DNA on CONW dendrite. Inset is the optical microscopic image of 

CONW dendrite. 
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Selectivity testing on multiple nanowires with Cy5 labelled ODN targets 

 

 

Figure A.IV.6 (i) The optical microscopic image before immobilization 1 μM p-DNA; The 
florescent microscopic image of (ii) CONW multiple nanowire after immobilization of 1 μM 
p-DNA, (iii-vi) CONW multiple nanowire after hybridization with Cy5 attached 1 μM t-DNA 

with different intensity  
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Selectivity testing on multiple nanowires with Cy5 labelled ODN targets 

 

 

Figure A.IV.7 (i) The optical microscopic image before immobilization 1 μM p-DNA; The 
florescent microscopic image of (ii) CONW multiple nanowire after immobilization of 1 μM 
p-DNA, (iii-vi) CONW multiple nanowire after hybridization with Cy5 attached 1 μM t-DNA 

with different intensity

i ii

iii iv

v vi
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