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Abstract 

The research reported in this thesis demonstrates novel methods for increasing the sensitivity 

and selectivity of the label free electrochemical DNA sensors. Electrochemically conducting 

polymers (ECPs) are used as the sensor substrate. Novel fabrication methods for these 

devices are demonstrated. A robust and versatile micro fabrication technique – Direct 

Writing of Conducting Polymers - was developed for the addressable patterning of CPs. 

Utilizing a modified Scanning Ion Conductance Microscope (SICM), localized 

electrodeposition of 2- and 3D poly(pyrrole) (PPy) micro structures was realised on various 

substrates. This method is very promising to fabricate CP arrays that can be utilised in 

biosensor arrays. 

Oligonucleotide hybridization to a complementary sequence that is covalently attached to an 

ECP coating of the working electrode of an electrochemical cell causes an increase in 

reaction impedance for the ferro-ferricyanide redox couple. The use of this effect to measure, 

in real time, the progress of DNA polymerase chain reaction (PCR) amplification of a minor 

component of a DNA extract was demonstrated. The forward primer was attached to the 

ECP. The solution contained other PCR components and the redox couple. Each cycle of 

amplification gave an easily measurable impedance increase. Target concentration could be 

estimated by cycle count to reach threshold impedance. As proof of principle, an 

electrochemical real-time quantitative PCR (e-PCR) measurement in the total DNA extracted 

from chicken blood of an 844 base pair region of the mitochondrial Cytochrome c oxidase 

gene, present at ∼1 ppm of total DNA, was demonstrated. Detection and semiquantitation of 

as few as 2 copies/μL of target could be achieved within less than 10 PCR cycles. 

A critical factor for manufacture of devices is the speed and ease of attachment of the 

recognition sequence to the electrode. A facile method is demonstrated here for the direct 

immobilization of recognition probes. New monomers are described that are carboxylate 

functionalized and which have very low oxidation potentials. Amine (-NH2) functionalized 

oligonucleotides (ONs) could be attached to the carboxylic acid (-COOH) groups of the 

newly synthesized monomers. Functionally-active ECP films were prepared by direct 

polymerization of ON-functionalised monomers. The deposition was under mild conditions 

and was completed in less than 1 second. Devices prepared in this way showed remarkable 

sensitivity, selectivity and detection limits down to aM levels when used in the label-free 
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detection method. Although not realised in this thesis the direct writing methodology could be 

used for an industrial-scale fabrication of such sensors.  
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Chapter 1. Introduction             

1.  

1.1. Conducting Polymers 

Electrochemically conducting polymers (ECPs) are materials which are organic in nature and 

yet electrically conductive (Terje A. Skotheim, 2007). Unlike conventional organic polymers, 

they hold unique properties such as electrical conductivity, high electron affinity and redox 

activity. Following their discovery, Alan G. MacDiarmid, Hideki Shirakawa and Alan J. 

Heeger were awarded the Nobel Prize in Chemistry in year 2000. The structures of the main 

conducting polymer monomers, namely acetylene (Ac), pyrrole (Py), carbazole (Cz), 

thiophene (Th), aniline (ANI) and 3,4-ethylenedioxythiophene (EDOT) are given in Figure 

1.1.  

 

Figure 1.1: Structures of acetylene, pyrrole, carbazole, thiophene, 3,4-ethylenedioxythiophene and aniline, and 

corresponding polymers. B) Conductivity table of materials (Terje A. Skotheim, 2007).   

 

http://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CB0QFjAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F483028&ei=AsSgVb_ZG6G8mQW4wa6YAg&usg=AFQjCNEJGLzEXGCPFzsaH5VoDviZqcfH3A&bvm=bv.97653015,d.dGY
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1.1.1 Polymerisation and Doping of Conducting Polymers 

Polymerisation of monomers can be performed via chemical or electrochemical methods. 

Chemical polymerisation is commonly based on oxidation of monomers via oxidation agents 

such as ferric chloride (FeCl3) (Tan & Ghandi, 2013) or ammonium persulfate ((NH4)2S2O8)  

(Xing, Zhao, & Yuan, 2008). The doping process can also be performed electrochemically 

(Kaneto, Shiraishi, & Yoshino, 1985). Despite the ease of chemical polymerisation for 

producing larger quantities of material, usually in a doped state, a disadvantage is that the 

polymerisation process and the doping state of the polymer are not well controlled.  

Electrochemical polymerisation often provides better control of the polymerisation and of the 

doping state of the polymer; however it produces a small quantity of conducting polymers 

confined to the surface of electrodes used for polymerisation. During the electrochemical 

polymerisation, the monomers are oxidized via application of potential/current in the 

presence of dopants such as, lithium perchlorate (LiClO4) (Ahmad, Rahman, & Su′ait, 2012), 

tetrabuthyl ammonium perchlorate (TBAClO4) (Çelik et al., 2014) or sodium 

dodecylsulfonate (NaDBS) (S. H. Cho, Lee, Ko, & Park, 2011). The main electrochemical 

polymerisation techniques are cyclic voltammetry (CV), chrono-amperometry (CA) and 

chorono-potentiometry (CP) (Terje A. Skotheim, 2007). Electrochemical polymerisation of 

ECP monomers, such as pyrrole, starts with the oxidation of neutral monomer to a radical 

cation,  followed by dimerization (Malhotra, Kumar, & Chandra, 1986). Dimers are oxidized 

more easily than the neutral monomers due to better conjugation. Thus dimers are further 

oxidized to radical cations which undergo radical-radical coupling, repeating the cycle till 

eventually higher oligomers precipitate on the electrode and continue to grow into the 

polymer (Figure 1.2A). Advantages of electropolymerisation are: 1) reaction is mostly 

performed at room temperature, 2) polymer is formed directly on the electrode and thickness 
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can be controlled by the total charge accumulation, 3) doping process is simultaneous with 

the polymerisation (Heeger, 2001).    

 

Figure 1.2: Schematic representation of electropolymerisation of pyrrole (Dubal, Lee, Kim, Kim, & Lokhande, 

2012). B) Neutral PPy structure, C) Polaron and D) Bipolaron formation within the main polymer chain (Hou et 

al., 2014).  

More generally, doping of ECPs can be  performed  by chemical, electrochemical, 

photochemical and interfacial doping (Heeger, 2001). Oxidation of the ECPs leads to p-

doping and formation of self-localised charge carriers called positive polarons and positive 

bipolarons (Figure 1.2 B-D) within the main polymer chain, whereas reduction leads to n-

doping and formation of negative self-localised charge carriers called negative polarons and 

bipolarons (MacDiarmid et al., 1985). Chemical doping involves the use of oxidants such as 

I2, Br2 and AsF5 (p-doping) or strong reductants such as alkali metal vapour (n-doping). In 

oxidative electrochemical doping, the polymer is oxidized via applied positive potential and 

the net charge is compensated with the ingress of counter anions from the electrolyte, such as 
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NO3
-
, ClO4

-
, Cl

-
, TsO

-
 (Yongfang, 2002). In electrochemical n-doping, when ECP is reduced 

by an applied potential, the main polymer chain is negatively charged and the net charge is 

compensated by the ingress of counter cations, such as Na
+
, Li

+
 and [(C₄H₉)₄N]

+
 (Ahonen, 

Lukkari, & Kankare, 2000).  

1.1.2  Applications of Conducting Polymers  

In the last decades there has been a tremendous amount of research in applications of 

conducting polymers in supercapacitors (Belanger, Ren, Davey, Uribe, & Gottesfeld, 2000; 

Snook, Kao, & Best, 2011), light emitting diodes (LEDs) (Gustafsson et al., 1992), field 

effect transistors (FETs) (Paloheimo, Kuivalainen, Stubb, Vuorimaa, & Yli‐Lahti, 1990), 

solar cells (H.-Y. Chen et al., 2009; Günes, Neugebauer, & Sariciftci, 2007), actuators (Alici, 

Mui, & Cook, 2006; Aydemir, Kilmartin, et al., 2015; Jager, Smela, & Inganäs, 2000; Kiefer 

et al., 2014; Madden, Kanigan, Lafontaine, & Hunter, 2001) and biosensors (Drummond, 

Hill, & Barton, 2003; Gerard, Chaubey, & Malhotra, 2002; Peng, Zhang, Soeller, & Travas-

Sejdic, 2009). Such an abundance of applications is facilitated by the ease of tailoring ECP 

properties. For example, both ECP’s monomers and the polymers themselves can be 

functionalized with various groups to tailor their properties. Addition of substituents not only 

allows easier processing and add functionality, but also may improve the electronic properties 

of the main polymer chain and increase the electrical stability. For instance, PTh is insoluble 

in all solvents, but alkyl substituted versions, such as poly(3-hexylthiophene) (P3HT), poly(3- 

dodecylthiophene) (PDDT) and poly(3-octylthiophene) (POT), are soluble in chloroform, 

benzene, tetrahydrofuran and tetrahydronaphthalene (Sato, Tanaka, & Kaeriyama, 1986). 

Ease of processing allowed P3HT to be widely used in solar cells (Motaung et al., 2009) and 

field effect transistors (Bao, Dodabalapur, & Lovinger, 1996) by spin coating the polymer 

solutions onto appropriate substrates. Alkoxy substituted PTh derivatives such as sodium 

poly-(2-(3-thienyloxy) ethanesulfonate and sodium poly(2-(4-methyl-3-thienyloxy) 
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ethanesulfonate) were reported to be water soluble (Chayer, Faïd, & Leclerc, 1997). In a 

subsequent study by the same research group, poly-(2-(3-thienyloxy) ethanesulfonate) was 

converted to poly(2-(4-methyl-3-thienyloxy) ethanesulfonic acid) to develop thermochromic, 

ionochromic, photochromic, and biochromic materials (Faïd & Leclerc, 1998). Another 

approach to improve the processing of ECPs is mixing them with charged and water soluble 

polyelectrolytes such as poly(4-styrenesulfonate) (PPS) (Groenendaal, Jonas, Freitag, 

Pielartzik, & Reynolds, 2000). A very well-known example of this is PEDOT-PSS which is 

essentially a macromolecular salt consisting of positively charged PEDOT and negatively 

charged PSS (Greco et al., 2011). PEDOT-PSS is not completely soluble in the water; 

however it disperses finely, thus it can be spin coated and drop casted on several types of 

surfaces. The conductivity of PEDOT-PSS solution can be increased by adding N-

methylpyrrolidone (NMP) (Yun et al., 2004), dimethyl sulfoxide (DMSO) (H. Liu, Kameoka, 

Czaplewski, & Craighead, 2004) and ionic liquids (IL) (Lim & Mirkin, 2002). Substituents 

can be used for other purposes as well. For instance, carboxylic acid (-COOH) and amine (-

NH2) functionalised ECPs have been utilised in biosensors based on ECPs as these 

functionalities can serve to covalently attach biological molecules as biological target 

recognition probes (Peng et al., 2009). This type of application will be discussed in detail in 

the next sections. 

1.2. Conducting Polymer Based Biosensors  

A biosensor is an analytical device which consists of a biological recognition element and 

transducer. When the recognition probe interacts with a target analyte, this interaction causes 

a signal which can be measured via the transduction of, for example, optical (Borisov & 

Wolfbeis, 2008), electrochemical (Grieshaber, MacKenzie, Voeroes, & Reimhult, 2008) or 

thermal (Ramanathan & Danielsson, 2001) signals. Achieving a robust, reliable, sensitive and 

https://en.wikipedia.org/wiki/Methylpyrrolidone
https://en.wikipedia.org/wiki/Dimethyl_sulfoxide
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selective biosensor is of upmost importance due to the increasing need for fast and cost 

effective detection techniques in the health care, food industry and environmental monitoring.   

Electrochemical biosensors have received significant attention as they can provide sensitive, 

selective, cost effective and rapid solutions for medical diagnostics, point of care applications 

and forensic analysis (Drummond et al., 2003). Examples of electrodes used in 

electrochemical biosensors are gold nanoparticles (Au), carbon (C), electrochemically 

conducting polymers (ECPs) and carbon nanotubes (CNTs) (Grieshaber, MacKenzie, Vörös, 

& Reimhult, 2008). ECPs differ from other materials due to their sensitivity towards chain 

conformation alterations, arising from their unique π orbital structure. (Heeger, 2001; Terje 

A. Skotheim, 2007). Since the recognition element attachment and target hybridisation can 

cause  perturbations in the chain conformation of ECP films, a binding event can be 

converted to an electrical read-out providing fast, label free and sensitive measurements. 

Thus, they can be employed as both sensing element and tranducer. Besides, as their porosity 

can be tuned and adjusted via selection of dopant and polymerisation technique, they can be 

tailored to have high surface area leading to increased sensitivity (Jie Wang, Xu, Chen, Du, & 

Li, 2007; Xiao, Cho, Liu, & Lee, 2007). All these features make ECPs excellent candidates as 

biosensors (M. Rahman, Li, Lopa, Ahn, & Lee, 2015).  

In a ECP based electrochemical biosensor, the recognition element is immobilised on the 

ECP electrode. Common recognition elements are oligonucleotides (ONs), aptamers, 

antibodies and enzymes. Schematics of elements and architectures of ECP based biosensors 

can be seen in Figure 1.3. Immobilisation procedures, target molecule types and 

measurement techniques are discussed in detail in the following sections. 
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Figure 1.3: Recognition elements, target molecule types and general transducer architecture of ECP based 

biosensors. 

1.2.1 Recognition element immobilisation techniques 

Immobilisation of recognition elements is a central step for reliable and reproducible sensor 

fabrication. Choosing the right immobilisation technique requires in-depth knowledge of the 

properties of the recognition probe. Ideally, the immobilisation process should be efficient 

and simple and also not cause damage to the activity of the recognition probe. 

Electrochemical entrapment, covalent attachment, physical adsorption and affinity 

interactions are all commonly used methods to immobilise recognition elements on or within 

the ECPs sensing films (Ahuja, Mir, Kumar, & Rajesh, 2007)  
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Physical adsorption exploits the interactions between the ECP surface and the biomolecules. 

The ECPs can carry significant charge, electrostatic forces between the cationic ECPs and 

anionic biomolecules (in particular ONs) play a central role. However, other interactions are 

also contributing, especially for adsorption of antibodies and other proteins. These 

interactions include hydrophobic forces and well as Van der Waals’ forces  (Norde, 1986) 

(Figure 1.4A). Control parameters for an efficient adsorption include temperature, pH, 

solvent type and net charge of the bioprobe (Norde & Anusiem, 1992; Saoudi, Jammul, Abel, 

Chehimi, & Dodin, 1997). The method was first introduced by Dicks et al. for the adsorption 

of glucose oxidase on PPy (Dicks, Cardosi, Turner, & Karube, 1993). The method was then 

used for immobilisation of other enzymes (Ekanayake, Preethichandra, & Kaneto, 2007; A. 

Kumar, Rajesh, Chaubey, Grover, & Malhotra, 2001; Shaolin & Huaiguo, 1996) and ONs 

(Hirayama, Tamaoka, & Horikoshi, 1996). The main advantage of physical adsorption is that 

it does not require any functionalization of the monomers. However due to the relatively 

weak forces involved in the adsorption of in particular DNA, probes may leach out from the 

interface over time (Evtugyn, 2014)  

To increase the binding efficiency, Umana & Waller (Umana & Waller, 1986) and Foulds & 

Lowe (Foulds & Lowe, 1986) pioneered the electrochemical entrapment technique whereby 

glucose oxidase was incorporated into PPy films via electropolymerisation of pyrrole in the 

presence of the enzyme. This resulted in a matrix of ECP and glucose oxidase (Figure 1.4B). 

PPy is often deemed the most suitable ECP for this technique as it can be electropolymerised 

in aqueous solutions at neutral pH and by applying low potentials. In the following years, 

similar methods have been employed for the immobilisation of ONs (Joseph Wang, Jiang, 

Fortes, & Mukherjee, 1999a), antibodies (Barisci, Hughes, Minett, & Wallace, 1998), other 

enzymes (Arunas Ramanavicius, Habermüller, Csöregi, Laurinavicius, & Schuhmann, 1999; 

Sarauli et al., 2015; X. Wang et al., 2011) and even cells (Jha, Kanungo, Nath, & D'Souza, 
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2009; Le et al., 2015; Odaci, Kiralp Kayahan, Timur, & Toppare, 2008) within sensor films. 

The technique provides straightforward and prolonged immobilisation compared to physical 

adsorption. However, as the probes are, at least partially, buried within the bulk polymer film 

and the target accessibility may not be efficient. Another disadvantage of entrapment is that, 

it is most suitable for water soluble monomers and thus not applicable for a wide range of 

ECPs.    

Covalent bonding of recognition probes to ECP electrodes commonly utilises N-

hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (NHS/EDC) chemistry 

to couple carboxylic acid (–COOH) to amine (-NH2) groups on the ECP and probe 

respectively (Xia et al., 2013) (Figure 1.4C). As the attachment is performed post-

polymerisation, it is versatile, non-invasive and can be tuned according to the properties of 

the probe molecules. It provides robust binding between recognition probes and ECPs and 

also increases the target accessibility as the immobilisation occurs at the ECP surface. 

Importantly, the coupling procedure is performed in mild aqueous conditions, whereby the 

integrity of the probe can be preserved.    

 A range of enzymes, such as urease (urea detection) (Rajesh, Bisht, Takashima, & Kaneto, 

2005), pyruvate oxidase (phosphate ion detection) (M. A. Rahman, Park, Chang, McNeil, & 

Shim, 2006) and glucose oxidase (glucose detection) (Şenel & Nergiz, 2012) have been 

covalently attached onto different ECP films. Rajesh et al showed that a porous morphology 

of the ECP film improved the enzyme loading and that the strong covalent linkage increased 

the stability of the enzyme immobilisation, giving a useful sensor life of up to 2 months 

(Rajesh et al., 2005). This technique has also been utilised to attach ONs to carboxylic acid 

containing ECPs such as 3-pyrrolylacrylic acid (PAA) (Booth, Harbison, & Travas-Sejdic, 

2011; Kannan, Williams, Booth, & Travas-Sejdic, 2011; Peng, Soeller, Vigar, Caprio, & 

Travas-Sejdic, 2007; Zhu, Booth, Shepherd, Sheppard, & Travas-Sejdic, 2015), 5-(3-



 

10 
 

pyrrolyl) 2,4-pentadienoic acid (PPDA) (Peng, Soeller, & Travas-Sejdic, 2007), and 3-

pyrrolylpentanoic acid (PPA) (Peng, Soeller, & Travas-Sejdic, 2007; Peng, Soeller, Vigar, et 

al., 2007). In these studies, the carboxylic acid functionalized monomers were co-

polymerized with pyrrole, followed by attachment of the –NH2 functionalized probe (ONs) 

via NHS/EDC chemistry. By using un-functionalized pyrrole as a spacer, the density of the 

probe  ONs and resulting  sensor responses can be optimized (Zhu, Booth, Shepherd, et al., 

2015).   

Affinity based attachment is an alternative to the covalent attachment. This also provides 

strong binding, while reducing the need for chemical reagents.  Amongst various types of 

affinities, the avidin-biotin system has received a lot of interest due to its very specific and 

strong interaction (M. Torres-Rodriguez, Roget, Billon, Bidan, & Livache, 1998). Biotin can 

also bind with strepavidin and NeutrAvidin. The most commonly used attachment approach 

is called the biotin sandwich technique. The working mechanism is based on 1) electro-

deposition of biotinylated monomers onto the electrodes, 2) introducing avidin and building 

avidin-biotinylated polymer bridges, 3) anchoring of biotinylated recognition probes onto 

avidin-biotinylated polymer composites (Figure 1.4D). With the highest known non-covalent 

binding constant (Kd = 10
-15 

M) (NM., 1975) the bond formation between biotin and avidin is 

not only straightforward but  is also highly stable over a wide pH and temperature range and 

it is resistant to most organic solvents.  

Using affinity interactions, ONs (Dupont-Filliard, Billon, Livache, & Guillerez, 2004; A. 

Dupont-Filliard, A. Roget, T. Livache, & M. Billon, 2001), antibodies (Ouerghi et al., 2002), 

enzymes (Cosnier, Galland, Gondran, & Le Pellec, 1998; Darain, Park, & Shim, 2003), 

peptides (Nickels & Schmidt, 2013) and aptamers (Miodek, Poturnayová, Šnejdárková, 

Hianik, & Korri-Youssoufi, 2013) have all been successively immobilized onto ECP 

electrodes.   
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Figure 1.4: Schemes of bioprobe immobilisation strategies: A) physical adsorption, B) electrochemical 

entrapment, C) covalent attachment, D) avidin-biotin affinity interactions (M is monomer, M-COOH is 

carboxylic acid functionalized monomer, red dot is a probe (or recognition element,  e.g. antibody, ON, enzyme) 

and star is biotin.   

 

1.2.2 Transduction Mechanisms  

In electrochemical biosensors, recognition events are converted into electrical read-out during 

the so-called transduction step. ECPs are unique materials as they are actively involved in the 

transduction mechanism itself. When a ECP sensor is introduced to a solution containing 

target molecules, specific binding between recognition element and target molecule alters the 

electrical and optical properties of the ECP, which in turn  can be monitored via electrical 

read-out techniques such as cyclic voltammetry (CV), amperometry or electrochemical 

impedance spectroscopy (EIS) (Drummond et al., 2003; Grieshaber, MacKenzie, Vörös, et 

al., 2008; M. Rahman et al., 2015). The choice of measurement method mostly depends on 

the oxidation and reduction potentials of the ECP used in the sensor. If the polymer is 

electroactive in low potentials like PPy, then EIS is a sensitive method to monitor the binding 

events (target to probe) in the presence of the redox indicators. The read-out can be based on 

oxidation/reduction of the ECP electrode itself (direct signal) or accompanying redox 
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indicators (indirect signal) such as potassium ferri cyanide/ potassium ferro cyanide 

K3[Fe(CN)6]/ K4[Fe(CN)6], methylene blue (MB) or  ruthenium complexes.  

1.2.2.1 Cyclic Voltammetry  

Cyclic voltammetry probes a potential range at a determined scan rate, where oxidation/ 

reduction potentials and currents of ECPs can be monitored in detail. Therefore, it can be 

used with a wide range of ECPs and recognition elements in the presence or absence of redox 

indicators. In DNA sensing, both probe attachment and target sequence hybridisation alters 

the electron flow through the backbone of the polymer. For instance, Peng et al. co-

polymerised pyrrole and 4-(3-pyrrolyl) butanoic acid (PBA) and covalently attached the –

NH2 substituted ONs onto the –COOH of poly(Py-co-PBA). The functionalised  electrode 

was then introduced to different concentrations of complementary target (Peng et al., 2005) 

(Figure 1.5 A-B), target hybridisation decreased the oxidation current dramatically and also 

resulted in a positive shift of the oxidation potential (Paleček & Bartošík, 2012). This 

phenomenon is attributed to the fact that ECP with such a rigid and bulky pendant groups 

such as double stranded DNA requires more energy to oxidize. Taleat et al. extended this 

approach by using a carboxyl-functionalized aniline, poly(o-aminobenzoic acid) (PABA), to 

detect MUC1,  an antigen which has an important role in the tumorigenesis of several cancer 

types (Taleat, Cristea, Marrazza, Mazloum-Ardakani, & Săndulescu, 2014).   

Following the PABA deposition, MUC1 monoclonal mouse antibody (Ab1) was covalently 

attached to the surface via NHS-EDC chemistry. The obtained sensor was introduced to a 

MUC1 target solution where MUC1 selectively bound to the surface immobilised Ab1. In 

conventional biosensing experiments, the electrical read-out is obtained at this step (after the 

binding of target molecules). However, in this study, methylene blue (MB) was used as the 

electrochemical indicator where MB selectively binds to the guanine bases of DNA. 
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Therefore, the PABA/Ab1/MUC1 electrode was incubated with a solution of an aptamer 

(APT) which was specifically designed to bind MUC1 antibody. Following the configuration 

of PABA/Ab1/MUC1/APT, electrode was exposed to methylene blue solution, which bound 

the aptamer. With increasing concentrations of MUC1 target, more aptamer bound to the 

surface and interacted with the MB. Thus, the oxidation signal of MB in the CV 

measurements increased as well (Figure 1.5C) (Taleat et al., 2014).  

 

Figure 1.5: A) Cyclic voltammograms of poly(Py-co-PBA) based DNA sensor (a) after incubation in 880 nM of 

non-complementary ON solution, (b) in a solution of 3.5 nM  complementary ON (c). (B) CV of poly(Py-co-

PBA) (a) and after incubation in complementary ON at concentrations of 3.5 nM (b), 8.8 nM (c) and 87.6 nM 

(d). Scan rate: 100 mV/s in PBS (Peng et al., 2005). Reprinted with permission from Peng et al., Copyright 2005 

Elsevier. C) CVs of aptamer attached -PABA electrode (a) without MUC1 and after incubation with 3, 5, 7 and 

10 ppb MUC1 concentrations (from b to e) (Taleat et al., 2014). Reprinted with permission from Taleat et al., 

Copyright 2014 Elsevier. D) Changes on the steady state current signal of GlOx/ECP/Pt electrode before (solid 

line), after (dashed line) addition of glutamate with a concentration range of 0.2 µM to 100 µM (M. A. Rahman, 

Kwon, Won, Choe, & Shim, 2005). Reprinted with permission from Rahman et al., Copyright 2005 American 

Chemical Society.  E) Pulsed amperometric signals of ssDNA/Ppy-modified electrodes (i) before; (ii) after 30 

min incubation of in the target DNA-containing samples. Potential pulse profile 1 s for 600 mV and 1 s for 0 

mV vs Ag/AgCl. F) Normalized sensor response of ssDNA/PPy-modified electrodes 1) without mixing, 2) with 

mixing the 10 ngmL–1
 target solution (Ramanaviciene & Ramanavicius, 2004). Reprinted with permission from 

Ramanaviciene &Ramanavicius, Copyright 2004 Springer. 
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1.2.2.2 Amperometry  

Amperometry utilises applying a set potential for a period of time while recording the 

current. It has been widely employed for the detection of molecules such as proteins, 

biomarkers and particularly in enzymatic immunosensors (Ekanayake et al., 2007; Foulds & 

Lowe, 1986; W. Lu & Wallace, 1997; Pandey, 1988; M. A. Rahman et al., 2005; Rick & 

Chou, 2006). A noteworthy example is that by Rahman et al (M. A. Rahman et al., 2005), 

where a functionalized conducting polymer of 5, 2’:5’,2’’-terthiophene-3’-carboxylic acid 

was electrodeposited onto a Pt micro electrode (25 µm). Glutamate oxidase (GlOx) was 

immobilised to the ECP micro electrodes via covalent attachment with the aim of detecting 

glutamate, the major excitatory transmitter in the human nervous system. The obtained sensor 

efficiently detected the glutamate down to 0.1 (±0.03) µM by monitoring of the oxidation of 

H2O2 which was generated by the GlOx at +0.45 V versus Ag/AgCl. The electrode signal in 

these experiments, was shown to reach steady state current in 10 seconds, and started to 

decrease gradually with the addition of glutamate (Figure1.5D) (M. A. Rahman et al., 2005). 

Another important example of an amperometric sensor for DNA was introduced by 

Ramanaviciene et al. (Ramanaviciene & Ramanavicius, 2004). In this study, single stranded 

probe sequences were entrapped into PPy via in situ electrochemical polymerisation. 

Hybridisation of the target sequence was monitored via pulsed amperometric detection 

(PAD) (Figure1.5E) with a detection limit of 0.37 ng mL–1 (Figure1.5F).  

1.2.2.3 Electrochemical Impedance Spectroscopy  

The technique of EIS is outlined in some details in Chapter 2, section 2.2.  In the biosensing 

field, EIS has become a very popular technique to investigate binding events of biological 

molecules (Guan, Miao, & Zhang, 2004; Lisdat & Schäfer, 2008; Prodromidis, 2010). When 

a sinusoidal potential is applied to a biosensor, current flows through the transducer, sensing 

element, recognition probe and hybridized/bound target molecules respectively. This fact 
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makes ECPs excellent candidates for impedimetric biosensors as the recognition element 

immobilisation and subsequent target molecule binding/hybridisation alters the intrinsic 

properties such as charge transfer resistance and the capacitance of ECP films. By using EIS 

these changes can be detected and utilised as an electrical read-out of the biorecognition 

event.  For instance Peng et al. introduced a gene sensor based on electro copolymerised 3-

pyrrolylacrylic acid (PAA)/pyrrole (Py) (Peng, Soeller, Vigar, et al., 2007). Upon sensing 

element deposition a NH2-functionalized ON probe was covalently attached to the acid 

functionalized ECP. The sensor was then introduced to target DNA solutions with an 

increasing concentration range from 2×10−
9
 to 2×10−

7
 M. Impedance measurements were 

carried out in the presence of 5 mM K3[Fe(CN)6]/K4[Fe(CN)6]. The charge transfer resistance 

of the sensor was found to increase upon probe ON attachment and further upon 

complementary target hybridisation (Figure 1.6A). Impedance results were fitted with a 

Randles equivalent circuit to calculate the interfacial Rct and to evaluate the normalised 

changes in Rct (ΔRct/R0) upon hybridisation, which were taken as the sensor responses (Ro is 

the charge transfer resistance of probe immobilised ECP film). The detection limit was 

reported to be 0.98 nM. Subsequently, Booth et al also utilised poly(PAA-co-Py) to 

investigate the effect of probe/target length on the sensor performance (Booth et al., 2011). In 

that study, a 23’ mer probe ON was covalently attached to the ECP electrode and the 

obtained sensors were incubated with 23’, 50’ and 113’ mer target solutions with a 

concentration range of 2.5 × 10
−8 

– 2.0 × 10
−3

 M. It was found that the length of the target 

sequence has a significant effect on the sensor performance and that the sensor response 

(ΔRct/R0) was proportional to the target length. This effect was attributed to the extra charge 

accumulation coming from the longer strands (Figure 1.6B) (Booth et al., 2011). Another 

noteworthy example of impedimetric biosensors was introduced by Darain et al. where a 

direct and label free immunosensor could be achieved using a tethered thiophene with 
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carboxylic acid function (5, 2`:5`, 2``-terthiophene-3`-carboxylic acid). The resulting sensor 

was used to determine vitellogenin (Vtg), a female-specific protein, in Carassius auratus 

(gold fish) blood samples (Darain, Park, Park, & Shim, 2004). Upon electrodepositing the 

ECP, immobilisation of the corresponding antibody, anti-Vtg, was carried out via NHS/EDC 

coupling (Figure 1.6C). Then the response of ECP/anti-Vtg-modified electrode was 

measured towards its specific antigen, Vtg, in the fish blood samples. EIS measurements 

were carried out for electrical read-out at an open circuit potential, in PBS without any redox 

probe (Figure 1.6D). Addition of Vtg led to a decrease in Rct of the ECP/anti-Vtg-modified 

sensor which was attributed to the alteration of the surface located charges due to the specific 

binding between antigen and antibody. Literature reports are however not always consistent 

regarding the impedance change upon protein binding. For instance, Ramanavicius et al. 

measured an increased charge transfer resistance upon antibody-antigen binding on a PPy 

based immunosensor (A. Ramanavicius, Finkelsteinas, Cesiulis, & Ramanaviciene, 2010). 

These differences can be attributed to the fact that different proteins can have different net 

charge and orientation on the solid surface (J. Travas-Sejdic, Aydemir, Kannan, Williams, & 

Malmstrom, 2014).  

http://www.sciencedirect.com/science/article/pii/S1567539409002059
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Figure 1.6: Nyquist diagrams of a poly(Py-co-PAA) electrode (a) before, (b) after immobilisation of probe 

ONs, (c) after hybridisation with 20.2 nM complementary target sequence.(Peng, Soeller, Vigar, et al., 2007) 

Reprinted with permission from Peng et al., Copyright 2007 Elsevier. B) Sensor response (ΔRct/R0) versus 

logarithm of concentration for P(Py-co-PAA)/PSS film showing the effect of target sequence length (23-mer 

(black squares), 50-mer (dark grey circles), 113-mer (grey triangles))(Booth et al., 2011). Reprinted with 

permission from Booth et al., Copyright 2011 Elsevier. Experiments in both A and B were performed in PBS 

solution (pH 7.4) containing 5.0 mM Fe(CN)6
3−

/Fe(CN)6
4−

.  C) Scheme representing the immobilisation of the 

receptive antibody, anti-Vtg, via NHS/EDC coupling to poly (5,2`:5`,2``-terthiophene-3`-carboxylic acid) 

(Darain et al., 2004). D) Nyquist plot (a) before and (b) after 4.0 g/L addition of Vtg solution (Darain et al., 

2004). Reprinted with permission from Darain et al., Copyright 2004 Elsevier. 

 

1.2.3 Detection of Different Types of Target Molecules   

The aim of a biosensor is to detect biologically active species as target molecules. Thus, 

when the sensor is designed, the type of the target molecule should be taken into 

consideration. Using ECPs as sensing films, proteins, DNA and sugars (e.g. glucose) can be 

detected via label free electrochemical read-out. In the following section, sensing of the main 

target molecule types is reviewed through discussion on selected studies.  
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1.2.3.1 Glucose Sensors  

Glucose monitoring is essential for the management of diabetes, thus there has been a 

tremendous effort to develop non-invasive, fast and reliable glucose sensors over last three 

decades (Heller & Feldman, 2008; Oliver, Toumazou, Cass, & Johnston, 2009). ECP-based 

glucose sensors provide promising solutions as they can accommodate the glucose oxidase 

(GOx) enzyme (which is the recognition probe of the glucose detection) and offer a fast and 

precise response via electrochemical measurement techniques. In a typical glucose sensor, 

surface immobilised GOx catalyses the oxidation of glucose in the presence of oxygen (O2) to 

produce β-gluconic acid and hydrogen peroxide (H2O2) (Umana & Waller, 1986): 

β-glucose + O
2
 + H

2
O               β-gluconic acid + H

2
O

2  
                      (1.1) 

 

The rate of H2O2 production and O2 consumption is proportional to the glucose present. Thus 

the amount of glucose can be determined via the electrochemical reduction of H2O2 at 0.8 V 

versus SCE: 

H2O2 + 2H
+
    2e- (0.8V)         2H2O                                                      (1.2)  

As an alternative measurement method, the amount of H2O2 (formed at 1.1) can be 

determined with Mo(IV) catalysed reduction of the H2O2 with iodide ions: 

H2O2 + 2H
+
 + 2I

-
    Mo(IV)      I2 + 2H2O                                               (1.3)  

Subsequently, I2 is reduced at a potential of 0.2 V versus SCE and electrical read-out is 

obtained:  

  
I
2
 + 2e

-

   (0.2V)     2I
-

                                                                             (1.4)               
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Figure 1.7: Amperometric signals arising from the PPy/GOx electrode upon addition of (a) 10
-3

, (b) 8 x 10
-4

, (c) 

4 x 10
-4

, (d) 2 x 10
-4

 M glucose. Inset represents the initial rate of glucose oxidation as a function of glucose 

concentration (Umana & Waller, 1986). Reprinted with permission from Umana & Waller, Copyright 1986 

American Chemical Society. B) Schematic of the working principle of poly(BEDOA-6)/Au NPs/MPA/GOx 

biosensor (Kesik et al., 2013). C) Calibration curve for poly(BEDOA-6)/Au NPs/MPA/GOx electrode after 

0.025 mM to 1.25 mM glucose addition (Kesik et al., 2013). Reprinted with permission from Kesik et al., 

Copyright 2013 Elsevier.  D) 3D heterostructure of the PtNP/PANI hydrogel, E) Amperometric signals and F) 

calibration curve of the PtNP/PANI electrode after addition of glucose with a concentration range of 1 μM - 80 

mM (Zhai et al., 2013) Reprinted with permission from Zhai et al., Copyright 2013 American Chemical Society. 

An early example of such sensors was introduced by Umana and Waller (Umana & Waller, 

1986) where GOx was immobilised in the PPy film via electrochemical entrapment. As PPy 

films were found to degrade above 0.8 V in the presence of H2O2 (eq. 1.1), the authors 

instead utilised the indirect reduction of H2O2 presented in equation 1.4. In this case, 

amperometry was used as the measurement technique and an increase of the current was 

observed upon addition of glucose (Figure 1.7A). Despite the ease of fabrication and 

detection, this sensor had a one major drawback; the current response of the sensor decreased 

by 50% in 24 hours and completely diminished in two weeks. This behaviour was attributed 

to the leakage of GOx from the surface due to the lack of bonding between the polymer and 

enzyme. This prompted research into covalent attachment (Kojima, Yamauchi, Shimomura, 

& Miyauchi, 1998) and electrochemical adsorption (J.-H. Cho, Shin, & Kim, 1996) to 

increase the efficiency of the immobilisation. For instance, by using adsorption 80% of the 

current response was preserved for the first 50 hours (J.-H. Cho et al., 1996), however 
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without reports of long term shelf-life. Efforts to improve sensitivity have been made by 

increasing the electron transfer rate of the sensors and by incorporating nanoparticles such as 

Au (Kesik et al., 2013) and Pt (Zhai et al., 2013) within ECPs.  For instance, Kesik et al. 

(Kesik et al., 2013) synthesized an NH2-functionalised monomer, 6-(4,7-bis(2,3-

dihydrothieno [3,4-b][1,4]dioxin-5-yl)-2H-benzo[d] [1,2,3]triazol-2-yl)hexan-1-amine 

(BEDOA-6), to be used for covalent binding of Gox (Kesik et al., 2013). Upon 

electrodeposition of poly(BEDOA-6), mercaptopropionic acid (MPA) functionalized Au 

nano particles (Au NPs/MPA) and GOx were covalently attached onto the ECP surface 

simultaneously (via NHS/EDC chemistry) (Figure 1.7B). The ECP was utilised to provide an 

efficient conjugation between Au NPs/MPA and GOx as well as to transduce the electrical 

signal. AuNPs/MPA served to improve the electron transfer from the active site of the 

enzyme to the ECP. The detection limit of the sensor was reported to be 25x10
-6

 M (Figure 

1.7C) which was in agreement with previous studies where composites of different materials 

were employed (Crespilho et al., 2006; Manso, Mena, Yáñez-Sedeño, & Pingarrón, 2007; S. 

Zhang, Wang, Niu, & Sun, 2005). Due to the stabile bond between GOx and ECP provided 

by the covalent attachment, the authors observed no change of the current signal for up to 

three weeks. Another noteworthy example of increased sensitivity and stability was 

introduced by Zhai et al (Zhai et al., 2013) by incorporating GOx into a PANI hydrogel/Pt 

nano particle (PtNP/PANI hydrogel) matrix (Figure 1.7D). GOx was crosslinked to the 

PtNP/PANI hydrogel matrix by glutaraldehyde where the PtNPs were employed to increase 

the electron transfer speed, similar to the study where AuNPs were used (Kesik et al., 2013). 

The detection limit was reported to be 0.7x10
-6

 M which was the lowest reported detection 

limit to that point of time (Horng et al., 2009; L. Xu, Zhu, Yang, & Li, 2009). 
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1.2.3.2. Immunosensors  

Immunosensors are extremely useful tools for environmental monitoring, food quality 

screening as well as disease control and they are based on detection of specific antigens 

(Luppa, Sokoll, & Chan, 2001). Antigens can be defined as the foreign molecules that lead to 

the production of antibodies by the immune system (B. Lu, Smyth, & O'Kennedy, 1996). By 

immobilizing the antibodies onto a solid surface, a specific antigen can be targeted. However 

orientation and surface density of the antibodies are crucial parameters to achieve consistent 

signals (Tajima, Takai, & Ishihara, 2011). The commonly used immunoglobulin G (IgG) 

antibody consist of two main fragments; Fab2 (two separate Fab) and Fc (Figure 1.8A). Only 

the Fab fragments have the antigen binding affinity whereas the Fc has antibody effector 

properties. Thus, for an active immobilised antibody, Fc should be connected to the sensor 

surface while Fab2 should be facing towards the analyte solution (B. Lu et al., 1996; Trilling, 

Beekwilder, & Zuilhof, 2013) (Figure 1.8A). Another important parameter in immunosensor 

fabrication is the prevention of non-specific antigen binding. Several methods have been 

explored to reduce non-specific binding, blocking using bovine serum albumin (BSA) (Tam 

& Hieu, 2011) or using antifouling materials, such as poly(ethylene oxide) based molecules 

(Frederix et al., 2004) or antifouling polymer brush layers, for example poly(N-isopropyl 

acrylamide) (Shiddiky, Kithva, Kozak, & Trau, 2012). 

ECPs have been widely employed in immunosensors as they can be functionalized with 

different groups that can accommodate the antibody and transduce the antigen-antibody 

binding event into electrical signals. In an early example introduced by Ouerghi et al. the 

antibody was effectively attached onto the ECP surface by biotin avidin chemistry (Ouerghi 

et al., 2002). In constructing the sensor, 1) biotinylated pyrrole was electropolymerised onto 

the Au electrode, 2) electrode was incubated with avidin solution, 3) 

polypyrrole/biotin/avidin (PPy/Bi/Av) electrode was incubated with biotinylated antibody 

http://www.sciencedirect.com/science/article/pii/S1567539402000294
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(anti-human IgG), 4) PPy/Bi/Av/AntiIgG sensor was incubated with related antigen (IgG). 

From PPy deposition to antigen incubation, each step was monitored with EIS in PBS (pH 

7.4) at -1.4 V vs SCE without any redox probe. The binding events to the optimized sensor 

were monitored as an increase of the electrode impedance with a detection limit of 10 pg ml
−1 

(Figure 1.8B).  The effect of the applied potential (from 0 V to −1.4 V vs SCE ) during the 

EIS measurements on the sensor performance was studied by Hafaid et al. (Hafaid et al., 

2010). For a copolymer of Py and 3-N-hydroxyphtalimide pyrrole (Py-NHP) the optimum 

measurement potential was found to be -1.4 V, where the complete semi-circle was obtained. 

This behaviour was explained by the fact that at -1.4 V polypyrrole is completely insulating 

and at the same potential electrochemical reduction occurs of the NTA/copper complex 

which decreases the charge transfer resistance. In the following step, the poly(Py-co-PyNHP) 

electrode was functionalized with a Cu
2+

 containing organic complex to provide efficient 

attachment of a histidine tagged antibody. The obtained sensor was utilised for detection of 

an antigen (peptide conjugated to BSA) with varying concentrations from 100 pg/ml to 100 

ng/ml (Figure 1.8C).  The best sensor response and detection limit (21.4 pg mL
−1

) was 

obtained at -1.4 V, as the redox process is the fastest at this potential. In the light of the 

mentioned studies, there is a great potential for ECP based immunosensors to detect diseases 

in a fast and cost-effective way. However, the net charge of the antigens and antibodies to be 

used should be investigated prior to sensor design to obtain the most reliable and efficient 

electrical read-out.  
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Figure 1.8: Segments of the immunoglobulin G (IgG) and schematic description of the antibody immobilisation 

leading to active, partially active and inactive antibody (B. Lu et al., 1996), Reproduced with the permission 

from Lu et., Copyright 1996, The Royal Society of Chemistry (RSC). B) Nyquist plots representing the 

impedance measurements of (□) antibody modified electrode, after addition of (○) 10 ng/ml, (˄) 50 ng/ml and 

(˅) 100 ng/ml antigen (Ouerghi et al., 2002). Reprinted with permission from Ouerghi et al., Copyright 2002 

Elsevier C) Nyquist plots of an electrode containing histidine-tagged reduced antibody after addition of various 

concentrations of antigen (Hafaid et al., 2010), D) Effect of applied potential on the sensor response of the P(Py-

PyNHP) films (Hafaid et al., 2010). Reprinted with permission from Hafaid et al., Copyright 2010 Elsevier. 

 

1.2.3.3 DNA sensors  

ECP based DNA sensors are attractive for applications such as forensic investigations, drug 

discovery, medical diagnosis. When constructing a ECP based DNA sensor, there are three 

important parameters for consideration: 1) the probe ONs immobilisation technique should be 

tailored to retain the affinity of the probe for the complementary DNA sequence, 2) the ECP 

should be hydrophilic enough to allow for efficient and fast electron transfer in aqueous 

media and, 3) the measurement technique employed should not oxiditively damage the 

DNAs. In this section, those parameters will be discussed through relevant studies.  

Electrochemical entrapment is a simple and fast method to incorporate ONs into the ECPs, 

where they are used as sole or secondary dopants during the electrochemical deposition of the 
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ECP. An early example of such an incorporation was introduced by Wang et al, who used 

single stranded ONs as the sole counter anions during the electrodeposition of PPy (Joseph 

Wang et al., 1999a).  The PPy films were electrodeposited onto glassy carbon electrodes via 

CV (from 0.0 V to +0.70 V; 50 mV/s scan rate) in the presence of (oligo(dG)20), 

(oligo(dA)20) or KCl respectively (Figure 1.9A). It was found that a micromolar level of ON 

(100 μg/ml) was enough to obtain highly electroactive films while a considerably higher 

amount of KCl (1M) was required to achieve such electroactivity. The obtained sensors, 

PPy/oligo(dG)20, PPy/oligo(dA)20, and PPy/Cl (probe-free) were incubated with target DNA 

solutions and amperometric measurements were carried out to monitor DNA hybridisation 

events. Figure 1.9B shows the distinct, transient peaks following the hybridisation of 

complementary sequences. In the case of non-complementary target exposure, peaks with a 

reverse orientation were obtained. No such peaks were observed in the case of PPy/Cl 

electrode. In a subsequent study, (Joseph Wang & Jiang, 2000) authors investigated the 

mechanism of PPy-ON complex formation. Electrochemical quartz crystal microbalance 

(EQCM) and voltammetry experiments revealed that the ONs are incorporated into the PPy 

network in a similar way to small inorganic anions and that the surface electrochemistry       

(in 1 M NaCl) is mostly dominated by the cation movement (eq. 1.5).   

PPy(ODN
n-

)X(Na
+
)nX                     PPy

X+
(ODN

n-
)X+ nxNa

+
+ nxe

-                  (1.5) 

In another example, an additional dopant was used to improve the conductivity and 

electrochemical activity of ECP films where 0.1 M KCl was employed as the main dopant in 

the presence of ON as secondary dopant (Ramanaviciene & Ramanavicius, 2004).    

Despite the straightforward immobilisation, lack of bonding between the ONs and ECP 

commonly leads to leaking of the probe ONs from the ECP film. To address this issue 

Livache et al. developed a technique based on the covalent attachment of ON probe 
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sequences to the nitrogen atom of the pyrrole ring by phosphoramidite chemistry (T. Livache 

et al., 1994) before the electropolymerisation of the monomer (Figure 1.9C). Then, by 

electrocopolymerising of Py and Py-ON in the presence of 0.1 M LiClO4, a matrix made of 

ECP and ONs was achieved. Kinetic studies on the hybridisation of target sequence, as well 

as with non-complementary negative control, revealed that the hybridisation was completed 

within 60 minutes for 0.2 x 10
-6

 M target concentration. Obtained sensors had significant 

selectivity towards the target compared to the negative control where the electrode was 

incubated with 0.2x 10
-6

 M non-complementary sequence (Figure 1.9D). Such PPy-ON 

matrices have also been utilised in several other studies where the DNA hybridisation was 

monitored via amperometry (T. Livache et al., 1994), photocurrent spectroscopy (N. Lassalle, 

P. Mailley, et al., 2001b; N. Lassalle, E. Vieil, J. P. Correia, & L. M. Abrantes, 2001) or 

EQCM (N. Lassalle, P. Mailley, et al., 2001b).  

 

Figure 1.9: A) Electrodeposition of I) PPy with KCl as dopant, II) PPy-ON oligo(dG)20 as dopant via cyclic 

voltammetry (Joseph Wang et al., 1999a). Reprinted with permission from Wang et al., Copyright 1999 

Elsevier. B) Amperometric signals obtained upon incubation of I) PPy/oligo(dG)20, II) PPy/oligo(dA)20 and III) 

PPy/Cl
−
 electrodes with target solutions ( A= adenine, G=guanine, C=cytosine, T=thymine) (Joseph Wang et al., 

1999a). C) Scheme representing the electrochemical copolymerisation of Py and Py-ON (T. Livache et al., 

1994). D) Hybridisation kinetics of I) 0.6x 10
-6

 M, II) 0.2x 10
-6

 M complementary and III) 0.2x 10
-6

 M non 

complementary target solutions on PPy-ON electrodes (T. Livache et al., 1994). Reprinted with permission from 

Livache  et al., Copyright 1994Oxford University Press. 
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Researchers have further explored the covalent attachment of –NH2 or –COOH 

functionalized ONs with functionalized ECPs to overcome the challenges of electrical 

entrapment (Ahuja et al., 2007). For instance, Garnier et al (Garnier, Korri-Youssoufi, 

Srivastava, Mandrand, & Delair, 1999) synthesised a functionalized pyrrole, 3-N hydroxyl 

phthalimide pyrrole carrying an ester leaving group (Godillot, Korri-Youssoufi, Srivastava, 

El Kassmi, & Garnier, 1996). After electro copolymerisation with 3-acetic acid pyrrole, –NH2 

functionalized probe ONs were attached to the poly(3-acetic acid pyrrole-co-3-N-hydroxy 

phtalimide pyrrole) by the chemical substitution of N-hydroxyphthalimide (Figure 1.10A). 

Hybridisation events were monitored by CV after incubation with 13x10
-6

, 33x10
-6

 and 10
-4

 

M target DNA and the detection limit was reported to be 2x10
-9 

M (Figure 1.10B).  

 

Figure 1.10: A) Reaction scheme describing the electrochemical deposition of poly(3-acetic acid pyrrole-co-3-

N-hydroxy phtalimide pyrrole) and following chemical substitution of N-hydroxyphthalimide by ON (Garnier et 

al., 1999).  B) Cyclic voltammetry measurement carried out a) before and after incubating the sensor with b) non 

complementary, c) 13x10
-6

M, d) 33x10
-6

M and e) 10
-4

 M target DNA (Garnier et al., 1999). Reprinted with 

permission from Garnier et al., Copyright 1999 Elsevier. C) Covalent attachment of NH2 functionalized ONs 

onto –COOH functionalized poly(Py-co-PBA) via NHS-EDC chemistry (Peng et al., 2005). Reprinted with 

permission from Peng et al., Copyright 2005 Elsevier. Complex capacitance measurements of PHTAA doped 

with D) (CH2)4N(CF3)2(SO2)2 , E) (C2H5)4NBF4 (in both cases, stability of electrodes were tested with repetitive 

impedance measurements during 20 hours, followed by incubation with 49x10
-6

 and 49x10
-5

 M target solutions 

(Spires, Peng, Williams, & Travas-Sejdic, 2011a). Reprinted with permission from Spires et al., Copyright 2011 

Elsevier. 
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In a study by Peng et al (Peng et al., 2005) a carboxylic acid carrying poly[pyrrole-co-4-(3-

pyrrolyl) butanoic acid], (poly(Py-co-PBA), was electrochemically deposited onto GC 

electrodes and -NH2 functionalized ONs were covalently attached to the ECP via EDC 

coupling (Figure 1.10C). Target ON hybridisation was carried out, in ON concentration 

range from 3.5x10
-9

 to 87.6x10
-9

 M monitored by CV (Figure 1.5B). To prevent the 

hydrolysis of the EDC and thereby improve the conjugation efficiency, the authors used NHS 

in conjuction with EDC in their subsequent studies (Booth et al., 2011; Peng, Soeller, Vigar, 

et al., 2007; Jadranka Travas-Sejdic, Peng, Yu, & Luo, 2011).  

One of the biggest advantages of covalent attachment compared to entrapment is that it is 

versatile, thus applications are not limited to the water soluble pyrroles. However, when 

choosing the sensing element, the nature of the ECP must also be taken into consideration. It 

has been shown that, compared to pyrroles, thiophene based ECPs have less electroactivity in 

aqueous media due to solvent induced microstructure collapse (Spires, Peng, Williams, & 

Travas-Sejdic, 2011b). However, this issue can be mitigated, to some extent, by changing 

dopant from a small hydrophilic ion to a larger hydrophobic one (Spires et al., 2011a; Jie 

Wang et al., 2007). For example, the DNA sensing performance of poly(3-[3′,3‴-

bis(hydroxymethyl)-2′:2″,5″:2‴-terthiophene)-3″-yl](E)acrylic acid), (PHTAA) was 

investigated using two films; one doped with (CH2)4N(CF3)2(SO2)2 (hydrophobic dopant)) 

and the other with (C2H5)4NBF4 (hydrophilic dopant) (Spires et al., 2011a). Following the 

polymerisation –NH2 functionalized ONs were covalently attached onto both ECP films and 

the sensors were incubated in PBS for 20 hours to test the stability in aqueous media before 

incubation with complementary target sequences (49x10
-6

 and 49x10
-5

 M) for 1 h each at 37 

o
C.  Figure (1.10D-E) presents the impedance measurements carried out in a PBS solution 

containing 5 mM Fe(CN)6 
3−/4−. Variation in electrode capacitance revealed that the PHTAA 

electrode polymerized with the large hydrophobic dopant showed significant change in the 
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case of complementary target hybridisation but no change was observed in the case of doping 

with a smaller hydrophilic dopant. The reason of this behaviour was explained by the fact that 

small ions such BF4
-
 can easily exchange with the Cl

-
 ions in PBS during the electrochemical 

measurements and this can lead to microstructure collapse. This study is a very important 

example of the effects of sensing element preparation on the sensor performance. Another 

good example is how the thickness of the ECP film changes the sensor response and 

sensitivity (Peng, Soeller, Vigar, et al., 2007). In a study of poly(Py-co-PAA) with different 

thicknesses, the thinner films showed better sensor response due to larger surface to volume 

ratio, leading to faster and more efficient electron transfer (Peng, Soeller, Vigar, et al., 2007). 

1.3. Conclusions  

This chapter has outlined the types and main elements of conducting polymer based 

electrochemical biosensors. The techniques available for recognition probe immobilisation 

have been reviewed in detail. Methods of signal transduction were included and the 

electrochemical read out techniques such as amperometry, cyclic voltammetry and 

electrochemical impedance spectroscopy have been briefly summarised. In the light of 

reviewed studies, there is still a great need to stabilize ECP- recognition element complexes 

and increase the sensitivity of ECP biosensors. This can be achieved by improving the 

electroactivity of the ECP (Peng, Soeller, & Travas-Sejdic, 2007), immobilizing the 

recognition elements efficiently (Ahuja et al., 2007; Velusamy et al., 2011), amplifying the 

transduced signal (Ma, Zhou, Zoval, & Madou, 2006) and enhancing the nanoporosity of the 

polymer film (Zhu, Alsager, Kumar, Hodgkiss, & Travas-Sejdic, 2015). When constructing a 

ECP biosensor, the type of the target molecule should firstly be taken into consideration. 

Then appropriate recognition elements, related immobilisation technique recognition signal 

transduction and amplification methodologies should be assessed. Finally, care needs to be 
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taken to assure that the electrochemical read-out method does not damage either probe or 

target molecules.       
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Chapter 2. Methodologies  

2.  

This chapter briefly describes three methodologies that are utilised in this PhD thesis but may 

be not so common in general materials chemistry research. It is felt important to introduce 

these to the readers.  These techniques are modified Scanning Ion Conductance Microscopy 

(SICM), Electrochemical Impedance Spectroscopy (EIS) and Polymerase Chain Reaction 

(PCR). SICM is employed for fabrication and characterisation of ECPs microstructures 

(Chapter 3), PCR, along with EIS, is the main technique utilised in Chapter 4 and EIS is the 

main biosensor readout methodology employed in both Chapter 3 and 4. Fundamental 

principles of the techniques are discussed below in some details and relevant previous 

applications are briefly mentioned.  

2.1. Scanning Ion Conductance Microscopy  

Scanning Ion Conductance Microscopy (SICM) is a surface probing technique that was 

introduced by Hansma et al (Hansma, Drake, Marti, Gould, & Prater, 1989) in 1989. It has 

been widely used in high resolution cell imaging (Gorelik et al., 2008; Korchev, Bashford, 

Milovanovic, Vodyanoy, & Lab, 1997; Miragoli et al., 2011; Andrew I. Shevchuk et al., 

2006) and electrochemical mapping (Ebejer, Schnippering, Colburn, Edwards, & Unwin, 

2010; Nadappuram, McKelvey, Al Botros, Colburn, & Unwin, 2013; Takahashi et al., 2010). 

In a typical SICM probing experiment, the measurement cell is filled with a salt solution. It 

consists of 1) a sample to be measured, 2) an external Ag/AgCl reference electrode and 3) a 

micro or nanopipette containing a Ag/AgCl wire and filled with the same salt solution as is in 

the cell (Figure 2.1A). In the presence of applied potential between pipette and the external 

electrode, an electrical read out is obtained in form of current. The magnitude of the 
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measured current is inversely proportional to the total resistance (RT) which is a combination 

of access (Rac) and pipette (Rp) resistance (Happel, Thatenhorst, & Dietzel, 2012).  

 

 

Figure 2.1: Schematic representation of working mechanism of a Scanning Ion Conductance microscope (A. I. 

Shevchuk et al., 2001). B) SEM picture of a borosilicate pipette (inset represents a higher magnification of the 

tip meniscus). C) Effect of the sample-pipette separation on the experimental and theoretical current values 

(Korchev et al., 1997). Reprinted with permission from Korchev et al., Copyright 1997 Elsevier. D) Continuous, 

E) hopping feedback modes in scanning ion conductance microscopy (Novak et al., 2009). Reprinted by 

permission from Macmillan Publishers Ltd: Nature Publishing Group, Novak et al., Copyright 2009.  

 

The operation principle of the SICM is the following. As a micropipette is approaching 

towards a non-conducting sample along the Z axis, the current between pipette and the 

external electrode begins to be hindered at the distances close to the pipette meniscus 

diameter (Figure 2.1A) (C.-C. Chen, Zhou, & Baker, 2012). This resistance leads to a drastic 

decrease in the current read-out (Figure 2.1C) and is defined as the pipette access resistance 

(Rac):  
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𝑅𝑎𝑐  ≈

3
2 ln (

𝑟0

𝑟𝑖
)

𝐾. 𝜋. 𝑑
                      (2.1) 

where K is the conductivity of the salt solution, d is the distance between sample and the 

pipette tip, ro is the outer and ri is the inner radius of the pipette tip. Another important 

parameter is the pipette resistance (Rp) which is highly dependent on the tip geometry and the 

pipette diameter (C.-C. Chen et al., 2012) and is defined as:  

𝑅𝑝 =
ℎ  

𝐾. 𝜋. 𝑟𝑝. 𝑟𝑖
                      (2.2) 

where h is the tip length, , and rp is the inner radius of the cone base.  

 

In the early studies on SICM, the current feedback mechanism was based on the continuous 

mode (Pastré, Iwamoto, Liu, Szabo, & Shao, 2001; Rodolfa, Bruckbauer, Zhou, Korchev, & 

Klenerman, 2005; A. I. Shevchuk et al., 2001) whereby the pipette was separated from the 

sample with a constant distance and it is moved along the X and Y axes (Figure 2.1D). This 

technique is favourable for flat samples; however it is not suitable for highly porous samples 

(Laslau, Williams, & Travas-Sejdic, 2012) as the sudden height change leads the pipette to 

collide and break up. On the other hand, in the hopping mode (Figure 2.1E) the pipette is 

retracted to a tuneable point on the Z axis and then moved along the X, Y axis before 

approaching to the surface to reach the set-point resistance. By using hopping mode, soft, 

sensitive and rough samples such as living cells (Novak et al., 2009) can be imaged and 

studied without damaging either the sample or the pipette.  

By providing a well-controlled and defined pipette approach, an appropriate solution 

composition, SICM has also been employed for localized deposition of the 3D metallic wires 

(Hu & Yu, 2010) as well as conducting polymer micro-spots (Laslau, Williams, Kannan, & 
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Travas-Sejdic, 2011) and 3D wires (J. T. Kim et al., 2011). In the 3D fabrication technique, 

when the pipette tip containing an appropriate solution is brought towards a conductive 

surface, contact is established between the pipette tip and the surface (Figure 2.2A). If the 

pipette is retracted with a tuneable speed, deposition is triggered by applying a potential 

between the electrode in the pipette and the surface (Hu & Yu, 2010; Laslau et al., 2011) 

(Figure 2.2C) or by means of an oxidative polymerisation in air (Figure 2.2D) (J. T. Kim et 

al., 2011). In electrochemical micro-spotting, a constant potential is applied after the pipette 

substrate contact is established (Figure 2.2 E-F), then pipette is retracted with a high speed 

and moved to the next point (Laslau et al., 2011). By using pipette localized deposition, 

patterns and arrays of conducting polymers were fabricated (Figure 2.2 D&G).  

 

Figure 2.2: A) Schematic representation of 3D metallic wire deposition. B) SEM picture of a specially designed 

pipette for fabrication of bent metallic wires (C) (Hu & Yu, 2010). Reprinted with permission from Hu & Yu, 

Copyright 2010, The American Association for the Advancement of Science. D) 3D conducting polymer (PPy) 

wires fabricated via pipette confined air polymerisation (J. T. Kim et al., 2011). Reprinted with permission from 

Kim et al., Copyright 2011, John Wiley and Sons.  E) Schematic of a set-up for electrochemical micro-spotting 

of conducting polymers (Laslau et al., 2011). F) Current-time curves of an approach-contact-retract SICM mode 

(Laslau et al., 2011). G) An example of repeatability of the electrochemically localized fabrication, well-defined 

writing of “PERC” with PEDOT micro-spots (Laslau et al., 2011). Reprinted with permission from Laslau et al., 

Copyright 2011, John Wiley and Sons.  
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2.2. Electrochemical Impedance Spectroscopy  

 

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique to investigate 

electrical properties such as charge transfer resistance and capacitance of conductors and 

semi-conductors (Macdonald, 2006). In an ideal direct current (dc) circuit, current (I) is 

directly proportional to the applied potential (U), as defined by Ohms law:  

𝑅 =
𝐼

𝑈
                                  (2.3) 

where, R describes resistance. However, in real life, alternating current (ac) circuits are 

utilised and the resistive behaviour is much more complex than the ideal dc one. Thus the 

resistance to the electron flow in a conductor and a semiconductor is described as the 

impedance (Z) and it is measured by electrochemical impedance spectroscopy. EIS measures 

the current response of an electrode when a sinusoidal potential is applied in a wide 

frequency range (B.-Y. Chang & Park, 2010). The following relationships hold: 

𝑉𝑡 =  𝑉0. sin(𝑤𝑡)                     (2.4) 

𝐼𝑡 =  𝐼0. sin(𝑤𝑡 + ∅)               (2.5) 

where Vt and It represent the potential and current at time t, V0 and I0 are amplitude of the 

potential and current whereas w is the radial frequency and ∅ is the phase angle shift. In an 

expression similar to Ohms law, impedance is described as (Lasia, 2002; Retter & Lohse, 

2002):  

                                                       𝑍 =
𝑉𝑡

𝐼𝑡
                                (2.6) 

𝑍 =
[𝑉0. sin(𝑤𝑡)]

[𝐼0. sin(𝑤𝑡 + ∅)]
             (2.7) 
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Usually EIS measurements are carried out in a three terminal electrochemical cell consisting 

of a working electrode (WE), a counter electrode (CE) and a reference electrode (RE). The 

WE is either a semi-conductor or a conductor while the CE and RE are most commonly 

platinum (Pt) wire and Ag/AgCl(aq) electrodes respectively. Saturated Calomel Electrode 

(SCE), Standard Hydrogen Electrode (SHE) and Palladium Hydrogen Electrode (P-H) can 

also be used as RE. In some cases, two-terminal electrochemical cells can be employed as 

well, where a Pt wire is connected as both CE and pseudo-reference electrode. The applied 

potential, whether it is open circuit or direct bias potential, differs by the type of the WE, 

electrochemical cell arrangement and solution composition (Naumann, 2011). For instance, if 

the event to be measured is dependent on the solution composition, such as the presence of 

inhibitors in a metallic corrosion experiment (Hassan, Abdelghani, & Amin, 2007) or a 

bacterial catalyst in a microbial fuel cell (Manohar, Bretschger, Nealson, & Mansfeld, 2008), 

and the event is reaching an equilibrium at the WE, impedance can be performed at the open 

circuit potential (OCP) in either a two (Manohar et al., 2008) or three (Hassan et al., 2007) 

terminal electrochemical cell. If the measurement is aiming to define dielectric properties of 

an electrode, then a constant dc potential bias can be applied (Scully & Silverman, 1993). In 

this type of measurement, redox couples such as O2/OH
-
, H2/H3O

+
 (Garrido, Nowy, Härtl, & 

Stutzmann, 2008) or K3[Fe(CN)6]/K4[Fe(CN)6] (Sundfors & Bobacka, 2004) can be 

employed and the impedance of the electrodes is measured through the reversible 

oxidation/reduction of the redox couple at the electrode surface. Potential oscillation, whether 

it is at OCP or constant bias potential, is generally very small (5-10 mV); thus, the electrical 

perturbation on the electrode is less than for the previously mentioned measurement 

techniques, and yet the results are very informative. EIS provides information regarding the 

dielectric properties in addition to the charge and mass transport properties of the material in 

question.  
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When analysing impedance data of a semiconductor (i.e. ECP), usually five major 

components are taken into consideration: solution resistance (Rs), charge transfer resistance 

(Rct), double layer capacitance (Cdl), constant phase element (CPE) and Warburg impedance 

(W). One can either fit experimental data into an equivalent circuit diagram (Ates, 2011; 

Lasia, 2014) (i.e. Randle`s circuit) (Figure 2.3A) or calculate those elements from direct 

experimental graphs (Figure 2.3B).  

EIS measurements should be performed in conductive solutions to provide sufficiently low 

electrical resistance between the electrodes. Rs is described as the resistance of the electrolyte 

solution. In a conventional three terminal electrochemical cell, the potentiostat compensates 

for the resistance between the CE and RE. Thus Rs represents the solution resistance between 

the RE and the WE.  

 

Figure 2.3: Analysing an EIS measurement with A) equivalent circuit diagrams (Stojek, 2010), B) using 

experimental data, presented here in a Nyquist diagram (Lisdat & Schäfer, 2008). C) Equations for experimental 

impedance and capacitance analysis (Lisdat & Schäfer, 2008).  
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At an applied potential, the WE electrode is polarized and it generates a double layer which 

consists of charged species and oriented dipoles. In an ideally polarized mercury or perfectly 

flat solid electrode, each two layers of charged species are separated by solvent molecules.  

One layer of these species is in the surface lattice structure of the WE. The other one is made 

of polarized electrolyte ions and located in the solution (Figure 2.3A). The electrical energy 

storage ability in this region is identified as a capacitive element Cdl (Stojek, 2010). It can be 

calculated either via equivalent circuit diagrams or experimental graphs by using the              

ω = 1/(Rct*Cdl) equation (Figure 2.3 B), where ω = 2πf and Rct is the interfacial charge 

transfer resistance of the WE, f is the frequency at the top point of semicircle.  It must be 

noted that such an idealised molecular organisation is not always possible. The capacitive 

behaviour of the double layer is quite sensitive and can easily deviate from ideal capacitance, 

owing to effects such as potential based perturbations, surface impurities, roughness of the 

electrode, ionic concentration, and the type of ions present (Zoltowski, 1998). For instance, 

centre of the impedance presented below the real axis would be a perfect semicircle for an 

ideally polarized electrode. However in real measurements, the semicircle is commonly 

depressed at the Y axis as the surface of the electrode is not homogeneous. Thus, the 

capacitive behaviour under such real conditions often deviates from the ideal Cdl and is 

represented as a constant phase element (CPE) (Córdoba-Torres, Mesquita, & Nogueira, 

2015). CPE is differentiated from the Cdl with an exponent α (0˂α˂1) (Figure 2.3C). For α=1 

an electrode shows an ideal capacitive behaviour (Brug, van den Eeden, Sluyters-Rehbach, & 

Sluyters, 1984). The Warburg impedance (W) is the resistance created by the diffusion of 

ionic species at the electrode surface (Suni, 2008). W is a frequency-dependent element. At 

high frequencies, molecules do not have the chance to diffuse far and concentration of redox 

active species are replenished; thus the W impedance is small and the electrochemical 

reaction is charge-transfer controlled. On the other hand, at low frequencies, the redox active 
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ions are depleted, thus W impedance increases and the reaction is dominated by mass transfer 

as the diffusing ions have to travel further.  

The charge transfer resistance (Rct) is one of the most critical elements in EIS as it defines the 

impedance of the WE (Suni, 2008). It is represented by the diameter of the full semicircle in a 

Nyquist plot. In equivalent circuit diagrams, the Rct is generally in series with the W 

impedance and in parallel to the Cdl or CPE (Figure 2.3C). It can also be calculated from the 

Nyquist diagram from the intersection of the real impedance with the x-axis (Figure 2.3B).  

2.3. Polymerase Chain Reaction 

Polymerase chain reaction (PCR) is a method that is used to copy and amplify selected 

regions of DNA strands (Garibyan & Avashia, 2013). It was developed by Kary Mullis in 

1983.  The invention of PCR led Kary Mullis and Michael Smith to receive Nobel Prize in 

Chemistry for “contributions to the developments of methods within DNA-based chemistry” 

in 1993 (Mullis, 1994). PCR is commonly employed in medicinal diagnosis (Valones et al., 

2009), gene expression (Heather D VanGuilder, Kent E Vrana, & Willard M Freeman, 2008) 

and genome sequencing (França, Carrilho, & Kist, 2002).  

A typical PCR solution consists of the following: 

 DNA template: Sample DNA containing a sequence of interest. DNA samples can be 

obtained from sources such as blood, tissues and microorganisms.  

 Deoxynucleoside triphosphates (dNTPs): Single units of the Adenine, Thymine, 

Guanine, and Cytosine bases that are used to build DNA blocks during the 

amplification.  

 DNA polymerase: DNA polymerase (i.e. Taq) enzymes are used to bind dNTPs to the 

template DNA. They are thermo-stable.  

http://tureng.com/search/intersect
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 Primers: Primers bind to main template to determine the region and length of the 

sequence to be amplified. They are usually 20-30 base sequences long.  

Working mechanism of common PCR is based on the thermo cycling (Figure 2.4). Firstly, a 

sample containing DNA template, dNTPs, DNA polymerase of choice and primers is heated 

to 95 
o
C (20–30 s) to denature double stranded DNA into two single strands. Then, the 

sample is cooled to 55 
o
C (20-40 s) where both primers are annealed to the template DNA. 

On completion of the annealing, the sample is heated again to the 72 
o
C (20-40 s) where the 

DNA polymerase extends the chosen sequence by adding dNTPs along the strand.  

 

 

Figure 2.4: Amplification of DNA by thermo cycling through denaturation, annealing and extension steps.  
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Chapter 3. Direct Writing of Conducting Polymers  

3.  

3.1. Abstract  

Described in this Chapter is a new printing method - Direct Writing of Conducting Polymers- 

based on pipette-tip localized continuous electrochemical growth of electrochemically 

conducting polymers (ECP). A single barrel micro pipette containing a metal wire (Pt) is 

filled with a mixture of monomer, supporting electrolyte and an appropriate solvent. A 

droplet at the tip of the pipette contacts the substrate, which becomes the working electrode 

of a micro-electrochemical cell confined to the tip droplet and the pipette. The metallic wire 

in the pipette acts as both counter and reference electrode. Electropolymerisation forms the 

CP on the working electrode in a pattern controlled by the movement of the pipette. In this 

study, various width poly(pyrrole) (PPy) 2- and 3D structures were extruded and 

characterised in terms of micro-cyclic voltammetry (µCV), Raman spectroscopy and 

Scanning Electron Microscopy (SEM).  

This chapter was partially adapted from:  

Nihan Aydemir , James Parcell , Cosmin Laslau , Michel Nieuwoudt , David E. Williams, 

Jadranka Travas-Sejdic. Direct Writing of Conducting Polymers. Macromol. Rapid Commun. 

2013, 34, 1296−1300. DOI: 10.1002/marc.201300386 

3.2. Introduction  

Electrochemically conducting polymers (ECPs) promise to revolutionise a variety of devices 

including solar cells (Wong et al., 2007), biosensors (Peng, Soeller, & Travas-Sejdic, 2007), 

light emitting devices (Burroughes et al., 1990) and artificial muscles (Jager et al., 2000). 

Fabrication of such macromolecular systems requires robust and cost-effective methods (Bao, 

2004). Here, we describe a simple and versatile method for fabrication of 2- and 3-D 
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structures with high aspect ratios that is applicable to a range of ECPs.  The method develops 

upon recently described pipette guided fabrication (Laslau et al., 2012) using meniscus-

confined electrochemistry (McKelvey, O'Connell, & Unwin, 2013). As a proof of concept we 

demonstrate direct writing of complex patterns in 2-D and the formation of 3-D arrays of 

‘nails’. This approach, exploiting in-situ electrochemical polymerisation, has been applied to 

fabrication from two common ECPs, and there is no apparent obstacle to extending it to 

others. 

Even though there are increasing numbers of studies in micro fabrication of conducting 

polymers, such as AFM dip-pen lithography (Lim & Mirkin, 2002; Piner, Zhu, Xu, Hong, & 

Mirkin, 1999), e-beam nanolithography (Yun et al., 2004), inkjet printing (Pede, Serra, & De 

Rossi, 1998) and photochemical patterning (Holdcroft, 2001; Rozsnyai & Wrighton, 1995), 

each has its own drawbacks. For instance, inkjet printing is feasible for certain soluble 

polymers, but requires an additional step for ink preparation, and is thus mostly applicable for 

commercially available poly(3,4-ethylene dioxythiophene) poly(styrenesulfonate) (PEDOT-

PSS) (Sirringhaus et al., 2000), poly(p-phenylene vinylene) (PPV) (Bharathan & Yang, 1998; 

S. C. Chang et al., 1998) or chemically polymerized ECPs such as poly(pyrrole) (PPy) (Shin, 

Hong, & Jang, 2011). Photochemical patterning, AFM dip-pen and e-beam nanolithography 

all require high-cost instrumentation. ECP nano and micro structures have been obtained as 

PPy micro containers (Qu, Shi, Chen, & Zhang, 2003), poly(aniline) micro/nano structures 

(L. Zhang et al., 2008)  and poly(3,4-ethylenedioxythiophene) (PEDOT) micro 

structures(Guo et al., 2012) by using solution self-assembly techniques. Pipette guided 

fabrications such as electrochemical micro-spotting (Laslau et al., 2011), three dimensional 

(3D) extrusion based on ink writing (Ji Tae Kim et al., 2012) and chemical polymerisation (J. 

T. Kim et al., 2011) have been introduced. Our aim has been to develop methods that are 

general, flexible and easily extended using an inexpensive set-up. In our previous work 
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(Laslau et al., 2011) our group achieved electrochemical micro-spotting, but the effective 2-D 

patterning and 3-D fabrication based on well controlled continuous polymerisation remained 

unsolved challenges. The system solution relied on the accurate control of the pipette-tip of a 

scanning ion-conductance microscope (SICM) setup (for the instrument set-up, see Figure 

3.1). A block diagram describing the connection of hard ware and software can be seen in the 

figure 3.1.C. This direct writing is distinct from inkjet printing, as the former uses monomers 

and combines in-situ polymerisation and extrusion whereas the latter extrudes solutions of 

pre-prepared polymers. The ability to exploit electropolymerisation allows for the use of a 

plethora of applicable materials and a high level of control of fabrication parameters and 

structure properties.   

3.3. Experimental Section  

3.3.1 Instrument Design  

The working mechanism of conventional SICM has been described in Chapter 2. The SICM 

that has been used in this study was created in our lab, and adapted particularly for ECP 

fabrication and characterisation. A Faraday cage encloses the system to reduce incident 

electrical noise. Outside the cage there are 1) an inverted microscope, which allows one to 

see structures with higher resolution, 2) a high-magnification THOR labs uc480 USB camera 

for in-situ monitoring of the writing process, and 3) a directional light source. Inside the cage, 

connections of pipette to nanoactuator and WE (Working Electrode) to the potentiostat can be 

observed. Contact between the pipette and the conducting substrate WE completes the micro 

electrochemical cell (Figure 3.1.).   

3.3.2 Materials and Methods  

The single barreled pipettes were created from borosilicate capillary glass with 1.0 mm outer 

diameter, 0.58 mm inner diameter and 75 mm in length (Harvard Apparatus product number 
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300018). Double barrelled pipettes were fabricated from theta capillaries (2.0 mm OD, 0.30 

mm ID, (Harvard Apparatus product number 300117) Single barreled pipettes tips with an 

internal diameter of 2-5 µm were fabricated from these capillaries using a Sutter Instruments 

P-2000 laser puller with using the parameters in Table 3.1. Heat (H) presents the laser power 

applied onto the cappilaries during thepipette fabrication.. Filament (F) defines the laser beam 

pattern which is utilised to supply heat H. Velocity (V) is the parameter that specifies the 

speed of the pulling bar before the hard pulling step to separate capillaries into two pipettes. 

Pull (P) is the a function of the force applied step where capillaries are pulled from the two 

opposite sides and divided in two parts while the base cones and pipette tips are being 

formed. It is also defined as a hard pulling step.  Delay (D) defines the time between the hard 

pulling step and deactivation of the laser. 

 

Figure 3.1: A) Design of the scanning ion conductance microscope established in our lab for direct writing of 

conducting polymers. B) Closer image of connections between pipette, piezo actuator and potentiostat. An ITO 

on glass slide is visible as substrate. C) A block diagram representing the connection of hardware and software. 
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Table 3-1: Parameters used on laser puller for fabrication of pipettes 

Pipette type  H  (0-999) F (0-15) V (0-255) D (0-255) P (0-255) 

Single barrel  350 4 30 200 0 

  

Double 

barrel 

550 4 25 200 0 

550 4 25 200 0 

550 4 25 200 0 

750 4 40 200 150 

 

Scanning electron microscopy (SEM) images of the fabricated single barrel pipettes can be 

seen in the Figure 3.2. 

 

Figure 3.2: A) SEM picture of a fabricated single barrel pipette , B) higher magnification SEM image of the 

same pipette.  

 

Pyrrole (Py) and 3,4-ethylene dioxythiophene (EDOT) were purchased from Sigma Alrich 

and the pyrrole was distilled before use. Tetrabutylammonium perchlorate (TBA.ClO4) was 

purchased from Fluka. Pipettes containing Pt wire were filled with a 10 mM Py or 0.2 M 

EDOT together with 0.1M TBA.ClO4 in acetonitrile. The electrochemical growth of 

structures was carried out on glassy carbon (GC) sheet electrode (SPI Supplies), gold on 

chromium on glass (vapour deposited in-house) and ITO on glass. For 3-terminal localized 
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cyclic voltammetry, a Pt wire as counter electrode (CE) and  a Pd wire hydrided by cathodic 

polarization in NaOH solution was used as reference electrode (RE). For 2-terminal growth, a 

Pt wire was employed as CE and quasi-reference electrode (RE). Raman spectra were 

recorded using a Renishaw Raman spectrometer (System 1000), with a 785 nm Renishaw 

solid state diode red laser. For 2D structures and the `nail` shown in the Appendix A1, 

scanning electron microscopy (SEM) images were taken with a CM-Instrument JCM-6000. 

Most of the 3D nails were imaged using a FEI (Philips) XL30 S-FEG with a sample 

inclination of 45
o
. The SEM images were only edited to increase the brightness and contrast 

using Microsoft Office Picture Manager.  The Py line thicknesses were measured using a 

DekTak XT stylus profiler, in a continuous measurement across 8 evenly spaced lines. The 

SEM images were used to demonstrate the uniformity of the width of the depositions. 

3.4. Results and Discussions  

3.4.1 Working Mechanism  

Figure 3.3 (A-B) schematically represents the methodology for 2D/3D fabrication and 

characterisation. Softwares developed for 2- and 3D printing of conducting polymer 

structures can be seen in Appendix A3.  A single barrel micro pipette containing a Pt wire 

was filled with a mixture of monomer, supporting electrolyte and an appropriate solvent. The 

Pt wire in the pipette acted as both counter and quasi-reference electrode (CE, RE). The 

conductive polymer electrodeposition relied on a direct current flow through the pipette to the 

conductive substrate. The current flow through the system was on the order of a few 

nanoamperes, and consequently it was found that the Pt CE provided a sufficiently stable 

potential, and the ohmic potential drop through the pipette tip and barrel was sufficiently 

small that a two-terminal system provided a reliable control of the polymerisation. The 

applied potential used to produce the polymerisation current was chosen to be high enough to 
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enable the polymerisation, but low enough to avoid over-oxidation. With the right potential, 

the current induced polymerisation of the monomer just outside the tip of the pipette, and the 

resulting polymer adhered sufficiently to remain at the surface after repeated rinses with 

deionized water (MilliQ, resistance of 18.2 MΩ cm). The measured current flow used in the 

polymerisation was taken as feedback by the software to determine when contact had been 

made with the surface. The integrated charge over time was the control for the amount of 

material deposited.  

 

Figure 3.3: Scheme illustrating A) electrochemical fabrication of 2D and 3D ECP microstructures, B) localized 

3-electrode voltammetry using a double-barreled pipette to characterise the material; C) DekTak surface profile 

height measurements across the PPy lines fabricated with specified potentials and deposition rates. Beneath each 

peak is a corresponding 50x optical Leica microscope image of the lines deposited using the specified 

parameters.  
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3.4.2  2D Fabrication and Characterisation of Conducting Polymer  

The 2D direct writing process begins with a slow pipette approach to the surface (100 nm/s), 

with a constant potential applied (0.9V). When contact with the surface is established, the 

polymerisation begins due the applied polymerisation potential and the current flow increases 

immediately. The pipette tip is then quickly retracted by a distance which is sufficient to 

allow the monomer solution to flow freely and to avoid the minor imperfections of the 

substrate surface. The tip then proceeds to a series of 2D coordinates specified in an input 

file. The use of input files for specifying coordinates allows for interesting structures to be 

repeated with minimum effort. As additional protection from pipette damage, the feedback 

current is used to raise the pipette tip clear of obstacles. To do this, a carefully tuned PI 

controller in the software responds to increases in the current by raising the tip, based on the 

assumption that an increase in the current implies that the tip is coming closer to the surface. 

Positional feedback is sent and received to the PI XYZ NanoCube (P-661.3) by The Physik 

Intrumente (PI) E-664 controller. The current feedback was first passed through a median filter 

before the PI controller because the intention of the PI was to respond to bulk changes in the 

surface such as that which occurs when there is a relative angle between the substrate and the 

Nanocube’s XY plane or a large scale deformation of the surface. It is also designed to cater 

for any skewing in the three axis piezo-cube as positions are extended towards their limits. 

 Over the 100 µm range of the nanopositioner, this controlled proximity causes sufficient 

adhesion between the polymer and ITO coated glass, glassy carbon and gold electrodes to 

survive repeated rinsing. Although the structures have been successfully created on ITO and 

gold (see Appendix 1), only the results from depositions on glassy carbon are discussed 

herein. 

The dominating factors resulting in the variations of thickness and width of fabricated ECPs 

are (a) the applied potential, (b) the distance between pipette and the surface during the 
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operation, (c) the translation speed and (d) the pipette tip radius. Figure 3.3C illustrates an 

example of the effect of translation speed on the thickness of a deposited line. The vertical 

thickness of the lines reduced as the translation speed increased, and as the applied potential 

was reduced. Raman microscopy (Y.-C. Liu & Hwang, 2000) (Figure 3.8) confirmed the 

spatial uniformity of the composition along these lines in terms of the Cα-Cβ stretching peak 

wave number variation with sampling position. We have demonstrated that this direct writing 

method can be extended to extrude shapes including single lines, squares and circles (Figure 

3.4). Scanning electron microscopy (SEM) images reveal structures with sharp contours, high 

aspect ratios, as well as smooth, uniform surfaces.  

Locally addressed voltammetric mapping (Laslau et al., 2011) (for details see materials and 

methods) confirmed the electrochemical uniformity of the fabricated structures. The minor 

changes in deposition uniformity can be attributed to changes in electrochemically-active 

area caused by changes in wetting of the surface which is different between the substrate and 

the deposited polymer and pinning of the contact line or changes in spreading of the drop as 

the contact line of the drop moves across the substrate. 
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Figure 3.4: SEM images of patterned poly(pyrrole) structures: A) circle, B) square, C) triangle, D) the word 

“PERC”. Images at E-G show individual elements at higher magnification. H) Localized cyclic voltammetry 

recorded using a double-barrel pipette (Figure 3.3B) at three different points around a poly(pyrrole) circle, the 

scale bar represents 2µm. All the solution compositions are described in the materials and methods section. 

(Internal pipette diameter is 2µm)  

 

3.4.3  3D Fabrication and Characterisation of Conducting Polymer Microstructures  

As an example of 3-D fabrication, Figure 3.5 illustrates the formation of poly(pyrrole) ‘nails’, 

by controlled retraction of the pipette tip during electropolymerisation.  During the first stage 

of nail fabrication, the polymer growth expanded radially across the working electrode 

surface, leading to a disc of polymer that established a connecting base, the size of which was 

determined by the contact time. The disc was not created as a means to support the structure; 
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it was a result of a prolonged contact between the meniscus and the surface. The stability 

dependence on the size of the disc was not investigated beyond the fact that rinsing with 

water did not dislodge the nails, regardless of their base dimensions. 

When the pipette was retracted, the growth continued on top of the previously formed ECP. 

The electrolyte drop at the tip of the pipette maintained contact with the top of the structure 

and the electrical resistance through any part of the solution contacting the sides of the 

growing structure was significantly greater than the electrical resistance of the ECP, leading 

to growth localized to the tip of the pipette and hence elongation along the Z-axis as the 

pipette was retracted.  Success when forming nails relied heavily on the applied potential, 

more so than in the 2D case. To prevent premature termination of the nail, a high enough 

voltage was required to ensure polymerisation. However, because fresh contact was not 

continually being made when retracting as opposed to 2D writing, there was a risk that over-

oxidation could occur in lower layers of the nail. A reliable balance between these competing 

requirements for PPy polymerisation under the investigated conditions was found at a 

polymerisation potential of around 1 V. The nail radius was a function of retraction speed and 

pipette diameter; however, length depended on the retraction time and the conductivity of the 

base. As illustrated in Figure 3.6B, the current and hence the polymerisation rate decreased 

as the nail extended. With a 2 µm (±0.5 µm) diameter pipette, the diameter of an individual 

nail was close to 2 µm for a retraction speed of 3 µm/s, about 3 µm (±0.5 µm) for retraction 

speeds of 1 and 2 µm/s, and about 5 µm for 0.5 µm/s. The polymerisation time before 

retraction determined the base diameter. For 0.5 and 1 second initial polymerisation time, no 

base formation was observed but waiting for 1.5 s led to a gradually increasing microspot 

height and radius from which the nail was subsequently grown. The nails adhered well to the 

substrate, such that repeated rinsing in deionised water did not dislodge them.  That the 

approach is general and would apply for a wide range of conducting polymers was confirmed 
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by applying the same methodology to polymerising PEDOT (see Appendix 1).  Figure 3.5H 

shows the localized voltammetry taken from nails with three different length, 20, 40 and 60 

µm respectively. A pipette with 5 µm diameter was positioned over the top of the nails so that 

approximately 10 µm of the nail intruded into the pipette barrel. This measurement showed 

that the electrochemical activity of the tip of the nails was affected only by the expected 

increase of electrical resistance as the nails got longer. 

 

Figure 3.5: A) Fabrication of 3D ECP ‘micro-nail’ arrays, B) micro nails with different lengths, C) 2 µm 

(pulled with 3 µm/s retraction speed) and  D) 5 µm (pulled with 0.5 µm/s retraction speed) diameter nails as the 

examples of different thicknesses.  Different base structures achieved by variation in the waiting time before 

retraction:  E) 0.25 s, F) 0.5 s and G) 1 s of waiting time before retraction. H) Micro-voltammetry taken from the 

top of three individual nails with different lengths of 20, 40 and 60 µm respectively. (Internal pipette diameter is 

2µm) 
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3.4.4  Electrodeposition Current Traces   

Figure 3.6A presents the linear correlation of polymerisation potential and the current 

feedback without PI control, in order to show the uncontrolled current behaviour. The initial 

course of electrochemical growth is sensitive to the polymerisation potential. When the 

potential was 1 V or 1.2 V a transient spike in current happened during the first 300 ms, 

before the current dropped back down to a plateau. This current spike was not observed with 

0.9 V. During 3D polymerisation (Figure 3.6B), after an initial transient spike the current 

diminished with the length of nail.  

 

Figure 3.6: Current traces of A) 2D polymerisation with different potentials and B) 3D polymerisation at 1V 

potential. 

3.4.5 Characterisation via Localised Micro Cyclic Voltammetry  

The effect of the input parameters on the width and electrical properties of the fabricated 

structures were explored via an optical microscope and µCV technique that our group had 

developed previously(Laslau et al., 2011). The effect of the spacing between the pipette and 

the substrate during polymerisation was investigated for 1, 2 and 3 µm respectively. When 

the distance between pipette and the substrate was 1 µm, the pipette translation was hindered 

as a result of the surface roughness and monomers were polymerised within the pipette tip 

and it was blocked. In the case of 3 µm distance, the meniscus would sometimes lose 

connection with the surface, leading to discontinuous polymerisation. Reliable 
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polymerisation occurred at 2 µm spacing. To explore the effect of polymerisation potential, 

0.9 V, 1.0 V and 1.2 V constant potentials were applied at different pulling speeds of 1, 2 and 

3 µm/s respectively. No line was obtained at 0.9 V and 3 µm /s speed because the 

polymerisation rate was too slow to allow the deposition to remain continuous.  

100 µm long and 10 µm wide Ppy micro lines fabricated with applying 0.9, 1 and 1.2 V with 

deposition rates of 1, 2 and 3 µm s
-1

 each.  Micro CVs were obtained with using double barrel 

pipettes filled with 0.1M TBA.ClO4 in ACN from the middle of each line and the results are 

shown in Figure 3.7. The reduction of the pulling speed resulted not only in thicker 

depositions, but also in an increase in the line diameter for all applied potentials. As the 

polymerisation potential increased, both the growth yield and oxidation current of PPy 

increased and the oxidation potential shifted more to the positive region. Changing the 

pulling speed, however, led to no shift in the oxidation potential for the lines obtained at 0.9 

V and 1.0 V. The shift that was observed for lines obtained at 1.2 V was almost negligible. 

 

Figure 3.7: Cyclic voltammetry measurement from the centre of PPy lines deposited with A)0.9 V, B) 1.0 V 

and C) 1.2 V. For the deposition rates, dotted lines are 1 µm s
-1

, dashed are 2 µm s
-1

 and long dashes are             

3 µm s
-1

. 

 

3.4.6 Characterisation via Raman Spectroscopy  

The Cα-Cβ backbone stretching peak of PPy is located at approximately 1560 cm
-1 

 for the 

reduced state and at 1610 cm
-1

 for the oxidized state(Y.-C. Liu & Hwang, 2000). The 

wavenumber of these peaks depends upon the doping density of the ECP, which can be 
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varied by varying the polymerisation potential (Y.-C. Liu & Hwang, 2000).  The spatial 

variation of the wavenumber for the Cα-Cβ stretching peaks was investigated to determine the 

uniformity of doping level of the structures. Raman spectra were taken at each 5 µm along 

the lines obtained by 0.9, 1.0 and 1.2 V polymerisation potential (Figure 3.8). The 

consistency of the peaks observed for the lines obtained at 1.2 V and 1.0 V indicate uniform 

distribution of doping along the line. The relative intensity of the Cα-Cβ stretching peak from 

PPy obtained by 1.2 V is higher than for those obtained at 0.9 and 1.0 V.  The intensity of 

Raman peaks are mostly attributed to the amount of active species, therefore, polymerisation 

rate in this case. The profilometer experiments (Figure 3.3C) also confirm that the highest 

PPy deposition is observed in lines grown with application of 1.2 V. 

 

Figure 3.8: Raman mapping images of PPy lines deposited at a speed of 1 µm/s. at A) 1.2 V, B) 1.0 V and C) 

0.9 V. D) Variation of the Cα-Cβ stretching peak wave number with sampling position along the polymer lines. 

E) Raman spectra of lines obtained by applying 0.9, 1 and 1.2 V.  
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3.5. Conclusions  

With the direct writing method it is possible to deposit 2D and 3D ECP structures with highly 

repeatable sizes, and with precise and accurate positioning using software controlled piezo-

actuators. By exploiting electrochemical polymerisation, conducting polymer micro 

structures can be obtained and functionalized on a range of materials: a technique which is 

promising for rapid prototyping and fabrication of flexible circuitry and active 

microstructures. We anticipate that the non-uniformities attributable to variations in wetting 

can be controlled by appropriate control of solution composition and surface cleanliness. This 

method has a great potential to be used in fabrication of ECP arrays for biosensors and cell 

studies.  
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Chapter 4. A Label Free, Sensitive, Real-Time, Semiquantitative, 

Electrochemical Measurement Method for DNA Polymerase 

Amplification   

4.  

4.1. Abstract  

Oligonucleotide hybridisation to a complementary sequence that is covalently attached to an 

electrochemically active conducting polymer (ECP) coating the working electrode of an 

electrochemical cell causes an increase in reaction impedance for the ferro-ferricyanide redox 

couple. The use of this effect to measure is demonstrated, in real time, the progress of DNA 

polymerase chain reaction (PCR) amplification of a minor component of a DNA extract. The 

forward primer is attached to the ECP. The solution contains other PCR components and the 

redox couple. Each cycle of amplification gives an easily measurable impedance increase. 

Target concentration can be estimated by cycle count to reach a threshold impedance. As 

proof of principle, an electrochemical real-time quantitative PCR (ePCR) measurement in the 

total DNA extracted from chicken blood of an 844 base pair region of the mitochondrial 

Cytochrome c oxidase gene, present at ∼1 ppm of total DNA is demonstrated. It is shown 

that the detection and semiquantitation of as few as 2 copies/μL of target can be achieved 

within less than 10 PCR cycles. 

This chapter was partially adapted from:  

Nihan Aydemir, Hazel McArdle, Selina Patel, Whitney Whitford, Clive W. Evans, 
Jadranka Travas-Sejdic, and David E. Williams. A Label-Free, Sensitive, Real-Time, 
Semiquantitative Electrochemical Measurement Method for DNA Polymerase 
Amplification (ePCR). Anal. Chem. 2015, 87, 5189−5197.  DOI: 
10.1021/acs.analchem.5b00079 
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4.2. Introduction  

Amplification of nucleic acid sequences using the polymerase chain reaction (PCR) provides 

a powerful technology for both their detection and quantification (Bartlett & Stirling, 2003; 

Bustin & Mueller, 2005; Fraga, Meulia, & Fenster, 2008; Heid, Stevens, Livak, & Williams, 

1996; Schmittgen & Livak, 2008). Standard DNA PCR amplification is used primarily for the 

detection of particular sequences and is commonly assessed through the use of intercalation 

dyes, such as ethidium bromide, to detect the presence of specific products on electrophoretic 

gels. In quantitative PCR (qPCR), the amplification of specific sequences may be measured 

by using different intercalation dyes, such as SYBER Green, which fluoresce in the presence 

of double-stranded DNA. Alternatively, DNA amplification can be measured through the use 

of Taqman probes designed to bind to specific sequences between the amplifying primers 

(Heather D. VanGuilder, Kent E. Vrana, & Willard M. Freeman, 2008). As with intercalation 

dyes in qPCR, these probes also rely on the use of fluorescence methods for detection (Cao & 

Shockey, 2012). Electrochemical measurement in principle offers many advantages, in 

instrumentation, measurement system design, and cost of implementation, as exemplified by 

modern glucose measurement devices (Gubala, Harris, Ricco, Tan, & Williams, 2012). 

Hence, there has been significant interest in the electrochemical measurement of DNA 

(Dulgerbaki, Oksuz, & Ahmad, 2014; Kukol, Li, Estrela, Ko-Ferrigno, & Migliorato, 2008; 

Lazerges & Bedioui, 2013; Paleček & Bartošík, 2012; Riedel, Kartchemnik, Schoning, & 

Lisdat, 2014; J. Travas-Sejdic et al., 2014) and several reports of coupling of electrochemical 

measurement with PCR or with various isothermal amplification methods (Lee, Yip, & Lee, 

2013; Lusi, Passamano, Guarascio, Scarpa, & Schiavo, 2009; Ren, Deng, Shen, & Gao, 

2013). These methods, again, have either used intercalation reagents for nonspecific 

measurement or electrochemical labels on the primers or nucleotides. The most sophisticated 

and now-commercialized methodology uses pH-sensitive field-effect transistors integrated 
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into microwells (Toumazou et al., 2013) to detect the pH change caused by nucleotide 

incorporation (F. Zhang, Wu, Wang, Wang, & Ying, 2014). The sensitivity (signal/noise or 

signal/background) of the measurement technique determines the number of cycles of 

amplification required to obtain a reliable signal, which, in turn, determines the time to result 

and also the influence of replication errors. In previous studies (Booth et al., 2011; Kalantari 

et al., 2010; Kannan et al., 2011; Kannan, Williams, Laslau, & Travas-Sejdic, 2012; Peng, 

Soeller, & Travas-Sejdic, 2007; C. D. Riccardi et al., 2006; C. d. S. Riccardi et al., 2008; 

Riedel et al., 2014; Spires et al., 2011a; Thompson, Kowalik, Josowicz, & Janata, 2003) 

oligonucleotide measurement based on the exclusion of a highly charged redox probe 

(Fe(CN)6 
3−/4−

) from the electrode interface, as a result of the large negative surface charge 

introduced by the binding of oligonucleotides, was described in detail. Electrochemically 

active conducting polymers (ECP) can be used advantageously both as the active electrode 

and as the means of surface conjugation of a probe nucleotide (N. Lassalle, P. Mailley, et al., 

2001a). The inhibition of the redox reaction of the polymer itself, through inhibition of the 

associated anion exchange with the solution, can also be used as the signal (Kalantari et al., 

2010; C. D. Riccardi et al., 2006; C. d. S. Riccardi et al., 2008; Thompson et al., 2003). The 

presence in solution at concentrations in the low nanomolar (nM) to femtomolar (fM) range 

(Kannan et al., 2011; Kannan et al., 2012; Lazerges & Bedioui, 2013; Nie, Bai, Chen, & Yu, 

2012) or even lower concentrations (C. d. S. Riccardi et al., 2008) of purified nucleotide 

sequences that are complementary to a surface-attached probe can be measured relatively 

easily. The signal increases as the length of the target oligonucleotide sequence increases, 

(Booth et al., 2011) although with the caveat that the hybridisation efficiency may decrease as 

the target length increases (Corrigan et al., 2014; Riedel et al., 2014). However, the 

measurement is based on the detection of global changes in the charge trapped at the reaction 

interface (Kalantari et al., 2010; Kannan et al., 2011; Riedel et al., 2014) and so the 
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measurement may be changed as a consequence of adsorption at the interface of any charged 

species, such as a protein or, indeed, from several other effects that alter the rate of reaction 

of the redox species. Thus, issues that are prominent include the need for calibration, 

repeatability of devices, nonspecific signals- effects of other species in the solution that may 

adsorb at the electrode surface and change surface charge and reaction rates as a 

consequence- and mismatched signals, where DNA that may not be completely 

complementary to the target can hybridize sufficiently with the surface-bound 

oligonucleotide to cause an alteration of the electrochemical reaction rate. The combination 

of a high-sensitivity label-free electrochemical detection method with PCR (ePCR) offers 

specific attributes that overcome these problems, as well as the cost benefits generally 

associated with label-free electrochemistry. The particular advantage of PCR is that the 

composition of the solution steps in a defined way from one cycle to the next, the amplicon 

number ideally doubling. Therefore, any signal correlated precisely with each step in ePCR 

will be a signal that is derived specifically from the effect of the presence and amplification 

of the DNA target. The steps should be clear and distinct and progress in a well-defined way, 

and they should be clearly separable from any general, nonspecific drift in the 

electrochemical properties of the interface. A second feature of PCR is that it offers a digital 

encoding of target DNA concentration: the number of steps required to reach a threshold 

signal reflects the initial concentration of the target. The threshold can be chosen to be 

sufficiently large, with respect to any baseline drifts of the detector. Consequently, real-time 

ePCR should show correlated signal steps, which evolve with time and cycle number and are 

dependent only on the presence of the target. The number of steps to reach an appropriately 

chosen threshold should relate directly to the original target concentration. The very high 

sensitivity of a label-free electrochemical detector should allow specific detection and 

quantification of target DNA in a small number of cycles that is, within a timeframe that 
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could be significantly shorter than that required for detection and quantification using optical 

fluorescence methods. Whether the use of a redox probe, such as Fe(CN)6
3−/4−

, affects the 

efficiency of the polymerase enzyme is something that would have to be checked. The 

electrochemical and mechanical stability of the electrochemical measurement interface upon 

cycling to the high temperatures necessary to implement PCR is clearly important. The 

stability of attachment of the primer to the surface could be an issue for methods using metal 

chelation, (Thompson et al., 2003) or methods using thiolate adsorption to gold, (Riedel et al., 

2014) but should be less of an issue if the primer is conjugated to a polymer by a direct 

chemical bond (Kannan et al., 2011). However, for methods utilizing conducting polymers, 

irregular or otherwise large changes in adhesion of the polymer to the electrode substrate, or 

in polymer microstructure, or in the state of oxidation or doping of the polymer, would cause 

changes in electrochemical reaction rate at the polymer/solution interface that would be 

against reliable and quantitative measurement. Temperature stability of the conducting 

polymer interface is not necessarily to be expected (Malhotra et al., 1986). Previous studies 

have shown a time-varying collapse of microstructure in aqueous buffer that is dependent on 

the nature of the polymer, the nature of the dopant ions, and the solvent system used for 

synthesis, which also has a significant effect on the adhesion of the polymer to the electrode 

substrate (Serra Moreno & Panero, 2012; Spires et al., 2011a; Spires, Peng, Williams, 

Soeller, & Travas-Sejdic, 2010). These effects might be expected to become even more 

important with increasing temperature. In the present work, the use of label-free 

electrochemistry using an electrode coated with an ECP, with a Fe(CN)6
3−/4− 

redox couple in 

solution as the detection methodology for real-time, quantitative PCR has been explored. The 

surface-attached probe sequence to be one primer for the amplification has been chosen, so 

extension of this surface-attached primer by the polymerase enzyme could occur (Braslavsky, 

Hebert, Kartalov, & Quake, 2003; Palanisamy, Connolly, & Trau, 2010). ECP - in this case, 
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electrochemically co-polymerized pyrrole and 3-pyrrolylacrylic acid, poly(Py-co-PAA) - is 

sufficiently temperature-stable, such that (i) the baseline does not significantly drift, (ii) the 

presence of Fe(CN)6 
3−/4−

, although it does, to a degree, inhibit solution amplification, does 

not adversely affect the amplification measured electrochemically, and (iii) the sequence 

selectivity of a surface-bound primer is such that reliable detection and quantification of a 

specific sequence present in a minor amount in a mixed background of DNA can be obtained 

using either the surface-immobilised forward primer alone, or the surface forward primer 

with either the reverse primer alone in solution or with both forward and reverse primers in 

solution. A simple model is presented, based on the “patch” model previously described 

(Kannan et al., 2011), that adequately describes the evolution of the electrochemical reaction 

impedance as the amplification proceeds. 

4.3. Experimental Section  

4.3.1 Materials  

Pyrrole (Py) was purchased from Aldrich and distilled before use. 3-Pyrrolylacrylic acid 

(PAA) was synthesized as previously described (Peng, Soeller, Vigar, et al., 2007). 1-Ethyl-

3-(3-(dimethylamino)propyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS, 97 %), 

phosphate buffered saline pellets (PBS, pH 7.4), and acetonitrile (ACN, anhydrous, 99.7 %) 

were obtained from Aldrich. Potassium chloride (KCI), potassium ferri-cyanide (Fe(CN)6
3-

) 

and potassium ferro-cyanide (Fe(CN)6
4-

) were purchased from Univar, BHD Laboratory 

Reagents and M&B England, respectively, and used without further purification. DNA was 

extracted from whole chicken blood by a standard proteinase K digestion and a modified 

version of the phenol⁄chloroform method (Lawrence, Taylor, Millar, & Lambert, 2008; 

Sambrook J, 1989).PCR buffer, MgCl2, Platinum Taq polymerase, forward primer 5`-

CGCYTWAACAYTCYGCCATCTTACC-3` and reverse primer 5`-
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ATTCCTATGTAGCCGAATGGTTCTTT-3` designed for amplification of an 844 base pair 

(bp) region of the mitochondrial cytochrome c oxidase (CO1 or cox1) gene2, and a 

thymidine-extended, amino-terminated forward primer for attachment to the electrode 

surface, NH2-T10-CGCYTWAACAYTCYGCCATCTTACC, were purchased from 

Invitrogen-Life Technologies. 

4.3.2 Electrode Preparation  

A glassy carbon (GC, eDAQ Pty Ltd, 1.0 mm in diameter) working electrode was cleaned 

using alumina and washed successively with nuclease-free deionised water (Milli-Q, 18MΩ), 

acetone and ethyl alcohol. The electrode was then ultra-sonicated in 70% ethyl alcohol for 20 

minutes and in deionised water for 10 minutes before being washed with an excess of 

nuclease-free deionised water. A platinum wire electrode was cleaned with a heat gun, treated 

with 70% ethyl alcohol and then washed with nuclease-free deionised water. The ECP sensor 

surface was fabricated by electrochemical polymerisation of pyrrole monomers onto the 

glassy carbon electrode. Monomer solution containing 50 mM pyrrole (Py), 1 mM 3-

pyrrolylacrylic acid (PAA), 0.1 M KCl in 4 mL PBS (pH7.4) and 1 mL ACN was bubbled 

with N2 for 10 minutes. Electrochemical polymerisation was performed in a three electrode 

electrochemical cell comprising the GC working electrode (WE), an Ag/AgCl reference 

electrode (3 M KCl, +0.197 V vs; SHE), and a platinum wire counter electrode (CE). A 

polymerisation potential of 1 V (versus Ag/AgCl, 3 M KCl) was applied, the cumulative 

charge passed was measured and the polymerisation was terminated at a total charge of 2.0 (± 

0.5) × 10
-5

 C (2.6 ± 0.6 mC cm
-2

) which corresponds to a polymer thickness estimated from 

results of growth of much thicker layers of around 6 – 12 nm (N. Lassalle, P. Mailley, et al., 

2001b; Tietje-Girault, Ponce de León, & Walsh, 2007). 
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Electrodes having copolymer films that were relatively uniform and adherent were selected 

based on impedance measurement (see Appendix A4). Figure 4.1C shows a typical scanning 

electron microscopy (SEM) image of the resultant polymer layer. The ECP-coated GC 

showed polymer nodules with a size scale up to 200 nm scattered across a thin underlying 

layer, which had a discernible microstructure that was distinct from any structure of the 

underlying glassy carbon, which was itself very smooth (Figure 4.1B). The layer was 

probably significantly thicker than the nominal 6−12 nm, and thus was significantly porous.  

 

Figure 4.1: A) Cyclic voltammetry (0.1 V/s) at 72 
o
C in the 2-terminal electrochemical cell, of 5 mM Fe(CN)6

-

3/-4
 in base electrolyte, comparing the bare GC electrode with an electrode modified with a thin film of ECP. B) 

SEM image of the bare GC surface. C) SEM of the ECP-coated GC. D) Electrochemical impedance (72
o
C, 

+0.23 V cell potential difference) in base electrolyte containing 5 mM Fe(CN)6
-3/-4

, confirming successful 

attachment of the probe sequence from the resultant increase in impedance. Inset: approximate equivalent 

circuit: solution resistance between working and counter/reference electrode: Rs, constant phase element 

describing the capacitive behaviour of the ECP-coated electrode: Q, charge transfer resistance for the reaction of 

the redox couple: RCT, impedance contributed by diffusion of the redox couple to the electrode: W. 
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4.3.3 Forward Primer Attachment  

A thymidine 10-mer extension, amino-terminated, was used for covalent attachment of the 

forward primer to the ECP surface by standard EDC-NHS chemistry. The ECP-modified 

electrode was immersed into a PBS solution adjusted to pH 5.5 and containing 80 μM amino-

terminated thymidine 10-mer-extended forward primer, 50 mM of N-hydroxysuccinimide 

(NHS) and 50 mM of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimidehydrochloride(EDC), 

kept at 28 
o
C for 2 hours, and then washed with PBS.   

Since the solution contained the ferri-ferrocyanide redox couple, the Pt electrode (to a 

reasonable approximation dependent on the current flowing) would adopt the redox potential 

for this couple. The base electrolyte (40 μL) was the PCR buffer (20 mM Tris-HCl, pH 8.4, 

50 mM KCl) containing 2.5 mM MgCl2 and 5 mM of each of Fe(CN)6 
3−/4−

. Electrodes were 

checked by cyclic voltammetry and impedance measurement at 72 °C before and after 

surface attachment of the primer. All electrochemical impedance measurements in this work 

were obtained at a cell potential difference of +0.23 V over a frequency range from 100 kHz 

to 1 Hz. Figure 4.1A shows the diminution in reversibility of the redox couple caused by the 

coating of the surface by the polymer. The electrochemical impedance (Figure 4.1D) was 

characteristic of a microscopically rough interface, namely, a semicircle with the center 

depressed with angle of nπ/2 below the real impedance axis. The maximum value of the 

imaginary component of impedance, (−Z″)max, for the approximate equivalent circuit over the  

frequency range where the diffusional impedance does not affect the data, is given as  

(−𝑍′′)𝑚𝑎𝑥 =
𝑅𝐶𝑇

2
{1 − 𝑠𝑖𝑛(𝑛𝜋 2⁄ )}                    (4.1. ) 

Hence, provided n, which is dependent on the roughness of the interface, (Ball & Blunt, 

1988) does not greatly vary. (−Z″)max, is  easily obtained from the measure of the resistance 

variation due to the charge-transfer reaction of the redox couple (RCT) on the electrode 
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surface. Reaction conductance, σ, is defined as σ = 1/(-Z’’)max. This  technique was employed 

to analyse the data because it is pragmatic and practical, directly reflecting the raw 

experimental data; it is not dependent on arbitrary details of a specified equivalent circuit. 

4.3.4 PCR Protocol  

The PCR solution, in addition to the base electrolyte, contained dNTPs (0.2 mM each), Taq 

polymerase (7 × 10
−3

 unit/μL), and the extracted DNA sample (1.2 ng/μL of chicken blood 

cell DNA for 1× dilution to 1.2 pg/μL for 1000× dilution). DNA was extracted from whole 

chicken blood by a standard proteinase K digestion and a modified version of the 

phenol/chloroform method (Lawrence et al., 2008; Sambrook J, 1989). Forward and reverse 

primers designed for amplification of a 844 base pair region of the mitochondrial 

Cytochrome c oxidase (CO1 or cox1) gene (Lawrence et al., 2008) were 26 bases long (see 

appendix A6&7). Successful primer attachment was verified by the increase in 

electrochemical impedance (Figure 4.1D).  

 Solution primers were added at 0.5 μM. Experiments in the absence of Taq polymerase 

controlled for nonspecific impedance effects during cycling. The electrodes were open-circuit 

until the electrochemical impedance measurement was made, which, unless otherwise stated, 

was at 72 °C, following the extension time, and required 60 s to complete.  

4.3.5 ePCR Protocol  

Unless otherwise stated, the ePCR solution contained K4Fe(CN)6 and K3Fe(CN)6 (5 mM 

each), Tris-HCl buffer, pH 8.4 (20 mM), KCl (50 mM), MgCl2 (2.5 mM),  dNTP solution 

mix (0.2 mM each), Taq polymerase (7 × 10
-3

 unit / μL ) and the extracted DNA sample: 1.2 

ng / μL of chicken blood cell DNA for 1X dilution to 1.2 pg / μL for 1000X dilution.  Primers 

were added at 0.5 μM.  40 µL of the solution was placed in a 100 µL Eppendorf tube, which 

was inserted into a PCR temperature cycler.  Experiments in the absence of Taq polymerase 
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controlled for non-specific impedance effects during cycling. A Pt wire and the ECP-

modified electrode, whose impedance in the buffer with the redox couple present had 

previously been measured at 72 
o
C, were inserted into the tube and 10 µL of mineral oil was 

added to control evaporation (making sure that it did not migrate onto the electrode). The 

tube was sealed with Parafilm®.  The temperature-time profile inside the tube was measured: 

initial stabilization at 95 
o
C took 80 s; temperature stabilization during cycling took 30-35 s. 

Amplification started with the initialization step at 95 
o
C for 5 minutes, and then thermo-

cycling followed (each time in addition to the measurement and temperature stabilisation 

time): denaturation at 95 
o
C for 30 s, annealing at 55 

o
C for 30 s, extension at 72 

o
C for 30 s. 

The electrodes were at open-circuit until the measurement was made. Electrochemical 

impedance measurement at an applied cell potential of +0.23 V (ECP vs Pt redox electrode) 

over the frequency range 100 kHz – 1 Hz was made each cycle. Measurement at both 72 
o
C 

and 55 
o
C with different delay times was explored. However, unless otherwise stated, it was 

made at 72
 o

C following the 30 s extension time and took 60 s to complete: the total cycle 

time was thus 210 s. 

4.3.6 Quantification of the Target Concentration   

Following solution amplification of the Cox1 template present in the chicken blood extract 

with the same forward and reverse primers used for ePCR, the amplified product was 

separated by gel electrophoresis, extracted, purified, and sequenced. The gel electrophoresis 

(Figure 4.2) confirmed clean amplification. The sequence of the amplified product was 

identical to part of a known chicken Cox1 DNA sequence (GenBank database AP003317.1). 

A standard curve was obtained using the purified, diluted product, and the mass of Cox1 

template in the total chicken blood DNA extract was determined by standard q-PCR (details 

are given in Appendix A6). The Cox1 template comprised 1 ppm of the total chicken blood 
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DNA present. The 1× dilution of total DNA (1.2 ng/μL) contained 1.3 fg/μL or 1450 

copies/μL of the Cox1 template. 

4.4. Results  

4.4.1 Effect of the Redox Couple on Amplification of the Target Sequence  

In the presence of the redox couple, the efficiency of the amplification in solution, as judged 

by gel electrophoresis (Figure 4.2) decreased as the redox couple concentration increased, 

ameliorated by increases in enzyme concentration.  

 

Figure 4.2: Gel electrophoresis of PCR solution amplification product (both forward and reverse primer present 

in solution) showing the effect of redox couple and Taq polymerase concentration. The first lane (lowest) is the 

scale in base pairs. Taq polymerisation concentration unit/μL, cycle: A) 7 × 10
-3

, 20.  B) 2.5 × 10
-2

, 25. C) 0.4, 

25.  

 

4.4.2 Temperature Stability of Electrochemical Behaviour of  ECP Electrodes 

Temperature stability of the electrochemical impedance of the ECP-coated electrodes is 

critical to the reliability of the method. Initial explorations established that cyclic 

voltammetry on the ECP was reasonably stable at temperatures up to 95 °C, provided that the 
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potential range was restricted to avoid irreversible oxidation or reduction of the polymer. The 

thermal stability of the ECP electrodes under the PCR measurement regime described above 

was then evaluated first by impedance measurement in the PCR/redox couple mixture in the 

absence of target DNA. This measurement also explores the stability of attachment of the 

primer to the electrode surface. The electrode impedance changed by <20% after 20 

temperature cycles. In addition, cyclic voltammetry and impedance measurement of the 

electrode without attached primer in the absence of the redox couple, measured at 72 °C 

during the temperature cycling with the electrode otherwise at open circuit, showed a change 

of <20% in either the apparent capacitance of the electrode or the current due to the redox 

process of ion injection and removal. 

4.4.3 Single Primer PCR : Amplification from the Surface Attached Primer Alone 

DNA polymerase is active on surface-bound templates (Braslavsky et al., 2003; Palanisamy 

et al., 2010). In the absence of the reverse primer in the solution, the surface-bound primer 

would be extended to a length determined by the extension time. A statistical distribution of 

length of surface-bound single stranded DNA is expected to result. Figure 4.3 illustrates that, 

with the surface-bound primer alone, in the presence of the chicken blood DNA containing 

the mitochondrial DNA target, 5 mM redox couple, and the low concentration of enzyme 

(Taq polymerase, 7 × 10
−3

 unit/μL), the impedance signal increased progressively with each 

temperature cycle. Figure 4.3A shows the evolution of the impedance diagram with cycle 

number (cycle 0) labels the impedance with the primer attached to the surface, measured in 

the absence of Taq polymerase). Figure 4.3B shows the evolution of the reaction impedance 

as defined in the Experimental Section ((−Z″)max). Figure 4.3C shows the evolution of the 

relative change in reaction conductance after each cycle.  

∆𝜎 𝜎0 = ((−𝑍′′𝑚𝑎𝑥,𝑐𝑦𝑐𝑙𝑒 𝑛) − (−𝑍′′𝑚𝑎𝑥,𝑐𝑦𝑐𝑙𝑒 0)) (−𝑍′′𝑚𝑎𝑥,𝑐𝑦𝑐𝑙𝑒 𝑛)⁄⁄         (4.2. ) 
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The result is consistent with our previous observation that reaction impedance for the ferro-

ferricyanide redox couple increases with increasing length of DNA coupled to the surface, 

and with our deduction that the mechanism is exclusion of the redox couple due to increase of 

surface charge on the electrode (Booth et al., 2011; Kannan et al., 2011). The result shows 

that there has been extension of the oligonucleotide on the surface, despite the initial studies 

in solution indicating a decrease in the efficiency of the amplification for this combination of 

redox couple and Taq polymerase concentration. 

 

Figure 4.3: Amplification with surface-attached forward primer only. Measurements at 72
o
C following 

extension, in the presence of 5 mM redox couple, +0.23 V cell pd. Chicken blood DNA, 1.2 ng/µL, 7 × 10
-3

 

unit/μL Taq A) evolution of impedance diagram with cycle number; B) imaginary impedance component, -Z’’, 

against measurement frequency, f and evolution with cycle number;  C) evolution of relative reaction 

conductance (eq 4.2) with cycle number, where the line is fitted to a simple 2-state model (see Discussion) 

4.4.4 Electrochemical Measurement of PCR Amplification with Both Primers in 

Solution, Together with Surface-Bound Forward Primer  

In this configuration (three-primer system), the target 844 bp sequence is amplified in 

solution as a double-stranded DNA, as expected in standard solution PCR. In addition, the 
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surface-bound primer may also be extended, as in the case treated above. Following the 

dissociation step at 95 °C, during the annealing step at 55 °C, single-stranded DNA from the 

solution can be hybridized onto both the surface-bound extended primer and to any non-

extended, surface-bound primer. Impedance diagrams had the same form as Figure 4.3. The 

reaction impedance evolved systematically with cycle number (see the Appendix A8) but 

was variable between repetitions. In Figure 4.4A, the evolution, with cycle number, of the 

relative reaction conductance is shown. Figure 4.4A illustrates, by comparison with Figure 

4.3C, that an additional amplification had indeed been obtained as a consequence of the 

presence of both primers in the solution, although, for this combination of redox couple and 

enzyme, concentration amplification in the solution had been inhibited, to some degree, by 

the presence of the redox couple (see Figure 4.2). Good reproducibility between different 

electrode preparations, and very high sensitivity for the method is demonstrated. Figure 4.4A 

shows a comparison of the signal (relative reaction conductance) evolution at 1000× dilution 

(1.2 pg/μL total DNA; 1.3 ag or ∼2 copies/μL of the mitochondrial DNA target based on the 

quantification described in the Appendix A6 in the presence and absence of the Taq 

polymerase. The signal for the Taq polymerase-free blank reached a plateau within the first 

three cycles. That, for the case with Taq polymerase present, exceeded the blank within <10 

cycles and increased to the same level as that found for the higher concentrations of DNA 

target. Figure 4.4B shows the variation of the raw data (the reaction impedance) at 1000× 

dilution over the first few cycles, including the Taq polymerase free blank (Appendix 8  

Figure A7 shows the full dataset). This illustrates the significant variation in reaction 

impedance for the primer-modified electrode (cycle 0: between 1−6 kΩ), which is the cause 

of the variability in evolution of reaction impedance. Figure 4.4B also shows the rapid 

approach to a plateau of reaction impedance in the absence of Taq polymerase, contrasting 

with the regular increase with cycle number in the presence of Taq polymerase. Detection of 
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the presence of the target can be achieved just by observing the regular increase of reaction 

impedance with cycle number for a sufficient number of cycles to discriminate against any 

blank effects.  

 

Figure 4.4: Evolution of A) relative reaction conductance (eq 4.2)  and B) reaction impedance  for the first 

cycles for the 1000X dilution including the initial measurement of the template-modified electrode and the Taq 

polymerase-free blank, for the 3-primer system.  Measurements at 72 
o
C following extension, 5 mM redox 

couple and 7 × 10
-3

 unit/μL Taq polymerase at +0.23 V cell pd.  The effect of dilution of the original chicken 

blood DNA sample is shown: from 1.2 ng/µL (1x dilution) to 1.2 pg/µL (1000X dilution).  The lines in (A) are a 

fit to a 4-state model (see Discussion – Section 4.5) and in (B) are empirical linear (Taq polymerase present) and 

exponential (Taq polymerase absent) fits.  The repeat measurements shown are for independent electrode 

preparations. 

Figure 4.3.C reveals the signal amount arising from the attachment of original DNA to the 

surface located forward primer. When 1.2 ng/µL target DNA used and annealing time is 

chosen as 30 seconds, relative reaction conductance changes by 0.5 times. We chose a 

sufficiently large threshold 0.7, with respect to any baseline drifts of the detector as well as 

signals that can be attributed to the original DNA. Quantification requires the use of the 

relative reaction conductance change and can be achieved by counting cycles to reach a 
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threshold (see Figure 4.5). Such quantification requires the determination of the impedance 

of the primer-modified electrode before any amplification: (-Z″)max,cycle 0 in eq 2. 

 

 

Figure 4.5: Cycle number to reach  > 0.7, vs concentration of target in the diluted chicken blood DNA. 

3-primer system: both primers in solution and forward primer on electrode. Repeat measurements on 

independent electrodes at dilutions from 1x to 1000x of 1.2 ng/µL total DNA shown; where these overlap, the 

number of independent determinations is shown. 

 

4.4.5 Electrochemical Measurement PCR amplification with Reverse Primer Only in 

Solution, Together with Surface-Bound Forward Primer  

In this configuration, the surface-bound primer may be extended, as described above. 

However, in the solution, single-stranded DNA will be formed by reaction from the single 

primer present, to a length defined by the extension time. This single-stranded DNA can be 

captured onto the surface-bound oligonucleotide (i.e., extended or nonextended primer) 

during the annealing step at 55 °C. Impedance diagrams had the same form as illustrated in 

Figure 4.3, and reaction impedance evolved with cycle number in a similar way to that 

shown in Figures 4.3 and 4.4. However, the results were not as reproducible.  
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4.4.6 Effects of Measurement Temperature and Time Delay Before Measurement  

It is to be expected that the measurement signal would be altered as a consequence of the 

effects of the kinetics of the polymerase reaction both in the solution and on the electrode 

surface, as well as the effects of the diffusion of single-stranded DNA to the electrode 

surface, the kinetics of hybridisation to the surface-bound oligonucleotide, and the 

competition for dissociated single-stranded DNA between solution hybridisation and surface 

hybridisation. The measurement could also just as conveniently be made at the end of the 

annealing step at 55 °C as at the end of the extension step at 72 °C. Figure 4.6 shows the 

effect of changing the annealing time, with measurements made for three successive 

temperature cycles between 95 °C and 55 °C. In this experiment, Taq polymerase was absent; 

the forward primer was present on the electrode surface. In the presence of the mixed DNA, 

the temperature was increased stepwise to 95 °C to dissociate surface-hybridized DNA. The 

temperature then was stepped back to 55 °C and successive impedance measurements were 

made at that temperature as the annealing proceeded. Figure 4.6 shows that the relative 

reaction conductance change approached a limit with a time constant of ∼84 s. Similarly, an 

increase in the extension time at 72 °C in the presence of the Taq polymerase gave an 

increase of reaction impedance. The choice of extension and annealing time represents a 

compromise between signal development at each cycle, stability of the electrochemical 

impedance during the time that the measurement is made, and the number of cycles that can 

be completed within a given analysis time. The reaction conductance (σ0) of the forward-

primer-modified electrode measured in the absence of DNA could be obtained by fitting the 

annealing time dependence of the relative reaction conductance to a simple exponential 

evolution with time, although not with great accuracy, given the time resolution of the 

measurements in the present work.  
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Figure 4.6: Relative reaction conductance change (eq 4.2) at 55
o
C vs annealing time following a step from 

95
o
C. Impedance measured in the absence of Taq polymerase. Total chicken blood DNA concentration 1.2 

ng/µL. The line is the fit to a simple exponential approach to a limit (see Discussion – Section 4.5). Reaction 

conductance, , of the forward primer-modified electrode measured in the absence of DNA: 1600 Ω; projected 

from fit: 1100 Ω. 

 

4.5. Discussion 

The hypothesis formulated earlier in this paper, that a label-free electrochemical method 

utilizing exclusion of a redox couple from the surface of an electrochemically active 

conducting polymer could be used as a high-sensitivity real-time measurement of the 

progress of PCR amplification of a minor component from total cellular DNA, has been 

demonstrated to be correct. Figure 4.5 illustrates that quantitation can be achieved by 

counting cycles to reach a threshold, and that the method has extremely high sensitivity that 

is obtainable within a small number of PCR cycles. The time scale for quantification at the 

highest dilution, with a target concentration in the ∼2 copies/μL or ag/μL range was 25 

minutes (7 cycles). A significant part of these times was that for temperature stabilization, 

which can be mitigated by appropriate design of the cell and cycler, and for measurement of 

the full impedance spectrum, which is clearly unnecessary. Figure 4.4 illustrates that the 
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blank signal, in the absence of Taq polymerase, increased over the first two or three cycles 

and then stabilized. Although there may be some nonspecific binding of nontarget DNA 

(likely to occur in most complex PCR amplifications), the primer design and tuning of PCR 

conditions should minimize any such effect. Then, the signal in the absence of Taq 

polymerase can be interpreted as being indeed due to binding of the target, the extent of 

which would depend on the concentration of target in the boundary layer near the electrode 

and increase over the first few cycles, as a consequence of dissociation from the surface of 

previously bound DNA, during the 95 °C part of the cycle. Despite pre-existing caveats 

concerning the stability of the ECP, the present work has shown adequate temperature 

stability in aqueous buffer for the system employed here. It is presumed that there were three 

factors that were important: (i) the conducting polymer layer was very thin; (ii) the synthesis 

used a solvent that was predominantly water, with just a small addition of organic solvent; 

and (iii) the ions doped into the polymer during synthesis were the same as those 

predominantly present in the measurement solution. In the following, the results are discussed 

using the simple patch model for the electrochemical kinetics previously presented (Kannan 

et al., 2011):  the total current through the interface is the sum of that through different 

patches carrying different surface charge. Figure 4.6 illustrates the simplest case: the 

annealing of the target sequence onto the surface primer, which is the first step of the first 

cycle. In this case, the surface-bound primer captures onto the interface the entire single DNA 

strand within which the complementary sequence is embedded. A two-patch model applies, 

with one patch being the hybridized fraction of the surface and the other being the 

unhybridized fraction. The conductance (σ) that is due to the interface reaction is the sum of 

the conductance through the unhybridized patches (σ0) and that through the hybridized 

patches (σ1): 

𝜎 = 𝜃0𝜎0 + (1 − 𝜃0)𝜎1           (4.3) 
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where θ0 denotes the fraction of the surface that is not hybridized. The variation with time t of 

the relative change in reaction conductance during the annealing step, where the reaction 

conductance for the state with un-hybridized surface attached primer only is σ0, shows the 

progressive coverage of the surface by hybridized DNA. Figure 4.6 indicates that, in accord 

with our previous work (Kannan et al., 2011), this is a simple first-order kinetic process with 

a time constant τ: 

∆𝜎 𝜎0⁄ = (1 − 𝜃0)(1 − (𝜎1 𝜎0⁄ )) = (1 − 𝜎1 𝜎0⁄ ){1 − 𝑒𝑥𝑝(− 𝑡 𝜏⁄ )}    (4.4) 

The significance is that extrapolation back to the reaction impedance at t = 0 during annealing 

at 55 °C, following the initialization of the sequence at 95 °C, would give σ0, the reaction 

conductance for the state with un hybridized surface attached primer only, obviating the need 

for prior measurement of this number, which varies from one electrode to another (Figure 

4.4B) but is also key to reducing the data onto the repeatable curve of relative reaction 

conductance against cycle number (Figure 4.4A). A better time resolution of the impedance 

changes than has been obtained in the present work would be needed for an accurate 

determination (see Figure 4.6). The simplest measurement system of those studied here is 

that where the only primer present is that bound to the surface: the results are shown in 

Figure 4.3. We interpret the increase in reaction impedance (decrease in reaction 

conductance) on each cycle, shown in Figure 4.3, as being due to the progressive extension 

of surface-bound primer (Braslavsky et al., 2003). After dissociation then annealing, 

complementary single-strand DNA from the solution is annealed to the surface-bound primer. 

In the extension step, the hybridized, surface-bound primer is extended to an extent that is 

dependent on the extension time and the length of the hybridized complementary sequence, 

which is limited only by the length of the original DNA, since there is no second primer 

present in the solution. The cycle then repeats, upon which complementary DNA can be 
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captured both onto the extended and unextended surface-bound primers. The theoretical 

curve for the evolution of relative reaction conductance with cycle number, shown in Figure 

4.3C, was derived by approximating the heterogeneous collection of extended primer and 

extended, hybridized primer states as a single low-conductance state. The model is thus a 

simple two-state model. The progression from state 0 (unreacted primer) to state 1 (reacted 

primer) is presumed to occur via a simple first-order process during both annealing and 

extension. To simplify further, just one of these steps is assumed to be rate-limiting and, in 

view of the result shown in Figure 4.6, we assume that this is the annealing step. Thus, 

following step n, where t denotes the annealing time for each step, 

𝜃1,𝑛 =  𝜃0,𝑛−1exp (− 𝑡 𝜏)⁄        (4.5. ) 

The reaction conductance at each step is the sum of that due to state 1 and that due to state 0 

(see eq 4.3). The data can then be fitted with the two parameters t/τ and σ1/σ0, as shown in 

Figure 4.3C. For both the data in Figure 4.3 and the data in Figure 4.6, σ1/σ0 ≈ 0.09. The 

redox couple is relatively strongly excluded from the interface, as a consequence of the 

surface charge due to the surface-bound primer and DNA. This effect might explain why the 

electrochemical surface extension proceeded satisfactorily, despite the effect of the redox 

couple on the solution extension (Figure 4.2).  

In the three-primer system (results shown in Figures 4.4 and 4.5), amplification should occur 

in the solution, as well as extension on the surface. In the solution, the system would evolve 

rapidly to a multiplication of the fixed-length target DNA segment, whose concentration 

increases in each cycle: C target,n = αn C target,0, where the multiplication factor, α ≈ 2, is 

expected for the ideal case. Amplification of the target DNA sequence in the solution should 

lead to an increase of sensitivity above that obtained when the only effect is extension of the 

primer on the surface: indeed, this effect was observed. In this case, to take into account both 
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the effect of extension of the primer on the surface and the effect of capture onto the surface 

of amplicons from the solution, the surface can be represented by a four-state model, as 

indicated in Figure 4.7: state 0 is the un-extended, un-hybridized surface-attached primer; 

state 1 is extended, un-hybridized surface-attached primer; state 2 is un-extended surface-

attached primer hybridized to complementary target from the solution; and state 3 is 

extended, surface attached primer hybridized to complementary target from the solution. 

Following an amplification cycle, after the denaturation step at 95 °C, only states 0 and 1 are 

present on the surface; states 2 and 3 are formed at 55 °C by annealing from the solution 

remaining from the previous extension step. In the subsequent extension step at 72 °C, 

conversion of state 2 to state 3 by the Taq polymerase occurs, as well as multiplication in the 

solution.  

 

Figure 4.7: Schematic representation of the states for the surface-bound DNA, and the transitions during the 

PCR cycle; θj denotes the fraction of the surface covered by state j. 

 

To take account of the effect of increase of solution amplicon concentration with cycle 

number, we assume that, during the annealing and extension phases, for the states j = 0, 1 

where target DNA is captured onto the surface from the solution: 
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(
𝑑𝜃𝑗

𝑑𝑡
)

𝑐𝑦𝑐𝑙𝑒 𝑛

≈ − 𝛼𝑛𝑐𝑡𝑎𝑟𝑔𝑒𝑡,0 𝜏⁄ =  −𝛼𝑛 𝜏′     (4.6) ⁄  

with time constant τ′, which is independent of cycle number. For each cycle, the system is 

reset to a condition with no captured DNA-i.e., just states 0 and 1- at the end of the 

denaturing phase at 95 °C. Hence, using the subscript “d” to denote the relative surface 

coverages of states j = 0 at the end of the denaturing phase, in view of eq 4.6, we write 

(𝜃0,𝑑)
𝑐𝑦𝑐𝑙𝑒 𝑛

= (𝜃0,𝑑)
𝑐𝑦𝑐𝑙𝑒 𝑛−1

exp(− 𝛼𝑛−1 𝜏′⁄ )         (4.7) 

(𝜃1,𝑑)
𝑐𝑦𝑐𝑙𝑒 𝑛

= 1 − (𝜃0,𝑑)
𝑐𝑦𝑐𝑙𝑒 𝑛

      (4.8) 

 

Then, using the subscript “e” to denote the state of the system at the end of the extension 

phase at 72 °C, for states j = 0, 1: 

(𝜃𝑗,𝑒)
𝑐𝑦𝑐𝑙𝑒 𝑛

= (𝜃𝑗,𝑑)
𝑐𝑦𝑐𝑙𝑒 𝑛

exp(− 𝛼𝑛 𝜏′⁄ )     (4.9) 

The relative coverage of the other states, j = 2, 3, is then easily obtained, because they are 

derived by conversion of states 0 and 1 during annealing and extension: 

(𝜃2,𝑒)
𝑐𝑦𝑐𝑙𝑒 𝑛

= (𝜃0,𝑑)
𝑐𝑦𝑐𝑙𝑒 𝑛

− (𝜃0,𝑒)
𝑐𝑦𝑐𝑙𝑒 𝑛

    (4.10) 

(𝜃3,𝑒)
𝑐𝑦𝑐𝑙𝑒 𝑛

= (𝜃1,𝑑)
𝑐𝑦𝑐𝑙𝑒 𝑛

− (𝜃1,𝑒)
𝑐𝑦𝑐𝑙𝑒 𝑛

    (4.11) 

The reaction conductance is expressed as the sum of that from each of the individual states. 

Figure 4.4B shows the result of least-squares fit to the experimental data of the relative 

reaction conductance thus predicted. The derived parameters are given in Table 1. Figure 4.8 

shows the derived variation of the relative coverage of the four different states as the PCR 

cycling proceeds, for a sample where the total chicken blood DNA was diluted 1000x.  
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Table 4-1: Fitting parameters for simple 4-state model for the system with both primers in solution and forward 

primer surface-attached 

Relative 

concentration 
'/cycle  state Relative 

conductance 

1 0.75 1.08 0 1 

0.1 0.93 1.1 1 0.6 

0.01 1.4 1.15 2 0.6 

0.001 2.9 1.14 3 0.02 

 

Although the model is clearly oversimplified (e.g., τ′does not increase as expected with 

decreasing target concentration), the derived parameters allow some discussion of features of 

the results. First, the multiplication factor α is significantly less than 2, which is consistent 

with the effect of the redox couple on the solution amplification. This effect could be 

mitigated, as implied by Figure 4.2, by either increasing the concentration of the Taq 

polymerase or decreasing the concentration of the redox couple. However, such alterations 

involve compromises of cost (of Taq polymerase) and signal/noise (in the impedance 

measurement). Second, the signal development is dominated in the early cycles by the effect 

of extension of the surface primer and then in the later stages of the amplification by the 

capture of amplicons from solution. This is reasonable and accounts for much of the 

difference between the results of Figures 4.3 and 4.4. Third, the relative conductances due to 

states 1 and 2 are much greater than those suggested by the fitting of the two-state model to 

the data. This reflects both deficiencies of the model and subtleties in the evolution of the 

system that differs according to whether primers are present in the solution or not. In theory, 

the length to which the polymerase can extend the surface attached primer is determined by 

the accessible length of the complementary strand hybridized to it. With no solution primers, 

this can proceed, in principle, to as much as the total length of the DNA sequence within 

which the target is embedded. However, with both primers present in solution, the target 
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sequence itself will become the dominant complementary strand after a few cycles, resulting 

in the surface primer being extended only to the length of the target. The discussion 

highlights that the high-temperature stage, at 95 °C, dissociates the untethered 

complementary DNA strand from the surface (i.e., the surface is “reset”). Thus, immediately 

after this step, the surface is in a defined reset condition of un-hybridized primer, both 

extended and un-extended, in proportion depending on the number of prior amplification 

cycles. Although we have not explored the possibility other than the results shown in Figure 

4.6, clearly evolution of the signal from this “reset” state, and a systematic change from one 

cycle to the next, should provide another specific indicator of the presence of the target DNA. 

 

Figure 4.8: Evolution of relative surface coverages for the simple four state model at a dilution of 1000× of 

total chicken blood DNA (data taken from Figure 4.4). 
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4.6. Conclusion  

Label-free, highly sensitive, real-time electrochemical detection of polymerase chain reaction 

amplification (ePCR) can be accomplished simply, using an electrochemically active 

conducting polymer as the electrode with one primer surface bound, and the highly 

negatively charged redox couple Fe(CN)6
3-/4-

 in the solution as the signal species. 

Electrostatic exclusion of the redox couple from the electrode surface as the surface charge 

increases in each successive step of the PCR causes a successively stepping increase in the 

reaction impedance signalling the target-specific extension of surface attached primers and 

amplification in the solution. We have shown, in proof of principle, that the ePCR method 

works successfully, despite some inhibition of the solution amplification by the redox couple. 

Once the detection system is in place, the technique is simple, rapid, and straightforward to 

apply. It needs only the addition of a redox couple to the standard PCR mix, and it does not 

require any fluorophores such as a Cy dye or a Taqman probe. It can be used both as a 

straightforward detection system and as a qPCR system, and has potential application 

wherever nucleic acid detection or quantitation is required. 
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Chapter 5. New Rapid Immobilization Method for 

Oligonucleotides on Electrodes Enables Highly-sensitive, Array 

Electrochemical Label-free Gene Sensing  

5.  

5.1. Introduction  

Diagnosis of infectious diseases, genetic mutations, forensics, food and environmental quality 

analysis and drug discovery are among the areas of applications for DNA detection 

technologies.  Gene microarray technology has special promise in these regards, and is 

nowadays widely used, particularly in diagnostics, since the levels of expression of thousands 

of gene fragments can be measured simultaneously (Rampal, 2001; Southern, Mir, & 

Shchepinov, 1999a).  The technology relies on binding of probe DNA sequences, attached 

onto solid surfaces, to the complementary, fluorescently or radioactively labelled, analyte 

oligonucleotides (targets) by Watson-Crick base pairing (hybridisation). The introduction of 

solid substrates was critical to current gene array technology (Southern, Mir, & Shchepinov, 

1999b) where oligonucleotide probes could be surface immobilised through the use of 

various techniques  or could be directly synthesized onto the substrate surface (Pirrung, 

2002). However, current gene microarray sensor technology requires somewhat lengthy 

processes to convert samples to a form suitable for detection on the microarray, as well as 

limited tagging efficiency and bleaching of fluorescent labels may occur. The substrates used 

also act as passive “anchor” surfaces.  More widely useful microarray technology for routine 

diagnostics and research seeks simplification of the detection methodologies, including 

highly desirable label-free detection, increase in speed and portability, and reduced costs.  
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Direct electronic transduction of the formation of DNA hybridized complexes is a promising 

new approach in DNA analysis, and indeed in biosensing of a range of biological analytes 

(Grieshaber, MacKenzie, Voeroes, et al., 2008; Joseph Wang, 2006) . It offers many 

advantages in instrumentation, measurement system design and cost of implementation as 

exemplified by modern glucose measurement devices (Heller & Feldman, 2008). A number 

of electronically ‘active’ substrates that afford simultaneous biological event recognition as 

well as the signal transduction, have been investigated, including gold (Au) (Makaraviciute, 

Ruzgas, Ramanavicius, & Ramanaviciene, 2014; Qiu, Wang, Liu, Hou, & Ma, 2012; 

Takenaka, Yamashita, Takagi, Uto, & Kondo, 2000; Wakai et al., 2004), silicon 

(Si)(Michaels et al., 2014), carbon(Ozkan et al., 2002), carbon nanotubes (R. J. Chen et al., 

2004; Wohlstadter et al., 2003),  graphene (Alava et al., 2013; Luo, Jiang, Zhang, Jiang, & 

Liu, 2012; G. Xu et al., 2014), diamond (Hartl et al., 2004) and electrically conducting 

polymers (ECPs) (Korri-Youssoufi, Garnier, Srivastava, Godillot, & Yassar, 1997; Miranda 

et al., 2007; Peng et al., 2005; Ramanathan et al., 2005; Thompson et al., 2003). Intrinsic 

electroactivity of DNA, (Jelen, Tomschik, & Paleček, 1997; Kerman, Morita, Takamura, & 

Tamiya, 2003; Singhal & Kuhr, 1997; Joseph Wang et al., 1998) electrochemistry of DNA-

specific redox reporters, (Hashimoto, Ito, & Ishimori, 1994; Millan & Mikkelsen, 1993) 

electrochemistry of colloidal gold nanoparticles and nanocrystals,(Cai, Wang, He, & Fang, 

2002; Joseph Wang, 2003; Joseph Wang, Liu, Polsky, & Merkoçi, 2002) and the 

electrochemistry of electrically conducting polymers (Booth et al., 2011; Garnier et al., 1999; 

Kannan et al., 2011; Kannan et al., 2012; Peng et al., 2005; Peng, Soeller, Vigar, et al., 2007) 

have been exploited in electrochemical DNA sensing.  

ECPs are intriguing organic electronic materials whose opto-electrical properties are highly 

sensitive to the changes in their environment (Terje A. Skotheim, 2007); moreover their 

energy levels, and therefore properties, can be easily modified by chemical synthesis and 
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tuned by chemical derivatisation. Thin films of these class of materials have been widely 

utilised in electrochemical biosensing (Arslan, Ustabaş, & Arslan, 2011; Başkurt, Ekiz, 

Demirkol, Timur, & Toppare, 2012; W. Lu, Zhao, & Wallace, 1995) including DNA sensing 

(Garnier et al., 1999; Peng et al., 2005). The DNA probes have been immobilised to ECP 

sensing substrates by entrapment (Komarova, Aldissi, & Bogomolova, 2005; Joseph Wang, 

Jiang, Fortes, & Mukherjee, 1999b), affinity interactions and (G Bidan, Billon, Calvo-Munoz, 

& Dupont-Fillard, 2004; A Dupont-Filliard, A Roget, T Livache, & M Billon, 2001; 

Rodrı́gez, Billon, Roget, & Bidan, 2002) covalent immobilisation (Godillot et al., 1996; 

Lassalle, Roget, Livache, Mailley, & Vieil, 2001; Thierry Livache et al., 1994; Wolfgang 

Schuhmann, Kranz, Huber, & Wohlschläger, 1993; W Schuhmann, Lammert, Uhe, & 

Schmidt, 1990). Garnier et al. first proposed electrochemical polymerisation of a precursor 

polypyrrole film substituted with activated ester group at its 3-position, that was post-

polymerisation functionalised with an ON probe (Godillot et al., 1996), followed by other 

studies on polyryrrole and polythiophene-based ECPs (G Bidan et al., 2004; Gérard Bidan et 

al., 2000; Peng et al., 2005)  , including our studies investigating the effect of the linker group 

that binds the ON probe to the ECP backbone (Peng, Soeller, & Travas-Sejdic, 2007)  

Electrochemical impedance spectroscopy (EIS) is a particularly suitable electrochemical 

technique to detect interactions at the surfaces (Guan et al., 2004; Lisdat & Schäfer, 2008; 

Peng et al., 2009), and has been widely applied in biosensors, including detection of proteins 

(Cai, Lee, & Hsing, 2006; Kara et al., 2010; L.-D. Li, Zhao, Chen, Mu, & Guo, 2011; D. Xu 

et al., 2005), hormones (Lin et al., 2012; Zhu, Alsager, et al., 2015), cells (Feng, Chen, Ren, 

& Qu, 2011), biologically relevant ions (Zhu, Booth, Woo, Hodgkiss, & Travas‐Sejdic, 2015) 

and complementary DNA sequences (Booth et al., 2011; Cha et al., 2003; Kannan et al., 

2011; Peng, Soeller, & Travas-Sejdic, 2007; Thompson et al., 2003). We have used that 

methodology extensively in DNA detection where the interfacial charge transfer resistance 
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(RCT) of the ECP film is significantly affected by the complementary ONs hybridisation on 

the film surface. Namely, a highly charged redox probe that is present in the measurement 

buffer (commonly Fe(CN)6 
3-/4-

) is excluded from the porous ECP electrode interface as a 

result of the increased negative surface charge introduced by binding of target 

oligonucleotides. We have demonstrated that highly porous ECP films provide sensitive 

sensor substrates with detection limits in sub-pM to fM range (Aydemir, McArdle, et al., 

2015; Booth et al., 2011; Kannan et al., 2011; Kannan et al., 2012; Zhu, Alsager, et al., 2015). 

We extended the approach in employing such sensing films in real-time, label-free detection 

of a gene amplification during polymerase chain reaction (Aydemir, McArdle, et al., 2015). 

The polypyrrole copolymers utilised in such sensors are easily grown by 

electropolymerisation into films with nanoporous morphology that amplifies charge transfer 

effects within the electric double-layer region, they have covalently attached DNA, and their 

redox properties are well-matched to ferricyanide probes.  

The problem, however, with the above described approaches, utilised by us and others, is that 

probe oligonucleotide immobilisation is performed post-ECP electropolymerisation on 

electrodes, which limits the suitability of such methodology for fabrication of DNA 

microarrays. Probe immobilisation post-fabrication of the electrodes also imposes a severe 

restriction on the possible production rate in manufacture. An alternative approach, more 

amenable to fabricating array ECP sensors and to mass manufacture would be to 

functionalise the ECP monomer with an oligonucleotide probe prior to electropolymerisation 

of the monomer onto an electrode in order to achieve direct immobilisation of the probe onto 

the sensing element simultaneously with the creation of the sensing element. Livache at al. 

demonstrated such an approach based on copolymerisation of pyrrole with a nucleotide - 

bearing substituted pyrrole (Thierry Livache et al., 1994) allowing immobilisation of multiple 

probes on electrode arrays. Later the same group used a similar process to prepare an ODN 
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array consisting of a matrix of 48 addressable microelectrodes (Bouffier et al., 2014a; 

Livache et al., 1998) . However, detection methodologies utilised by that group have been 

mainly based on optical readouts such as florescence, Surface Plasmon Resonance (SPR) and 

SPR imaging (Guedon et al., 2000; Livache et al., 1998), although photocurrent spectroscopy 

(N. Lassalle, E. Vieil, J. Correia, & L. Abrantes, 2001) and more recently electrochemical 

differential pulse voltammetry of an electroactive intercalator (Bouffier et al., 2014b)  have 

been employed. In spite of a number of advantages in their approach, long linkers between 

the biological probe and the conducting polymer and the bulkiness of such substituents on the 

pyrrole nitrogen (that give rise to steric hindrances to the monomer polymerisation) together 

lead to a major drawback of employing electrochemical readout approaches – structurally ill 

defined, low conductivity, probe-bearing polymer. Similarly, some of our previous studies 

teach us that such functionalised conducting polymer monomers may incorporate into 

copolymers in low amounts (Zhu, Booth, Shepherd, et al., 2015)  

The aim of the present work was to develop a method for fabricating conducting polymers as 

electroactive substrates in biosensing, and particularly gene sensing, that would be easily 

adaptable to the rapid and repeatable fabrication of sensor micro-arrays with truly label-free, 

fast, direct, electrochemical readout. We achieve that by (i) synthesising novel functionalised 

CP monomers, named here ‘termonomers’, (ii) pre-attaching various oligonucleotides probes 

to these termonomers, creating thus a ‘library’ of ON-carrying pyrroles and thiophenes (with 

simple purification procedure developed), (iii) fabricating CP sensor films electrochemically 

in a fraction of second and at remarkably low potentials that are fully benign to the bio-probe, 

in a micro-array fabrication compliant process, (iv) demonstrating highly sensitive and 

selective target DNA detection, and (v) validating the concept of multi-target detection on 

multiple sensing elements simultaneously. The synthesised termonomers (Figure 5.1) are 

based on  thiophene phenylene (ThP) and pyrrole phenylene (PyP), namely  6,6'-((2,5-
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di(thiophen-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid (ThPhCOOH) and (6,6'-((2,5-

di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy)) dihexanoic acid (PyPhCOOH). 2,2'-(2,5-bis(2-(2-

(2-methoxyethoxy)ethoxy)ethoxy)-1,4-phenylene) dithiophene (ThPhEG) was also 

synthesised to use as a co-monomer for ThPhCOOH and non-fuctionalised pyrrole was used 

as a co-monomer for PyPhCOOH, effectively acting as ‘spacers’ between functionalised 

monomers. 

The novel thiophene phenylene and pyrrole phenylene termonomers (Figure 5.1) carry a 

double carboxylic acid functionality on the middle phenylene ring, which is amenable to easy 

and convenient covalent attachment of amino-functionalised oligonucleotides by 

conventional carbodiimide methodology (Bolley et al., 2013; Williams & Ibrahim, 1981; Xia 

et al., 2013). We have recently synthesised and comprehensively characterised a number of 

novel thiophene phenylenes and their (co)polymers containing azide side chains and side 

chains carrying initiating sites for a controlled radical polymerisation, and demonstrated their 

further functionalisation via both ‘click’ chemistry and grafting of polymeric side chains 

(Chan, Baek, Barker, & Travas-Sejdic, 2015) . The termonomers synthesised for the present 

work extend this class of compounds. These termonomers have a number of advantages as 

the ON carrying species over the previously reported ‘single’ ECP monomers. Specifically, 

one of the main characteristics of these recently investigated termonomers based on ThPhs 

was that the polymerisation potentials were lower than potentials that could cause oxidative 

damage to DNA bases (Paleček & Bartošík, 2012; Paukku & Hill, 2011; Steenken & 

Jovanovic, 1997). This is in contrast to the behaviour of simple thiophenes, whose usual 

polymerisation potential is 0.9 to 1.8 V (vs. Ag/AgCl) (Laguren‐Davidson, Van Pham, 

Zimmer, Mark, & Ondrus, 1988; Wei, Chan, Tian, Jang, & Hsueh, 1991), and well above 

potentials causing DNA oxidative damage. Similarly, pyrrole containing termonomers 

synthesised here have lower oxidation potentials then simple pyrroles. These new 
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termonomers also have the expected advantage that the substitution is not hindering α-α 

addition during oxidative polymerisation as the functionality is appended only to the middle 

benzene rings; also the phenylene ring doubles the number of functional sites available per 

each termonomer unit as two carboxylic acid groups are added per phenylene ring. The 

ThPhEG termonomer, its polymer and the polymer electrochemical properties were reported 

in (Chan et al., 2015) and it is used here as a low oxidation potential ‘spacer’ in ThPhCOOH 

polymerisation that also may have useful properties of preventing non-specific adsorption of 

proteins (L. Li, Chen, Zheng, Ratner, & Jiang, 2005) .  

Three 24 base sequences of oligonucleotides, corresponding to chronic lymphocytic leukemia 

(PBGD) gene, bladder cancer (FGFR 3) gene and non-Hodgkin lymphoma (Non-Hodgkin) 

gene, were employed to exemplify the sensor characteristics, detection limits and sensitivity, 

and to demonstrate the multi-target detection principle. 

 

Figure 5.1: Chemical structures of A) PyPhCOOH (1), B) ThPhCOOH (2), C) ThPhEG (3) 

 



 

90 
 

5.2. Materials and Methods   

5.2.1 Reagents  

Dimethylformamide (DMF), tetrahydrofuran (THF), phosphate buffered saline (PBS) pellets, 

sodium paratoluene sulfonate (NaTos), potassium ferricyanide (K3[Fe(CN)6]),  potassium 

ferrocyanide K4[Fe(CN)6], N-hydroxysuccinimide (NHS), 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and pyrrole (Py) were purchased from Sigma 

Aldrich. (6,6'-((2,5-Di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy)) dihexanoic acid 

(PyPhCOOH) and 6,6'-((2,5-di(thiophen-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid 

(ThPhCOOH) were synthesized as described below and 2,2'-(2,5-bis(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)-1,4-phenylene) dithiophene (ThPhEG) was synthesised 

according to(Chan et al., 2015). 24 base sequences of oligonucleotides (ONs) of chronic 

lymphocytic leukemia (PBGD), bladder cancer (FGFR 3) and non-Hodgkin lymphoma (Non-

Hodgkin) were purchased from Alpha DNA; sequences are provided in Table 5.1.  

 

Table 5-1: Names and sequences of employed oligonucleotides 

Oligonucleotide 24 base sequence from 5` to 3` 

Non-Hodgkin probe NH2-(CH2)6-GGTCTAGCTACAGAGAAATCTCGA 

Non-Hodgkin target TCGAGATTTCTCTGTAGCTAGACC 

Non-Hodgkin 1 mismatch        TCGAGATTTCTCAGTAGCTAGACC 

Non-Hodgkin 2 mismatches        TCGAGATTTCTCTCTAGCTAGACC 

FGFR 3 probe NH2-(CH2)6-CAGTAGACGGGGGTGTCACGCGAC 

PBGD probe NH2-(CH2)6-CATCTTTGGGCTGTTTTCTTCCGC 

PBGD target GCGGAAGAAAACAGCCCAAAGATG 
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5.2.2 Synthesis of PyPhCOOH and ThPhCOOH   

5.2.2.1. Synthesis of 6,6'-((2,5-di(thiophen-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid 2 

Scheme 5.1 describes the synthesis of 6,6'-((2,5-di(thiophen-2-yl)-1,4-phenylene)bis(oxy)) 

dihexanoic acid 2, ThPhCOOH monomer. 

 

Scheme 5.1: Synthesis of 6,6'-((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid 2. (i) SOCl2, 

MeOH, 0° C to r.t., 24 hours, 96% (ii) KOH, DMSO, r.t., 24 h, 90% (iii) ICl, MeOH, 0 °C to reflux, 4 hours, 

96% (iv) Pd(PPh3)4, K3PO4, DMF, 70 °C, 47% (v) 4 M NaOH, THF, MeOH, r.t., 2 hours, 57%. Methyl 6-

bromohexanoate 5 

 

To a stirred solution of 6-bromohexanoic acid 4 (5.00 g, 25.6 mmol) in methanol (75 mL) at 

0 °C, thionyl chloride (1.86 mL, 25.6 mmol) was added dropwise. The mixture was warmed 

to room temperature and stirred for 24 h.  The solvent was removed in vacuo and the residue 

was dissolved in ethyl acetate (20 mL), washed with water (2 x 10 mL), sat. NaHCO3 (10 

mL), brine (10 mL) and dried (MgSO4). The solvent was removed in vacuo to give the title 

product 5 (5.13 g, 96%) as a yellow oil which was used without further purification. 
1
H NMR 

(300 MHz; CDCl3) 1.42-1.52 (2H, m, CH2), 1.56-1.66 (2H, m, CH2), 1.85-1.90 (2H, m, CH2), 
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2.33 (2H, t, J = 3.0 Hz, CH2), 3.41 (2H, t, J = 6.0 Hz, CH2), 3.67 (3H, s, CH3). The 
1
H NMR 

values are in agreement with literature. 

Dimethyl 6,6'-(1,4-phenylenebis(oxy))dihexanoate 7 

Potassium hydroxide (1.00 g, 17.8 mmol) was added to a solution of 1,4-hydroquinone 6 

(0.650 g, 5.90 mmol) and methyl 6-bromohexanoate 5 (3.23 g, 15.3 mmol) in DMSO (10 

mL). The mixture was stirred at room temperature for 24 h and then quenched with water (50 

mL), extracted with CH2Cl2 (30 mL), dried (MgSO4) and the solvent was removed in vacuo. 

The crude product was recrystallized in hexane to give the title compound 7 (3.76 g, 90%) as 

an off-white solid. 
1
H NMR (300 MHz; CDCl3) 1.80-1.49 (12H, m, CH2), 2.39 (4H, t, J = 6.0 

Hz, CH2CO2Me), 3.67 (6H, s, OCH3), 3.90 (4H, t, J = 6.0 Hz, OCH2), 6.80 (2H, s, Ar-H). 

The 
1
H NMR values are in agreement with literature.  

Dimethyl 6,6'-((2,5-diiodo-1,4-phenylene)bis(oxy))dihexanoate 8 

 A solution of iodine monochloride (3.20 g, 19.7 mmol) in methanol (10 mL) was added 

dropwise to a stirred solution of dimethyl 6,6'-(1,4-phenylenebis(oxy))dihexanoate 7 (2.00 g, 

5.46 mmol) in methanol (20 mL) at 0 °C. The mixture was heated at reflux for 4 h and left to 

cool to room temperature. The precipitate was collected, washed with methanol to yield title 

product 8 (3.24 g 96%) as pale yellow crystals. 
1
H NMR (300 MHz; CDCl3) 1.59-1.80 (12H, 

m, CH2), 2.39 (4H, t, J = 6.0 Hz, CH2CO2Me), 3.71 (6H, s, OCH3), 3.99 (4H, t, J = 6.0 Hz, 

OCH2), 7.20 (2H, s, Ar-H). The 
1
H NMR data was in agreement with literature values.  

Dimethyl 6,6'-((2,5-di(thiophen-2-yl)-1,4-phenylene)bis(oxy))dihexanoate 10 

A stirred solution of dimethyl 6,6'-((2,5-diiodo-1,4-phenylene)bis(oxy))dihexanoate 8 (1.00 

g, 1.68 mmol), thiophene boronate 9 (0.747 g, 3.05 mmol), tripotassium phosphate (1.18 g, 

5.04 mmol), and tetrakis(triphenylphosphine)palladium(0) (0.185 g, 0.168 mmol) in DMF 
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under an atmosphere of nitrogen was heated at 70 °C for 24 h. The mixture was then cooled, 

quenched with water (20 mL) and extracted with CH2Cl2 (2 x 20 mL). The combined organic 

extracts were washed with brine (20 mL), dried (MgSO4) and the solvent was removed in 

vacuo. The crude product was purified using flash chromatography (4:1, hexanes ethyl 

acetate) to yield title product 10 (0.419 g, 47%) as a yellow solid. RF = 0.5 (3:1 hexanes, 

ethyl acetate); 
1
H NMR (400 MHz; CDCl3) 1.55-1.65 (4H, m, CH2), 1.69-1.77 (4H, m, CH2), 

1.88-1.95 (4H, m, CH2), 2.36 (4H, t, J = 7.4 Hz, CH2), 3.67 (6H, s, CH3), 4.08 (4H, t, J = 6.1 

Hz, CH2), 7.09 (2H, dd, J = 5.5, 3.7 Hz, 4-H), 7.24 (2H, s, 3’-H), 7.43 (2H, dd, J = 5.5, 1.1 

Hz, 3-H), 7.51 (2H, dd, J = 3.7, 1.1 Hz, 5-H).  

6,6'-((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid 2 

To a stirred solution of dimethyl 6,6'-((2,5-di(thiophen-2-yl)-1,4-phenylene)bis(oxy)) 

dihexanoate 10 (0.419 g, 0.79 mmol) in THF (30 mL) and MeOH (30 mL), 4M NaOH (20 

mL) was added and the resulting solution was stirred at room temperature for 2 h. The 

solvent was removed in vacuo and the crude product was re-dissolved in water (20 mL). The 

mixture was acidified with 2M HCl until a precipitate was formed and the precipitate was 

collected via vacuum filtration to yield title product 2 (0.225 g, 57%) as a yellow solid, which 

was used without further purification. 
1
H NMR (400 MHz; DMSO-d6) 1.53-1.56 (4H, m, 

CH2), 1.57-1.64 (4H, m, CH2), 1.83-1.87 (4H, m, CH2), 2.20-2.26 (4H, m CH2), 4.12-4.17 

(4H, m, CH2), 7.14 (2H, dd, J = 4.9, 3.9 Hz, 4-H), 7.43 (2H, s, 3’-H), 7.57 (2H, d, J = 4.9 Hz, 

3-H), 7.71 (2H, d, J = 3.9 Hz, 5-H).  

5.2.2.2. Synthesis of 6,6'-((2,5-di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid1 

Scheme 5.2  describes the synthesis of 6,6'-((2,5-Di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy)) 

dihexanoic acid 1. 
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Scheme 5.2: Synthesis of 6,6'-((2,5-Di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid 1. (i) 

Pd(PPh3)4, K3PO4, DMF, 70 °C, 56% (ii) Na, MeOH, THF, 0 °C to r.t., 24 h, 62%.  

 

Di-tert-butyl 2,2'-(2,5-bis((6-methoxy-6-oxohexyl)oxy)-1,4-phenylene)bis(1H-pyrrole-1-

carboxylate) 12 

A stirred solution of dimethyl 6,6'-((2,5-diiodo-1,4-phenylene)bis(oxy))dihexanoate 8 (0.492 

g, 0.797 mmol), boronate 11 (0.370 g, 1.71 mmol), tetrakis(triphenylphosphine)palladium(0) 

(0.088 g, 0.080 mmol), K3PO4 (0.561 g, 2.39 mmol) in DMF (10 mL) was placed under an 

atmosphere of nitrogen and heated at 70 °C for 24 h. The mixture was then cooled to room 

temperature, quenched with water (10 mL) and extracted with CH2Cl2 (3 x 10 mL). The 

combined organic extracts were washed with brine (10 mL), dried (MgSO4) and the solvent 

was removed in vacuo. The crude product was then purified using flash chromatography (4:1, 

hexanes, ethyl acetate) to yield title product 12 (0.313 g, 56%) as red oil. RF = 0.3 (4:1 

hexanes, ethyl acetate), IR νmax (neat)/cm
-1

s 2946, 2868, 1773, 1459, 1331, 1142; 
1
H NMR 

(400 MHz; CDCl3) 1.33 (18H, s, (CH3)3C) 1.50-1.62 (4H, m, CH2), 1.67-1.75 (4H, m, CH2), 

1.78-1.87 (4H, m, CH2), 2.23-2.27 (4H, m, CH2), 3.67 (6H, s, CH3), 3.75-3.79 (4H, m, CH2), 

6.12 (2H, dd, J = 3.4, 2.1 Hz, 4-H), 6.20 (2H, t, J = 3.4 Hz, 3-H), 6.77 (2H, s, 3’-H), 7.33 

(2H, dd, J = 3.4, 2.1 Hz, 5-H); 
13

C NMR (100 MHz; CDCl3) 24.5 (CH2), 24.6 (CH2), 27.7 

((CH3)3C) 28.9 (CH2), 37.8 (CH3), 69.4 (CH2), 83.1 (C(CH3)3), 110.3 (C-3, 1144.1 (C-4), 
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114.5 (C-5), 122.1 (C-3’), 126.0 (C-2’), 130.3 (C-1), 149.2 (C=O), 152.0 (C-1’), 174.0 

(COOMe). HRMS (EI) found (MNa
+
) 719.3509. C38H52N2NaO10 requires 719.3514. 

6,6'-((2,5-Di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid 1 

Sodium (0.635 g, 4.30 mmol) was dissolved in methanol (5 mL) and the resulting solution 

was added to a solution of di-tert-butyl 2,2'-(2,5-bis((6-methoxy-6-oxohexyl)oxy)-1,4-

phenylene)bis(1H-pyrrole-1-carboxylate) 12 (101 mg, 0.216 mmol) in THF (5 mL). The 

mixture was stirred at room temperature for 24 h. The mixture was then acidified to pH 5 and 

the solvent was removed in vacuo. The mixture was redissolved in CH2Cl2 (10 mL) and 

washed with water (10 mL), brine (10 mL), dried (Na2SO4) and the solvent was removed in 

vacuo. The crude product was purified using flash chromatography (2:1, ethyl acetate, 

hexanes) to yield title product 1 (0.063 g, 62%) as a green solid. MP = 98-101 °C, RF = 0.4 

(3:1 ethyl acetate, hexanes), IR νmax (neat)/cm
-1

s 3449, 2938, 2865, 1695, 1205; 
1
H NMR 

(400 MHz; CDCl3) 1.55-1.60 (4H, m, CH2), 1.73-1.78 (4H, m, CH2), 1.87-1.92 (4H, m, CH2), 

2.37-2.41 (4H, m, CH2), 3.99-4.05 (4H, m, CH2), 6.26-6.28 (2H, m, 4-H), 6.58-6.60 (2H, m, 

3-H), 6.86-6.89 (2H, m, 5-H), 7.06 (2H, s, 3’-H), 9.80 (2H, s, NH); 
13

C NMR (100 MHz; 

CDCl3) 24.3 (CH2), 25.6 (CH2), 29.0 (CH2), 33.8 (CH2), 69.7 (CH2), 106.5 (C-3), 109.0 (C-

4), 110.2 (C-3’), 118.5 (C-5), 127.9 (C-2’), 129.3 (C-1), 152.6 (C-1’), 178.7 (COOH). HRMS 

(EI) found (MNa
+
) 491.2153. C26H32N2NaO6 requires 491.2153. 

5.2.3 Electrodes  

1.6 mm diameter gold disk (MF-2014), 3 mm diameter glassy carbon (GC) (MF-2012), 

standard Ag/AgCl (MF-2052) and platinum (Pt) wire electrodes were purchased from BASI. 

Leak-free Ag/AgCl (ET072) electrode was purchased from Warner Instruments. Au and GC 

electrodes were employed as working electrodes (WE) whereas standard and leak-free 

Ag/AgCl electrodes were used as the reference electrodes (RE) and Pt wire was used as the 
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counter electrode (CE). Both Au and GC electrodes were polished before use by 0.5 µm 

alumina slurry and ultra-sonicated in ethanol and deionized water (Milli-Q) for 5 minutes 

each.  

5.2.4 Termonomer-DNA Coupling  

All the solvents were degassed by flushing N2 for 10 minutes prior to use. 100 µl of the 

monomer (either ThPhCOOH or PyPhCOOH) stock solution (200 µM in tetrahydrofuran 

(THF)) was pipetted into a plastic 1.5 mL eppendorf tube. 100 µL of PBS (pH 6.5) containing 

EDC (20 mM) and NHS (10 mM) was added to the eppendorf tube. The solution was gently 

shaken under N2 in the dark for 1 hour. An additional 100 µL of THF and 100 µL of 1 mM 

NH2-ON solution in PBS (pH: 7.5) were then added to the eppendorf tube and mixed for 

another 2 hours at 28 
o
C, under N2, in dark.  The final solution contained 250 µM of ON, 50 

µM of the monomer, 5 mM of EDC and 2.5 mM NHS in total of 400 μL of THF/PBS (pH: 7) 

1:1 solution. For FTIR and sensitivity experiments, PyPhCOOH was grafted with 24 base 

sequence Non-Hodgkin probe and ThPhCOOh was grafted with 24 base sequence PBGD 

probe. For sensing selectivity measurements both monomers were attached with Non-

Hodgkin probe sequence. After the ON attachment, THF was removed under vacuum and the 

remaining aqueous solution was centrifuged at 12500 rpm for 10 minutes. The supernatant 

solution (containing unreacted NHS, EDC and unbound ON) was removed by carefully 

pipetting it out and the solid residue was washed with excess of PBS (7.4) and centrifuged 

again for another 10 minutes. The supernatant was once more carefully removed by pipetting 

it out and the precipitate was dried under vacuum. (Appendix A9 outlines the procedure.)   
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5.2.5 FTIR Characterisation  

To confirm that ONs covalently couple to the termonomers, FTIR spectra of the termonomers 

prior to the attachment and post-attachment were taken. The FTIR spectra were collected 

between 400-4000 cm
-1

 using a Bruker Vertex 70 spectrometer in absorbance mode. To take 

the monomer spectrum, 100 µL of the PyPhCOOH and ThPhCOOH stock solution (200 µM 

in tetrahydrofuran (THF)) was pipetted into a plastic 1.5 mL eppendorf tube. The solution 

was carefully pipetted onto the sample compartment of a diamond ATR cell, the allowed to 

sit until THF was completely evaporated and monomers precipitated onto the diamond. FTIR 

spectra of the termonomers post-ON attachment were collected by dissolving the dried 

samples in 100 µL of THF, pipetting the solution onto the sample compartment of FTIR 

diamond, waiting for THF to evaporate, and then recording the spectrum.  

5.2.6 Electrodeposition of the P(ThPhON-co-ThPhEG)  and P(PyPhON-co-Py), and 

Electrochemical Characterisation of the Copolymer Films 

The obtained ThPhON monomer was dissolved in 200 μL of dimethyl formamide 

(DMF)/PBS (pH=7.4) (1:1, vol/vol). 500 μl of the 2 mM ThPhEG solution was added into a 

glass vial. That solution was combined with the ThPhON solution. 400 μl of DMF and 900 

μL of PBS (pH=7.4) was added to make 2 mL of the final solution. In the case of PyPhON, 

the PyPhON was dissolved in 200 μl of 1:1 dimethyl formamide (DMF) / PBS (pH=7.4) (1:1, 

vol/vol) and separately 10 mM solution of Py was prepared in DMF. 100 µl of Py solution 

was combined with the 200 µL PyPhON solution. 1700 μL of PBS (pH=7.4) was added to 

make 2 mL of the final solution. In both cases, 0.0388 g of sodium para-toluene sulfonate 

was weighed into the reaction solutions and mixed until the salt was fully dissolved. Thus, 

the final solution contained 10 μM of ThPhON (or PyPhON), 500 μM of ThPhEG (or Py), 

and 0.1 M sodium para-toluene sulfonate in 2 mL of DMF / PBS (1:1) mixture.  Based on the 

amount of starting termonomers used, the calculated ratio of the ON-grafted monomers to 
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either ThPhEG or pyrrole monomers was 1:50 (mol/mol). Such ratio was chosen to space out 

the probe ON sequences enough not to hinder probe-target hybridisation (Kjällman, Peng, 

Soeller, & Travas-Sejdic, 2008; Zhu, Booth, Shepherd, et al., 2015). The monomers were co-

polymerized onto 2 mm diameter gold disk electrode (BASI) in the case of ThPhON and onto 

3 mm diameter GC electrode in the case of PyPhON, in a 3-electrode electrochemical cell 

containing a leak-free Ag/AgCl (3M KCl) reference electrode (+0.242 V vs. SHE) and Pt 

wire counter electrode, by applying 0.8 V for 0.5 seconds. During the electrodeposition, 2.92 

(± 0.56) µC (for ThPhON) and 4.29 (± 1.62) µC (for PyPhON) charge was accumulated on 

electrodes. Film thicknesses were calculated to be 38 ±7 nm for P(ThPhON-co-ThPhEG) and 

14.60 ±6 nm for P(PyPhON-co-Py).  

For electrochemical characterisation, cyclic voltammetry (CV) of P(ThPhON-co-ThPhEG) 

and  P(PyPhON-co-Py) was carried out in a monomer free PBS at different scan rates (100 to 

500 mV/s).  

5.2.7 DNA Sensing Experiments  

The fabricated sensing electrodes were tested by incubating the electrodes into solutions of 

increasing concentration of the complementary target sequences 

(5`GCGGAAGAAAACAGCCCAAAGATG3`) for P(ThPhON-co-ThPhEG) and 

(5`TCGAGATTTCTCTGTAGCTAGACC3`) for P(PyPhON-co-Py). The incubation 

(hybridisation) was performed at 42 
o
C for 60 minutes for each target concentration, as 

hybridisation was mainly finished in 60 minutes (see Appendix A13) and Results and 

Discussion section).  The electrodes were washed with deionised water (Milli Q, 18.2 MΩ), 

followed by PBS (pH 7.4) and electrochemical impedance spectroscopy (EIS) measurements 

were carried out in the presence of K₃[Fe(CN)₆]/K₄[Fe(CN)₆] (5 mM each) redox couple. The 

EIS curves were fitted with a Randle’s equivalent circuit, as shown in the inset of Figure 
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5.4B and D, where Rs represents solution resistance, CPE a constant phase element, Rct the 

charge transfer resistance and W the Warburg diffusion element. The obtained values of Rct 

were normalised to the Rct0 (RCt for the film before incubation with the target ON containing 

solutions), and plotted in dependence on log[c(ON)].   

5.3. Results and Discussions  

5.3.1 Termonomer Synthesis and Oligonucleotide Coupling to the Termonomers  

The synthesis used similar procedures outlined by us (Chan et al., 2015). The reaction 

schemes and synthesis details are given in Materials and Methods (Section 5.2.2). 

Methylation of 6-bromohexanoic acid 4 followed by alkylation to hydroquinone 6 and 

subsequent iodination yielded benzene 8. Suzuki coupling of benzene 8 with thiophene 

boronate 9 followed by demethylation yielded the acid functionalised thiophene phenylene 2. 

Suzuki coupling of benzene 8 with pyrrole boronic acid 11 gave protected pyrrole phenylene 

12. Deprotection of Boc and methyl ester was achieved in one step using sodium methoxide 

to yield acid functionalised pyrrole phenylene 1. 

 

Figure 5.2: FTIR spectra (I) before and (II) after attachment of ON onto A) PyPhCOOH and B) ThPhCOOH.   
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Oligonucleotide coupling to both termonomers was confirmed by FTIR. Overlapped FTIR 

spectra before and after NH2-ON coupling for both monomers are presented in Figure 5.2. 

Peaks at 1710 cm
-1

 and 1737 cm
-1

 represent the C=O stretch of carboxylic acid groups for 

ThPhCOOH and PyPhCOOH, respectively. After the attachment these peaks were clearly 

shifted to 1647 cm
-1

  and 1636 cm
-1

 respectively, corresponding to the amide C=O stretch of 

DNA (Mello & Vidal, 2012) indicative of NH2-ON coupling to the carboxylic acid 

functionalised termonomers. The broad peak between 3000 cm
-1

 and 3700 cm
-1

, arising from 

the N-H stretch, is also suggestive of amide bond formation (Stuart, 2005). In both 

ThPhCOOH and PyPhCOOH spectra there is no peak in the region up to 1000 cm
-1

, whereas 

in the spectra of ThPhON and PyPhON there is a peak at 455 cm
-1

 which is commonly  

attributed to the PO3 stretching in DNA (Fredericks, Bennett, Williams, & Rogers, 2012). 

5.3.2 Electropolymerisation of Sensing Films and Characterisation  

Electrocopolymerisation cyclic voltammograms of P(ThPhEG), P(ThPhCOOH) and 

P(PyTPhCOOH) in 0.1 M NaToS in 1:1 DMF/PBS were studied (Appendix A10). The 

electrocopolymerisation CVs indicate that the onset of oxidation of the monomers was at 

relatively low potentials, as anticipated: ca. 0.75 V for ThPhEG (in accordance with (Chan et 

al., 2015)) and ca. 0.7 V for ThPhCOOH.  These oxidation potentials are significantly lower 

than that of thiophene (Tanaka, Shichiri, Wang, & Yamabe, 1988; Wei et al., 1991) and 

substituted thiophenes (Anjos et al., 2009; Lankinen, Sundholm, Talonen, Granö, & 

Sundholm, 1999; Spires et al., 2011a). Similarly, the onset of oxidative polymerisation at 0.6 

V  for PyPhCOOH is considerably lower than for pyrrole (Zhou & Heinze, 1999) and 

substituted pyrroles (S. Kumar et al., 2014). Furthermore, CVs of the formed polymer films, 

in monomer free aqueous PBS, presented good redox properties (data not shown). These 

results indicated excellent suitability of these monomers for the DNA sensing approach 

considered in this work. After ON coupling to the carboxylic acid functionalised 
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termonomers, electrocopolymerisation CVs of the copolymers - P(ThPhEG-co-ThPhON) 

(ThPhEG: ThPhON 50:1 mol/mol) on a Au  electrode and of P(Py-co-PyPhON) (Py: 

PyPhON 50:1 mol/mol) on a GC electrode - showed copolymer formation with onset of 

electropolymerisation at 0.75 V and 0.6 V, respectively (Appendix A11). Based on these 

results, the sensor films for the further study were electrocopolymerised at a constant 

potential of 0.8 V (see Materials and Methods for details). ON-functionalised copolymer 

films formed in just 0.5 s (Appendix A12). They showed good electroactivity in PBS buffer 

(pH 7.4), important for the DNA sensing application of interest, as seen in Figure 5.3 A and 

C. Dependence of oxidation currents for these films versus scan rate, in a log (Iox)-log (scan 

rate) graph, can be seen in the insets of Figure 5.3A and C.  Electron microscopy images 

(Figure 5.3 B and D) show the porous morphology of the films.   

 

Figure 5.3: Cyclic voltammograms of A) P(ThPhON-co-ThPhEG) and C) P(PyPhON-co-Py) in PBS buffer (pH 

7.4) at various scan rates (100 - 500 mV s
-1

). Insets: Log of oxidation peak currents vs. Log of scan rate. SEM 

images of: B) P(ThPhON-co-ThPhEG) and D) P(PyPhON-co-Py).  
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5.3.3 DNA Sensing with P(PyPhON-co-Py) and P(ThPhON-co-ThPhEG) modified 

electrodes  

Detection of the ON targets, present in the buffer solutions, was investigated by 

electrochemically probing the sensor films by Electrochemical Impedance Spectroscopy 

(EIS) in PBS (pH: 7.4) containing [Fe(CN)6]
3-/4-

 (5 mM each), after 60 minutes of incubation 

of the films in target-containing buffers. 60 minutes was chosen as a study on the 

hybridisation kinetics (Appendix A13) showed that by that time >70% of the maximum EIS 

signal was obtained. A range of concentrations of the complementary target solutions of 

PBGD and Non-Hodgkin genes was introduced onto the P(PyPhON-co-Py) and P(ThPhON-

co-ThPhEG) modified electrodes, respectively. Figure 5.4A and C show impedance 

diagrams of these electrodes incubated with increasing concentration of the complementary 

target solutions. It is notable that fM range concentrations of the Non-Hodgkin sequence 

resulted in an observable change in impedance of the P(ThPhON-co-ThPhEG) modified 

electrode and that pM concentrations of PBGD sequence resulted in a distinguishable change 

in EIS spectra of the P(PyPhON-co-Py) modified electrode.  Normalised changes in the 

values of the fitted charge transfer resistances (see Materials and Methods), △RCT/RCT
0
, taken 

as the sensor response,  are presented in Figures 5.4 B and D.  The prominent increase in 

△RCT/RCT
0

 can be attributed to specific oligonucleotide probe - target Watson-Crick base 

pairing. To examine the extent of any drift in EIS properties of the films over the time of 

hybridisation and measurement, the films were incubated in only PBS (pH:7.4) without any 

target sequences under the same conditions. Negligible change was observed for both of the 

polymer films (hollow symbols in the graphs of Figure 5.4B, D), with a slightly larger 

change (with larger error bar) observed for the P(ThPhON-co-ThPhEG) modified electrode. 

This can be explained by the more hydrophobic nature of P(ThPhON-co-ThPhEG) compared 

to the pyrrole-based polymer (Spires et al., 2011a, 2011b; Spires et al., 2010).  An excellent 
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reproducibility is also highlighted by the relatively small error bars, obtained from 3 complete 

repeats of the whole series of sensing experiments. 

 

Figure 5.4: Nyquist diagrams of A) P(PyPhON-co-Py) and C) P(ThPhON-co-ThPhEG) electrodes after 

incubation with increasing concentrations of Non-Hodgkin and PBGB gene sequence solutions, respectively. 

Experimental data are presented as symbols and the fitting curves to the equivalent circuit (see Materials and 

Methods) as solid lines. Normalized sensor responses, △RCT/RCT
0
, of the electrodes modified with B) 

P(PyPhON-co-Py) and D) P(ThPhON-co-ThPhEG), versus logarithm of the target concentration. Hollow 

symbols represent sensor responses upon PBS incubation with same amount of time as the complementary 

target sequence incubation. n=3. Error bars represent standart deviation.   

 

Remarkable detection limits, were achieved with these sensor films, along with the dynamic 

ranges of 5-6 orders of magnitude. Calculating the minimum detectable concentration as 

having signal/ background variability (noise) >3 indicated that 1.6×10
-17

 M (16 aM) of Non 

Hodgkin gene could be detected with P(PyPhON-co-Py) and 4×10
-13

 M (0.4 pM) of PBGB 

gene could be detected with P(ThPhON-co-ThPhEG). Such low detection limits, particularly 

that for the P(PyPhON-co-Py) modified GC electrodes, are significant improvements to those 
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previously reported for electrochemical sensors (Barrios Eguiluz et al., 2009; Booth et al., 

2011; Kannan et al., 2011; Ko & Jang, 2008; Komarova et al., 2005; Livache et al., 1998; 

Peng, Soeller, & Travas-Sejdic, 2007; Peng et al., 2005; Spires et al., 2011a; Tlili, Jaffrezic-

Renault, Martelet, & Korri-Youssoufi, 2008; Y. Xu, Ye, Yang, He, & Fang, 2006). From the 

linear range of the sensor response (Booth et al., 2011) (Figure 5.4B and D), sensitivity of 

0.341 units/[log (conc./ M)] was calculated for the P(ThPhON-co-ThPhEG) sensor and 0.841 

units/[log (conc./ M)] for the P(PyPhON-co-Py) sensor. Linear range was found to be 10-
13

 M 

to 10
-11

 M for P(PyPhON-co-Py) with an R
2
 of 0.9998 and 10

-11
 M to 10

-9
 for P(ThPhON-co-

ThPhEG) with an R
2
 of 0.9968. We attribute such good sensing properties to several 

particular attributes of these ECP films: (i) excellent conducting polymer properties due to 

the low polymerisation potentials that favour α-α coupling of the monomers, minimising 

cross-linking (Genies, Bidan, & Diaz, 1983; Wei et al., 1991), (ii) highly (nano)porous 

morphology of the films (Aydemir, McArdle, et al., 2015; Kannan et al., 2011; Kannan et al., 

2012; Zhu, Alsager, et al., 2015), (iii) the presence of double carboxylic acid functionality 

providing higher likelihood of ON probe attachment, but also further improving the 

hydrophilicity of the films and therefore electrochemical activity in the buffer solution, as 

indeed was established by the electrochemical studies presented above. Also, if two ON 

probes bind per termer, highly negatively charged, localised ‘islands’ on or within the films 

would be obtained orienting the ON probes in a stretched conformation, more open to 

hybridisation with the target ONs. (Booth et al., 2011; Gębala & Schuhmann, 2010; Kaiser & 

Rant, 2010).   The almost 4 orders of magnitude lower detection limit and 2.5 times higher 

sensitivity of the P(PyPhON-co-Py) sensing film, compared to that of P(ThPhON-co-

ThPhEG) is attributed to higher hydrophilicity, and therefore better electroactivity, and, 

speculatively, a more favourable nanoporous morphology (not further investigated here).  
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5.3.4 Selectivity of the P(PyPhON-co-Py) and P(ThPhON-co-ThPhEG) Sensors  

Selectivity of the P(PyPhON-co-Py) and P(ThPhON-co-ThPhEG)-modified electrode sensor 

films towards the fully complementary target oligonucleotides was investigated by covalently 

attaching Non-Hodgkin probe to the both sensor films, and then incubating the films into 

solutions of the fully complementary sequence (Non-Hodgkin gene), a one-base mismatched, 

two-base mismatched and fully noncomplementary ON sequences. As the fully 

noncomplementary target we have chosen the 24 base sequence of the PBGD gene. For 

selectivity studies of the P(PyPhON-co-Py) sensing films 1 pM concentrations of the ONs 

were used, while for P(ThPhON-co-ThPhEG) sensing films 1 nM solutions of each ON were  

used.  The different concentrations were chosen from the high concentration region of the 

linear ranges of the sensor responses (different for each sensor Figures 5.4 B and D). For 

P(PyPhON-co-Py) sensing films, the response signals as a fraction of that for the fully 

complementary ON were 1.4 %, 6% and 13 %  for noncomplementary, 2-base mismatch and 

1-base mismatch ONs respectively (Figure 5.5A). These results demonstrate excellent 

selectivity of the sensor film. In the case of P(PThPhON-co-Py) sensing film, 1 nM of the 

noncomplementary, two- and one-mismatched ON solutions led to response signals of 4.4 %, 

22.1 % and 43.4 % respectively, of the signal to fully complementary Non-Hodgkin gene 

(Figure 5.5B), showing somewhat less selective sensing than with P(PyPhON-co-Py) film, 

although the higher concentrations of ON solutions may have contributed to this outcome. 
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Figure 5.5: Normalized sensor responses of A) P(PyPhON-co-Py) and B) P(ThPhON-co-ThPhEG) sensing 

films upon incubation with noncomplementary, 2-base mismatch, 1-base mismatch and fully complementary 

gene sequences. P(PyPhON-co-Py) electrodes were incubated with 1 pM, and P(ThPhON-co-ThPhEG) with 1 

nM of the ON solutions.   

5.3.5 Demonstrating the Simultaneous Detection of Multiple Gene Targets   

Above, we clearly demonstrated an effective and simple process for fabrication of gene 

sensing films that involves simultaneous sensing film deposition and probe immobilisation 

onto the electrode surface. Such novel ECP sensors provide highly sensitive and selective 

detection of target genes. We argue that the procedure can be suitably adapted for fabrication 

of gene array sensors as a ‘library’ of ONs pre-attached to termonomer can be created that 

can be immobilised onto electrode surfaces in a fast (sub-second), simple and highly localised  

electropolymerisation step. To demonstrate that, thin P(ThPhON-co-ThPhEG) films were 

created on gold electrodes, that carried three different oligonucleotide probes – 

complementary sequences to Non-Hodgkin, PBGD and FGFR3 genes. These sensing films 

were incubated with a PBS solution containing two target ONs -1 pM of each of Non-

Hodgkin and PBGD genes (Figure 5.6). Subsequent EIS measurements indicated strong 

signals from two sensing films – those bearing probes for Non-Hodgkin and PBGD genes, 

with a sensor response of 37 % and 35 % respectively (in agreement with the results given 

above, indicating no ‘cross-talk’ between these two electrodes) while there was essentially no 
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change in the EIS spectra for the sensing films carrying the sequence probe complementary to 

FGFR3 gene (ca. 1 %).   

 

Figure 5.6: A) Electrochemically deposited P(ThPhON-co-ThPhEG) sensing films on Au electrodes, each 

carrying a different ON probe  – Non-Hodgkin (black, a), PBGD (blue, b) and FGFR3 (red, c) gene.  B) 

Incubation of the films in PBS solution containing both Non-Hodgkin and PBGD gene sequences of 1 pM each. 

C) EIS of each sensing film before and after incubation in the solution of the target ONs 

 

5.4. Conclusions  

We have presented a unique biomolecule immobilisation technique. We have pre-attached 

ONs to functionalized monomers and then electropolymerised these in a sub-second 

timescale onto a variety of electrodes, to produce functionalised electrode surfaces that are 

active and selective for target recognition. We have demonstrated the use of the resultant 

electrodes for label-free, high-sensitivity measurement of specific oligonucleotide sequences. 

The sensors made in this way provide high sensitivity, selectivity and low detection limit (aM 

range for poly (PyPhON-co-Py) and pM range for poly (ThPhON-co-ThPhEG)).  We have 

demonstrated the principle of using the new monomers to create a library of sensing film 

precursors from which an electrode array sensitive to a variety of different ONs can easily be 
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produced. This procedure provides precise control on the recognition probe immobilisation 

and ease of sensor fabrication because the probe attachment to the active monomer, from 

which the sensing film is formed, is carried out separately and prior to the final sensor 

fabrication. Besides, because the coupling procedure and subsequent electro-immobilisation 

is carried out under mild conditions, it should be applicable to the immobilisation of other 

types of biomolecules such as proteins, aptamers and enzymes. The method is applicable to 

the functionalisation of low-cost electrodes such as screen-printed carbon or gold, and is 

capable of implementation using high-speed, industrially-relevant pipette deposition 

methodology (Aydemir et al., 2013). We believe that this procedure will be extremely useful 

for the cost effective mass production of a new generation of biosensors.  

Manuscript consisting of the partial content of this chapter is currently under preparation.  
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Chapter 6. Conclusions and Future Work  

 

6.1. Conclusions  

 

The overall aim of this work was to develop new materials and methodologies for DNA 

detection. To that aim highly sensitive and selective, label-free, electrochemical DNA sensors 

based on conducting polymers have been developed, and exemplified by measuring gene 

amplification during polymerase chain reaction in real time and gene detection based on 

novel conducting polymer. A novel microfabrication technique for depositing conducting 

polymers on conductive substrates was also developed, which is based on scanning 

micropipette deposition. The below paragraphs outline the main findings form these studies 

1. A Label-Free, Sensitive, Real-Time, Semiquantitative Electrochemical 

Measurement Method for DNA Polymerase Amplification (ePCR) 

A very thin film of pyrrole (Py) and 3-pyrrolylacrylic acid (PAA), 

electrocopolymerised onto a 1 mm diameter glassy carbon (GC) electrode, onto which 

a PCR forward primer was covalently attached to, was utilised as the sensing element. 

Such ECP modified electrodes showed sufficient stability up to 95 
o
C during 20 PCR 

cycles in DNA-free negative controls and under relevant electrochemical 

measurements (less than 20 % changes). The sensor electrodes were imbedded into 

the PCR reaction tubes with a standard PCR mixture consisting of forward and 

reverse primers (3 primer system configuration), taq-polymerase enzyme, dNTPs, 

target DNA to be amplified (detected) and a redox probe (Fe(CN)6 
3−/4−

).  
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In the case of 1 primer system (primer just on the sensing electrode) because  DNA 

amplification occurred only on the ECP electrode surface as taq-polymerase can 

extend only surface bonded DNA strands up to a length determined by the extension 

time. On the other hand in three primer system (forward primer is on the sensing 

electrode as well as forward & reverse primers are in the solution), DNA was 

amplified both on the surface and in the solution. The length of the solution amplified 

DNA was determined by the primers. Real time electrical read-out was obtained at the 

end of each cycle. In all of the configurations EIS was employed as the electrical 

read-out technique. Electrode impedance showed systematic increase at the end of 

each cycle as the negative charges coming from the amplified DNA led to changes in 

the charge density on the electrodes. The maximum point of the imaginary part of the 

impedance ( Zmax’’) was used as an easily determined approximation for the charge 

transfer resistance. With using the developed technique, amplification of as few as 2 

copies/μL of an 844 base pair region of the mitochondrial Cytochrome c oxidase gene 

present at around 1 part in 10
6
 of mixed DNA could be detected in less than 10 PCR 

cycles.  

2. New rapid Immobilisation Method for Oligonucleotides on Electrodes Enables 

Highly-sensitive, Array Electrochemical Label-free Gene Sensing.  

Immobilization of the recognition probes onto the sensor surfaces is a crucial step for 

the fabrication of reliable, sensitive and selective sensors. A novel immobilization 

technique utilising the pre-attachment of oligonucleotides onto the (specifically 

designed) newly synthesised monomers was developed in this work. Attachment of 

amine (-NH2) functionalized oligonucleotides to the two types of tethered monomers - 

6'-((2,5-di(thiophen-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid (ThPhCOOH) and 

(6,6'-((2,5-di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy)) dihexanoic acid (PyPhCOOH) 
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was performed by NHS-EDC chemistry. Successful attachment was proven by FTIR 

studies whereby the shift of the free -COOH peak to the amide bonding was observed 

as well as the extra peaks (below 1000 cm
-1

 range) associated with the DNA. 

Following the attachment and purification step, monomer-ON grafts were 

electrochemically addressed onto the electrodes as copolymers with either non-

functionalised pyrrole (Py) for PyPhCOO-ON monomer, or 2,2'-(2,5-bis(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)-1,4-phenylene) dithiophene (ThPhEG) for 

ThPhCOO-ON monomer. Oxidation potentials of ON grafted monomers, as well as 

their non-ON-functionalised versions,  were investigated via cyclic voltammetry and 

in all cases oxidation potentials were less than 0.9 V, which allows for 

electrodeposition of the ON-functionalised termonomers without damaging the ONs. 

Films used for sensing experiments were prepared by applying constant potential of 

0.8 V for 0.5 seconds, resulting in very fast preparation of the sensing films (with 

films’ thicknesses in nanometer scale). Following the sensors preparation, electrodes 

were incubated with target ON sequences with a concentration range of 10
-13

 -10
-7

 M 

for P(ThPhON-co-ThPhEG) and 10
-17

-10
-10

 for P(PyPhON-co-Py). EIS was again 

employed as the electrochemical readout technique. Excellent detection limits: 0.4 pM 

for P(ThPhON-co-ThPhEG) and 16 aM for P(PyPhON-co-Py) were achieved. 

Electrical stability of the sensors was tested by simply incubating films in pure PBS 

and measuring the impedance at an interval of 60 minutes with negligible changes 

observed. To investigate the selectivity, sensor films were incubated with 2-

mismatches, 1-mismatch and uncomplimentary target sequences. In the case of the 

uncomplimentary sequence, the response signals as a fraction of that for the fully 

complementary ON were 1.4% for P(PyPhON-co-Py) and 4.4 % for the P(ThPhON-

co-ThPhEG) implying a remarkable selectivity. Most importantly, the principle of 



 

112 
 

using the new monomers to create a library of sensing film precursors was 

demonstrated, from which an electrode array sensitive to a variety of different ONs 

can easily be produced. This procedure provides precise control on the recognition 

probe immobilization and ease of sensor fabrication because the probe attachment to 

the active monomer, from which the sensing film is formed, is carried out separately 

and prior to the final sensor fabrication. This system not only provides a full control 

of the recognition probe immobilization, but also provides an opportunity for the mass 

production of sensor arrays containing different recognition probes, that may be 

extended to other biological probes than ONs.  

3. Direct Writing of Conducting Polymers- A facile, spatially programmable method 

for ECP sensor fabrication.  

In addition to sensitivity and selectivity, miniaturisation of the sensing elements is 

another very important parameter in fabricating cost effective biosensors. To address 

this issue, a novel microfabrication technique was developed for ECPs. It is based on 

pipette-tip localized, continuous electrochemical growth of conducting polymers 

carried out by SICM setup. The main advantages of the direct writing method is that 

is a programmable operation, can be done repeatability producing addressable patterns 

and it is feasible for all ECPs. The working mechanism relies on the in-situ 

electrochemical growth of conducting polymers carried out by two terminal 

potentiostat setup during the programmed path and operated by a piezo-actuator. A 

single barrel micro pipette including a metal wire (preferably platinum) was filled 

with a mixture of monomer, supporting electrolyte and an appropriate solvent. The 

metallic wire in pipette acted as both counter and quasi reference electrode (CE+RE). 

Electropolymerization took place on a conductive substrate (WE) with applying 

constant potential between the substrate and the quasi-reference electrode in the 



 

113 
 

pipette in a programmed array. Reproducible fabrication of various ECP micro 2- and 

3D structures was realized. The dominating factors of this fabrication technique were 

found to be (a) applied potential, (b) distance between pipette and WE during the 

operation, (c) pipette radius, and (d) pulling speed. Electrochemical characterization 

(in terms of µCV) of the fabricated structures wasperformed by using the same set up 

and double barrel pipettes configuring three terminal electrochemical cell. This 

developed technique may prove to be very suitable for cost effective and reproducible 

fabrication of (bio)sensor arrays, including DNA arrays.  

6.2. Future Studies  

 

In the light of developed procedures and techniques, an immediate aim of the future studies 

would be the use of the direct printing technique, combined with the novel termonomers, in 

fabricating sensor arrays for detection of multiple targets, possibly extending to large array 

chips. Localized electropolymerization using direct writing of the termonomer-DNA grafts 

should be easily performed onto various type of conducting substrates, the choice of which 

would depend on the termonomer chemisty. Such sensing arrays could be then embedded into 

biochips and electrical readout could be obtained using EIS or other electrochemical 

techniques.  

Pre-attachment of ONs onto termonomers is a very versatile technique, as the coupling 

reaction is performed in mild conditions. Hence it can be used for the attachment of other 

types of recognition probes such as antibodies and enzymes. Thus, the sensing elements can 

be functionalised with different type of recognition probes, leading to development of other 

types of biological sensors.  
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Another interesting combination would be the pre-attachement of multiple PCR primers onto 

the termonomers, then fabricating sensing films for detection of PCR amplification of 

different genes simultaneously. Again, the direct writing methodology could be employed for 

miniaturisation and fabrication of the sensing elements.    

It would be also of a great interest to operate such sensors in the presence of real samples, 

such as saliva and blood. Non-specific absorption of the proteins is a well-known obstacle in 

the case of real sample analysis. Decorating co-monomers with appropriate side chains might 

help to repel proteins’ non-specific adsorption and avoid positive false signals. If this can be 

achieved, this will create a great opportunity for future commercialisation.  
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APPENDIX A 

1- PEDOT Microstructures  

2D PEDOT micro structures have been fabricated from a solution containing 0.2 M EDOT 

and 0.1 M (CH3CH2CH2CH2)4N(ClO4)  in acetonitrile by applying 1.1, 1.2 and 1.3 V The 

resulting structures are shown in Figure A1.1.  No deposition has been observed below 1 V. 

For 3D fabrication 1.2 V was applied to avoid over oxidation.  

 

Figure A1.1: PEDOT micro lines obtained by applying A) 1.1, B) 1.2 and C) 1.3 V 

respectively. D): A 100 µm height 3D micro nail fabricated by applying 1.2 V. E) A zoom of 

the base of the nail shown in D.  Scale bar represents 10 µm. 

 

Figure A1.2: Deposition of A) PPy lines on gold, B) PPy circle on ITO electrodes from 10 

mM Py in the presence of 0.1M TBA.ClO4 in acetonitrile.  
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2- PI Controller Response During The Polymerization  

The current feedback was first passed through a 30 sample (300ms) median filter before the 

PI controller. Figure S6 demonstrates the position reponse to the current feedback for a target 

polymerisation current of 2nA. 

 

Figure A2: The graph shows the vertical position response (in light gray) controlled by the PI 

controller to maintain a constant current of 2nA. The deposition is a straight 70micron line 

from polymerised pyrrole. Throughout the actual deposition duration, the standard deviation 

in the current is 0.160 nA from the mean 2.018nA. 
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3- SICM Software for 2- and 3D Conducting Polymer Micro Structure Fabrication  

 

Figure A3: Software for 2- and 3D printing of conducting polymer micro structures.  
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4- Electrode Selection Criteria  

 

 

Figure A4: (A) Nyquist diagrams of suitable and unsuitable electrodes. (B) SEM image of an 

unsuitable electrode exhibiting extreme microstructure. Inset shows the structure in detail 

(scale bar 200 nm).  
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5- ePCR Measurement set-up:  

 

Figure A5: (A) Two terminal electrochemical cell comprising 1 mm diameter glassy carbon 

disk as WE and Pt wire as RE/CE; (B) Measurement set-up employed for e PCR.  
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6- Quantitative PCR (qPCR) 

The mass of Cox1 template in the total chicken blood DNA extract that was added to the 

electrochemical PCR system was determined by the absolute quantification method using an 

Applied Biosystems 7900HT Fast PCR System (conditions are shown in Table S1).  A 

standard curve was prepared in triplicate using an 844 bp oligonucleotide derived from the 

chicken Cox-1 gene (Figures S4 and S5) that was  purified using a PureLink® Quick Gel 

Extraction Kit (Invitrogen), quantified using a NanoDrop 1000 spectrophotometer, and 

serially diluted (1:4) from 4 x 10
-4

 to 6.4 x 10
-7

 ng/µL. The qPCR mix contained forward and 

reverse primers (qPCR-F: TAATCGTCACAGCCCATGCT and qPCR-R: 

GGGGAATGCTATGTCTGGGG) designed to amplify a 119 bp nested product: figure S5. 

Chicken blood DNA (30 ng/uL) was run in quadruplicate on the same plate. Three outliers 

likely resulting from pipetting errors were removed prior to curve calculation using 

proprietary software (Applied Biosystems). The standard curve (slope = -3.99; Y intercept = -

3.39; r
2
 = 0.95) was then used to measure the concentration of Cox1 template present in the 

sample: 33.1 fg/µL of the 844 bp Cox1 oligonucleotide
 
were calculated to be present in 1 µL 

of the original chicken DNA sample (30 ng/µL) i.e. 1 part in 10
6
 of the total chicken blood 

DNA present  The 3-primer electrochemical PCR system at 1X dilution used 1.6 µL of 

chicken blood DNA in a 40 µL total reaction mix, equivalent to  1.3 fg/µL of 844 bp Cox 1 

template (or 1450 copies/μL : 58 x 10
3
 copies in the total mix) 

1
.  At 1000X dilution (the 

lowest tested) the electrochemical PCR could thus detect ,~2 copies/μL (≈58 copies in the 

total solution) of the Cox1 DNA template. 

 

 

                                                           
1
 Life Technologies DNA Copy Number and Dilution Calculator (http://www.lifetechnologies.com) 
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Table A1 Summary of qPCr Conditions 

A1a: qPCR Reagent Mix 

Reagent Volume 

(µL) 

Final Concentration 

Applied Biosystems SYBR® 

Green Master Mix (2x) 

10 1x 

qPCR F primer (10 µM) 1.8 900 nM 

qPCR R primer (10 µM) 1.8 900 nM 

H2O 5.4  

Template (Varies) 1 Varies 

Total 20  

 

A1b: qPCR Thermocycling Profile 

Cycle Temperature Time (minutes) No. of cycles 

Activation 50 °C 2:00 1 

 95 °C 10:00  

Amplification 95 °C 0:15 40 

 60 °C 1:00  

Dissociation 95 °C 0:15 1 

 60 °C 0:15  

 95 °C 0:15  

 

 

 

Figure A6. Standard Curve. A 119 bp nested product was amplified from known dilutions of 

an 844 bp Cox1 DNA template. Ct = cycle threshold; Quantity (ng/µL). 
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7- DNA Sequence Used For the Amplification  

CGCTTCAACACTCAGCCATCTTACCTGTGACCTTCATCAACCGATGATTATTCTCAACC

AACCACAAAGACATTGGCACTCTTTACCTAATTTTCGGCACATGGGCGGGCATAGCCGGC

ACAGCACTTAGCCTTCTAATTCGCGCAGAACTAGGACAGCCCGGAACTCTCTTAGGAGAC

GATCAAATTTACAATGTAATCGTCACAGCCCATGCTTTCGTCATAATCTTCTTTATAGTT

ATACCCATCATGATCGGTGGCTTCGGAAACTGACTAGTCCCACTTATAATCGGTGCCCCA

GACATAGCATTCCCCCGCATAAATAACATAAGCTTCTGACTCCTCCCTCCCTCCTTCCTT

CTCCTACTAGCCTCATCTACCGTAGAAGCTGGGGCCGGCACAGGATGGACAGTTTACCCC

CCTTTAGCCGGCAACCTAGCCCACGCTGGCGCATCAGTAGACCTAGCCATCTTTCATTAC

TTAGCAGGTGTTTCCTCCATTCTAGGAGCCATCAACTTTATCACTACCATCATCAACATAA

AACCCCCCGCACTGTCACAATACCAAACACCCCTATTCGTATGATCCGTCCTCATTACTG

CCATCCTACTACTCCTCTCCTTACCCGTCCTAGCAGCTGGGATTACCATACTACTTACCGA

CCGCAACCTTAACACCACATTCTTCGACCCAGCTGGAGGAGGAGACCCAATCCTATACCA

ACACCTATTCTGATTCTTCGGTCACCCCGAAGTTTACATCCTCATCCTCCCAGGTTTCGGA

ATAATTTCCCACGTAGTAGCATACTATGCAGGAAAAAAAGAACCATTCGGATACATAG

GAAT 

The 844 bp Cox 1 template generated using forward and reverse primers (bold). The 

positions of the nested primers qPCR-F and qPCR-R generating a 119 bp fragment used in 

qPCR are bold and underlined.  
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8- Reaction Impedance Evolution With Cycle Number, 3 Primer System  

 

Figure A7. Evolution of reaction impedance for the 3-primer system. Measurements at 72oC 

following extension, in the presence of 5mM redox couple and 7 × 10-3 unit/μL Taq in the 2-

terminal electrochemical cell at +0.23V cell potential difference. The effect of dilution of the 

original chicken blood DNA sample is shown: from 1.2 ng/μL (1X dilution) to 1.2 pg/μL 

(1000X dilution), including Taq polymerase-free blank  
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9- Termonomer Coupling Procedure  

 

Figure A8. ON-termonomer coupling procedure via NHS-EDC chemistry. 
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10- Electropolymerization of ThPhEG and  ThPhCOOH and  PyPhCOOH 

 

 

 

Figure A9: Potentiodynamic electropolymerisation voltammograms for 0.5 mM solutions of 

A) ThPhEG and B) ThPhCOOH and C) PyPhCOOH, in the presence of 0.1 M NaToS in 1:1 

DMF/PBS for A) and B), and 1:9 DMF/PBS for C); 5 cycles. Insets represent the increasing 

Imax with increasing number of cycles.  
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11- Electropolymerization of P(Py-co-PyPhON) and P(ThPhEG-co-ThPhON) via 

Cyclic Voltammetry  

 

 

 

Figure A10: Potentiodynamic electrocopolymerisation of A) P(Py-co-PyPhON) (Py: 

PyPhON 50:1 mol/mol) on GC (3 mm), B) P(ThPhEG-co-ThPhON) (ThPhEG: ThPhON 

50:1 mol/mol) on (Au 1.6 mm) electrode, ,  for 5 cycles at 100 mV/s scan rate in 1:1 

PBS/DMF for P(ThPhEG-co-ThPhON) and 9:1 PBS/DMF for P(Py-co-PyPhON)  
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12- Electropolymerization of P(Py-co-PyPhON) and P(ThPhEG-co-ThPhON) via 

Constant Potential  

 

Figure A11: Chronoamperometric deposition of A) P(PyPhON-co-Py) on 3mm GC 

electrode and B) P(ThPhON-co-ThPhEG) on 1.6mm Au electrode by applying a constant 

potential of 0.8V for 0.5 seconds on  1:1 PBS/DMF for P(ThPhEG-co-ThPhON) and 9:1 

PBS/DMF for P(Py-co-PyPhON) 
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13- Kinetic studies on the target hybridization  

 

 

Figure A12: Time evolution of Nyquist plots for A) P(PyPhON-co-Py) and B) P(ThPhON-

co-ThPhEG) upon hybridization with 1 pM and 1 nM target concentrations, respectively. 

Spectra after 10, 30, 60 and 90 minutes of incubation are shown.  
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