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Andrea McCooey 

High Sensitivity Nucleic Acid detection using Metal 

Nanowires and Nanotubes 

 

DNA and RNA can be classed as biomarkers of disease, i.e. proteins, antibodies, 

nucleic acids and cells that are found in abnormal amounts in body fluids or tissue 

when disease is present. As the number of deaths attributed to diseases such as 

cancer increase year on year, a strong emphasis is now being placed on the 

development of point of care devices which test for levels of these biomarkers in 

blood, serum, saliva, urine or other sample matrices. 

An electrochemical biosensor has been developed which aims to amplify the signal 

associated with a single nucleic acid binding event, rather than amplifying the 

target nucleic acid, as per PCR or NASBA. This sensor involves a three step 

procedure, consisting of the immobilisation of a capture strand of single strand 

DNA to a gold electrode, it’s hybridisation with a complementary target, followed 

by target hybridisation to a complementary probe strand which is labelled with a 

nanowire. 

Nanowires have a number of unique physical and electronic properties that are 

different from those of spherical nanoparticles, which makes them ideal for use in 

an electrochemical biosensor. The advantage of nanowires and nanotubes is due to 

their increased surface area to volume ratio, which changes or enhances the 

properties of the material they are made of, but also nanotubes and rods can be 

further functionalised with nanoparticles or biomolecules such as proteins, 

enzymes or nucleic acids, which can create multi-functional structures. 

A template-based electrodeposition process has been employed in order to deposit 

ordered arrays of uniformly-sized metal nanowires. The electrochemical and 

spectroscopic properties of these nanowires were investigated with respect to 

electrodeposition time. Hollow nanotubes were also electrochemically deposited 

within the walls of polycarbonate membranes. Nanotubes offer the advantage of 

increased surface area along the inside wall as well as the outside wall, which can 

enhance the signal associated with the binding of target DNA. The inside walls of 

nanotubes can also be functionalised with nanoparticles or biomolecules which can 

add a multi-functional dimension to these structures. The electrochemical and 
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spectroscopic properties of these nanotubes were also investigated and compared 

to those of the solid nanowires. 

Gold nanowires were electrodeposited using the pores within a polycarbonate 

membrane as a template.  Gold nanostructures are well known to catalyse the 

reduction of hydrogen peroxide. The catalytic activity of gold nanowires and 

nanotubes bound through DNA hybridization was assessed by monitoring the 

difference in current associated with the reduction of hydrogen peroxide in a 

solution of 0.01M H2SO4 before and after peroxide addition. Single stranded 

capture DNA was bound to the nanowires and an underlying gold electrode and 

allowed to hybridise with a complementary target strand that is uniquely associated 

with the pathogen Staphylococcus Aureus, (S. aureus), which causes mastitis. The 

modified electrode allows low potential detection of hydrogen peroxide with high 

sensitivity and fast response time. Semi-log plots of the pathogen DNA 

concentration vs. change in faradaic current were linear from 1 fM to 10 µM. The 

hollow nanowires also produced a response that was linear from 1 fM to 10µM, 

but with a dramatically decreased sensitivity when compared with the solid 

nanowires (10.3 µA dec-1 vs. 15.5 µA dec-1). 

Gold-Copper core:shell nanowires have been electrodeposited within the pores of 

a track etched polycarbonate membrane filter. The sacrificial “stripping” of the 

outer metal shell of the nanowire has been identified as an alternative detection 

strategy for nucleic acid detection, which is important for application in a 

multiplexed assay. Use of this method could allow for several types of target DNA 

to be detected in a single assay just by manipulating the properties of different 

metals. Core: shell nanowires functionalised with probe strand DNA that is 

complementary to that of the pathogen S. Aureus were immobilised onto an 

electrode surface via a DNA sandwich assay. The charge associated with the 

reductive desorption of the core-shell nanowires were linearly dependant on the log 

of the target DNA concentration from 1nM to 100 µM. 
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1.1 Introduction 

Nucleic acid sequences unique to every living organism and every bacterium, virus, 

or pathogen provide practical targets for the identification and diagnosis of various 

diseases. With the advent of rapid sequencing capabilities, sequence information is 

now available for many diseases. To more effectively combat these diseases in the 

medical arena, early and accurate detection of DNA markers is crucial. 

In this area, multidisciplinary teams of researchers have been evaluating the 

prospect of using assays based upon nanomaterials to compete effectively with the 

polymerase chain reaction (PCR). PCR is a technology that allows duplication of 

portions of prospective targets, and represents the gold standard in terms of 

sensitivity,1 but has significant drawbacks including complexity, sensitivity to 

contamination, cost, and lack of portability and major challenges with respect to 

multiplexing (detecting multiple targets in a single assay).2 

A chemical sensor is a device that can be used to measure an analyte in a sample 

matrix; ideally it should be capable of responding continuously and reversibly and 

doesn’t damage the sample analyte.3  A biosensor is a sensor device that can detect 

a biological event concentration of target DNA, or any other biological parameter.4  

The minimum elements that a biosensor needs are5,6 

 A molecular recognition layer, that allows for specific biological interactions 

to take place, such as nucleic acid, enzymes, tissue, microorganisms, etc. 

 A transducer that can be coupled to a readout device to convert the recognition 

to a measurable signal. 

 A detector that can convert the measurable signal into something that can be 

understood, such as optical, electrochemical, magnetic, etc. 

The definition for an electrochemical biosensor, as defined by the International 

Union of Pure and Applied Chemistry (IUPAC), is as follows7: 

“An electrochemical biosensor is a self-contained integrated device, which is 

capable of providing specific quantitative or semi-quantitative analytical 

information using a biological recognition element (biochemical receptor) which 

is retained in direct spatial contact with an electrochemical transduction 

element.” 
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Therefore, the characteristics of a successful and useful electrochemical biosensor 

are8,9 

 Extremely specific to a certain recognition event, depending on the type of 

sensor required 

 Portable, for point of care diagnostics 

 Have self-contained instrumentation, with easily controlled reaction 

conditions and minimal need for sample preparation, for possible use outside 

of laboratory conditions 

 Be accurate and simple to use, to have the capability for use by semi-skilled 

operators  

 Rapid analysis and output of results 

 Should be independent of physical parameters and surroundings, such as pH 

and temperature 

 The probe DNA strands need to be functional after attachment to the 

electrochemical surface 

 

There are two transducer methods that are most common for use in electrochemical 

biosensors; amperometric and potentiometric.10  In potentiometric biosensors, the 

biorecognition process is converted to a potential signal by using ion selective 

electrodes.  In amperometric biosensors, a constant potential is applied and the 

current response that is in association with the oxidation or reduction of the species 

is monitored.  Other electrochemical methods that can be used include impedance 

sensors, which measure the response of an electrochemical system to an oscillating 

potential, and conductometric sensors, which analyse the change in electrical 

properties between the two electrodes.11  Amperometric detection would the most 

attractive in most cases, due to it being more sensitive and having a wide range.12   

A nucleic acid (NA) biosensor contains a NA biorecognition layer immobilised 

over the signal transducer.  This recognition layer would contain a known sequence 

of bases, as the sensing element of the sensor.  The purpose of this recognition layer 

is to specifically detect and hybridise with the complementary strands of DNA or 

RNA, which is the target of the specific biosensor.  The transducer determines 

whether or not hybridisation has occurred and produces an electrochemical signal 
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which is converted by the detector to a result that can be easily analysed by the 

user.13 

DNA microarrays, also known as gene chips, are another form of DNA 

hybridisation detection that can be used14.  They are similar to biosensors in that 

they have a specific oligonucleotide sequence immobilised on their surface; 

however DNA microarrays allow multiple parallel detections and analysis of gene 

patterns in thousands of gene expressions in a single experiment.15,16  The detection 

of DNA on microarrays involves binding the probe to the target DNA sequence 

and detecting the generated signal, using methods such as fluorescence, 

chemiluminescence, colorimetric, etc.  However, these methods can take up to 20 

hours to generate a result.17   

Some DNA biosensors are known to give results within an hour, using optical 

biosensor techniques as an example.18,19  Despite this, electrochemical DNA 

biosensors are regarded as being more advantageous and of better use than optical 

biosensors, due to their increasing miniaturisation, increased portability, and also 

their compatibility with advanced microfabrication technologies.20 They are also 

quick, low cost and they are extremely sensitive, with a very low limit of detection 

that doesn’t need amplification from enzymes or other markers.21  Sensitivity is the 

main challenge in creating an electrochemical DNA biosensor, as the target DNA 

of the analyte may be present in such a low concentration, especially before 

symptoms of the disease manifest. Methods for improving the sensitivity of these 

electrochemical DNA biosensor assays include incorporating nanomaterials into 

the detection method,22 such as nanowires, nanoparticles, or quantum dots.23  

The size of a nanomaterial can be an advantage over a bulk structure, simply 

because a target binding event involving the nanomaterial can have a significant 

effect on its physical and chemical properties,24 thereby providing a mode of signal 

transduction not necessarily available with a bulk structure made of the same 

material. Sizes, shapes, and compositions of metal nanoparticles can be varied to 

produce materials with distinct properties, which is important for multiplexed 

analyte detection.  

However, new methods for the synthesis and characterisation of nanomaterials 

have evolved to the point that deliberate variation of their size, shape, and 
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composition is possible, allowing control of their electrochemical and optical 

properties. The ability to carefully tailor the physical properties of nanomaterials 

is essential for their application in bio-detection.25 Tools and techniques for surface 

modification and patterning have advanced to a point that now allows generation 

of nanoscale arrays of bio-macromolecules and small molecules on surfaces. These 

capabilities allow materials that can potentially be implemented into new assays 

having improved modes of signal transduction that can compete favourably with 

PCR to be designed.26  

Nanostructures are structures which have at least one dimension of 10-1000Å, a 

size that is small by engineering standards, common by biological standards, and 

large to chemists. 

The large interest in nanostructures results from their numerous applications in the 

fields of energy storage, environmental and biomedical technologies, electronics, 

optics, magnetism, and electrochemistry due to their unique properties determined 

primarily by their size, composition and structure.27  

Of particular significance is the size dependence of many properties in 

nanomaterials, for example, an enhancement in the strength and hardness of solids, 

the possibility of modifying their electrical properties by controlling the 

arrangement within the constituent nanoclusters and their assembly, the control of 

chemical reactivity by the attachment of functional side groups, the control of 

optical properties by variation of the size and microstructure of the nanoclusters; 

the possibility of creating nanostructures of metastable phases with non-

conventional properties, including superconductivity and magnetism.28 

Many methods for preparing nanomaterials have been developed, ranging from 

milling techniques to chemical and lithographic methods.29 However, there is a 

weakness associated with these structures; it is quite difficult to control the final 

morphologies of these nanostructures. 30,31 

A method termed “template-synthesis” entails the preparation of a variety of micro 

and nanomaterials of a desired morphology and, therefore, provides a route for 

enhancing nanostructure control. A template can be defined as anything that 

determines or serves as a pattern, i.e., a structure within which forms a network 
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such that the removal of the template creates a filled cavity, with features related 

to those of the original template.32  

 

 

 

 

Scheme 1: Schematic representation of the templated synthesis of nanowires. 

 

Various porous templates have been employed to synthesise nanostructures within 

pores.55,56, 57, 58, 66 If the template used has cylindrical pores, then nanocylinders will 

be formed within the voids of the template material. Depending on the deposition 

procedure, the nanocylinders may be solid (nanowires/nanorods) or hollow 

(nanotubules).27 These nanostructures can then remain inside the template, be freed 

from the pores of the template and collected as an ensemble of free nanostructures, 

or they can protrude from the surface of the template.  

i. A porous template is 

attached to a working 

electrode, and coated 

with metal to provide 

electrical contact. 

ii. The pores of the 

template are filled 

with the desired 

material using a 

variety of deposition 

methods.  

iii. The template is 

removed, leaving an 

array of nanorods 

bearing the features of 

the original template.  
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With the template approach, one is able to prepare mono-disperse rods and tubules 

of controlled diameter. This method has been used to synthesise both nanorods and 

nanofibrils composed of conductive polymers, metals, semiconductors, carbon and 

other materials. 59, 66, 81  

In this review, various nanoporous structures used as templates for the synthesis of 

nanostructures, and the various methods employed for synthesis are described, as 

well as some of the recent applications of nanowires in the field of nucleic acid 

detection.  
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1.2 Template materials 

Template synthesis is an elegant chemical approach for the synthesis of 

nanostructures, in particular for different kinds of nanowires. It can be considered 

as an alternative to conventional lithography methods. Arrays of nanowires are 

obtained by filling a porous template that contains a large number of straight 

cylindrical holes with a narrow size distribution. Template based synthesis is most 

commonly and widely used to prepare free standing, non-orientated and orientated 

nanowires, nanorods or nanotubes.33 Many of the studies carried out to date have 

utilised one of two types of nanoporous material, “track-etch” polymeric 

membranes and porous alumina or silica membranes.34, 40 However, template-

based synthesis suffers from the polycrystalline nature of the resultant nanowires 

and nanorods 33, in addition to the difficulties to find appropriate templates with 

pore channels of desired diameter, length and surface chemistry, and to remove the 

template completely without compromising the integrity of grown nanowires or 

nanorods. 

The most commonly used and widely commercially available templates are 

anodised alumina oxide (AAO) membranes, or radiation track-etched 

polycarbonate (PC) membranes.34, 40 The commonly used alumina membranes with 

uniform and parallel pores are made by anodic oxidation of aluminium sheet in 

solutions of sulphuric, oxalic or phosphoric acids.34, 35 Pore densities as high as 1011 

pores/cm2 can be achieved.36 Pore sizes ranging from 10 nm to 100 μm can be 

made.36, 37 Membrane thickness can range from 10-100 μm.38,39, 36  

 

Polycarbonate membranes are made by bombarding a nanoporous polycarbonate 

sheet, typically 6 to 20 μm in thickness, with nuclear fission fragments to create 

damage tracks, and then chemically etching these tracks into pores.40 In these 

radiation track etched membranes, the pores are uniformly sized, and may be as 

small as 10 nm. These pores are evenly distributed, and the pore densities may be 

as high as 109 pores/cm2. Track etch membranes are commercially available 

(Nuclepore,41 Millipore,42 Poretics,43 Cyclopore,44 and Osmonics45) filtration 
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membranes and are usually prepared from materials such as polycarbonate or 

polyester. 

Both templates are convenient to use with a variety of deposition approaches, but 

each type of template have their disadvantages. The advantage of using PC as the 

template is its easy handling and removal by means of pyrolysis at elevated 

temperatures, or dissolution in organic solvents such as dichloromethane 33; but the 

flexibility of PC makes it more prone to distortion during heating (e.g. during 

chemical vapour deposition), and the removal of the template could occur before 

complete densification of the nanostructures, leading to broken or deformed 

nanorods or nanotubes.  

The advantage of using AAO as the template is its rigidity and resistance to high 

temperatures, which would allow the nanostructures to form completely before 

template removal, however AAO is difficult to remove completely after nanorod 

growth.  

 

 Other materials 

Various other synthetic and natural nanoporous materials have been utilised in 

template synthesis. Other templates such as nanochannel arrays on glass,46 

radiation track-etched mica,47 mesoporous materials,48 porous silicon,49 and carbon 

nanotubes50, 51 have also been used to prepare arrays of nanostructures.  

Braun et al 52 developed a two-step procedure that allowed the application of DNA 

as a template for the vectorial growth of 12 μm long, 100 nm wide conductive silver 

nanowires. DNA is particularly well suited for application to template synthesis of 

synthetic nanostructures as it is structurally regular, is able to reversibly assemble 

through hydrogen bonding, and it is relatively easy to obtain materials of precise 

length within the nanometre regime.  
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1.3 Template synthetic techniques 

Nearly any solid matter can in principle be synthesised within nanoporous 

templates 27, provided a suitable chemical pathway can be developed. There are 

some concerns that need to be considered, for example; 

1. Does the deposited material “wet” the pore; 

2. How to avoid blocking the pore (which will hinder the growth of the        

nanostructure); 

3. Is the template stable with respect to the reaction conditions. 

 

 Electrochemical deposition 

Electrochemical deposition of metals and alloys involves the reduction of metal 

ions from aqueous, organic and fused-salt electrolytes. 

The reduction of metal ions Mz+ in an aqueous solution is represented by 

 

Mz+
solution + ze- → Mlattice 

 

This can be accomplished via two different processes: 

1. an electrodeposition process in which z electrons(e) are provided by an external 

power supply and  

2. an electroless deposition process in which a reducing agent in the solution is the 

electron source.  

In either case, the interest is in an “electrode” which is in contact with an aqueous 

ionic solution. 53 

Electrodeposition involves oriented diffusion of charged reactive species through 

a solution and reduction of the charged growth species at the deposition surface 

(which also serves as an electrode).54 

Electrodeposition of materials within the pores of a non-metallic material is 

preceded by coating one face of the template with a metal film, which is used as a 
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cathode for electroplating. This can be achieved by methods such as electroplating, 

electron beam evaporation, or sputtering.37, 38, 39 

The volume of the pore is continuously filled up beginning from the pore bottom. 

The length of the nanostructure can then be controlled by varying the amount of 

material deposited.39,27 When deposition is confined inside the pores of the template 

membranes nanowires or nanorods are produced. However, when the deposition 

occurs along the wall surface of the pore channels, nanotubes form. 

 

 

 

Figure 1.1: Schematic diagram of nanostructures formed within a membrane 

template; and the structures after removal of the template [reproduced from S. 

Barth, F. Hernandez-Ramirez, J. D. Holmes and A. Romano-Rodriguez, Progress 

in Materials Science, 2010, 55, 563-627] 

In general, electrochemical deposition is only applicable to electrical conductive 

materials such as metals, alloys, semiconductors and electrically conductive 

polymers and oxides. 

 Both metal and conductive polymer nanorods/tubes can be synthesised using this 

method. 55, 56, 57, 58 
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 Electroless deposition 

Electroless deposition is the process of depositing a coating with the aid of a 

chemical reducing agent in solution, and without the application of external 

electrical power. Metal deposition rates in electroless deposition are typically lower 

than that of electrochemical deposition.54 In contrast to electrochemical deposition, 

the surface that is to be coated does not need to be electrochemically conductive.  

In the case of templates with pores, the material deposition in the pores starts at the 

pore wall. The pore walls of the template are generally coated in a conducting 

substance, and the deposition material preferentially nucleates on the walls of the 

pores. Therefore, in general, electrochemical deposition results in the formation of 

“solid” nanorods or nanowires of conductive materials, whereas electroless 

deposition often grows hollow “fibrils” or tubules. This is because during 

electroless deposition, the growth of the metal layer starts from the 

sensitised/activated sites located on the pore walls and progresses from the pore 

walls to the centre of the pore. 

In electrochemical deposition, the length of the nanostructures formed can be 

controlled by the deposition time; in contrast to electroless deposition, where the 

length of the nanotubules is solely dependent on the length of the deposition 

channels or pores. Variation of deposition time would result in different wall 

thickness in the nanotubes. An increase in deposition time leads to a thick wall, but 

sometimes a hollow tubule morphology remains even after a prolonged deposition.  

Electrochemical deposition was used in this work so as to control the length of the 

nanowires/nanotubes formed.  
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1.4 Synthesis of nanomaterials  

 Nanostructures can be composed of many different types of materials, such as 

metals, carbon, semiconductors, and polymers.  

 Gold Nanowires 

Schönenberger et al.59 used polyvinylpyrrolidone (PVP) coated polycarbonate 

membranes to synthesise nanowires of different metals (Ni, Co, Cu, and Au) in 

membranes of different pore diameter. Membranes were used with pore diameters 

of dN = 10, 30, 50, 80, and 200 nm, as specified by the supplier. These diameters 

were quoted as per the manufacturers specifications, and there was no standard 

deviation data available. The thickness of the membranes used was ~6 μm. The 

following aqueous electrolytes were used:  Ni solution, 515 g/L 

Ni(H2NSO3)2·4H2O + 20 g/L NiCl2·6H2O + 20 g/L H3BO3; Co solution, 400 g/L 

CoSO4·7H2O + 40 g/L H3BO3; Au solution, 0.32 M gold(I) cyanide + 0.26 M citric 

acid and 0.65 M KOH (pH = 5−6); Cu solution, 125 g/L CuSO4.5H2O + H2SO4 

(pH = 1). Typical deposition voltages are −1.2, −1.1, −1.0, and −0.2, and VSCE for 

Ni, Co, Au, and Cu respectively.  

An array of Ni nanowires was successfully synthesised in the membranes whose 

pores measured 78nm ± 18nm, (see Figure 1.2). The polycarbonate membrane was 

dissolved off in dichloromethane and the resulting array was imaged under SEM. 
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Figure 1.2:  SEM image of the Ni nanowires obtained after the dissolution of the 

polycarbonate membrane. Electrodeposition has been stopped before the 

transition to bulk growth can occur. [Adapted from C. Schönenberger, B. 

vanderZande, L. Fokkink, M. Henny, C. Schmid, M. Kruger, A. Bachtold, R. 

Huber, H. Birk and U. Staufer, J Phys Chem B, 1997, 101, 5497-5505] 

 

As can be seen in the above image, an array of nano-sized cylindrical rods has been 

synthesised. The array has retained its structural integrity even after dissolution of 

the membrane template, implying that the rods are anchored by the metallic layer 

which was evaporated onto the membrane prior to electrochemical deposition. This 

metallic layer served as a back electrode in the deposition process. The wires in the 

image above are not orientated uniformly. This is due to a property intrinsic to 

commercial screen membranes. The pores in these membranes are not aligned 

parallel but have a considerable angular distribution, in the case of the membranes 

used in this experiment, of ±34°.  

Even if electrochemical deposition proceeds at an exactly constant rate, complete 

pore filling may not occur in all pores at an equal rate. If some of the pores are 

initially poorly wetted, the number of pores in which electrodeposition occurs can 

increase with time. This results in inhomogeneous growth, which results in wires 

which are not of equal length. Inhomogeneous growth can be observed in the 

current-time transient, characterised by a broadening of the “sharp” current 

increase as the growth transitions to the bulk.  
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At sufficiently long deposition times, the deposition of the metal changes from 

growth in the pores to growth on the whole surface of the membrane. This growth 

change can be seen in Figure 1.3 below. In Figure 1.3a, the deposition has been 

stopped at the point of transition from growth in the pores to “bulk growth” and 

some of the wires can be seen to have small hemispherical caps forming on the top 

of them. In Figure 1.3b, the deposition has been stopped long after the point of 

transition, and now all of the wires have hemispherical caps, which have grown 

together into a metallic deposit that covers the entire membrane surface. 

The authors claim that the growth in pores proceeds until ~100 – 200 seconds, after 

which the transition to bulk growth occurs. 
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Figure 1.3: SEM images of Ni deposited in 80nm porous membranes obtained after 

dissolution of the membrane. Electrodeposition has been stopped at the transition 

to bulk growth and long afterwards for (a) and (b) respectively. [Reproduced from 

C. Schönenberger, B. vanderZande, L. Fokkink, M. Henny, C. Schmid, M. Kruger, 

A. Bachtold, R. Huber, H. Birk and U. Staufer, J Phys Chem B, 1997, 101, 5497-

5505] 

 

Lu et al.60 have deposited gold nanowires in the pores of polycarbonate membranes. 

The polycarbonate membranes had a pore size of 200 nm, and prior to 

electrodeposition, were sputtered with a 30 nm thick layer of gold. The nanowires 

were electrodeposited at a constant potential of 0.18 V vs. SCE from a 0.5M 

HAuCl4 solution for 15 minutes.  

SEM and TEM micrographs, Figure 1.4, show that the gold nanowires grew well 

within the pores of the template and display a highly regular and uniform pattern 

with an average diameter of ~250 nm, which is ~ 25% larger than the dimension of 

the nanopore in the template, and the length of the nanowire is ~ 10 µm.  
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The TEM image shows a single gold nanowire dispersed in chitosan solution 

following dissolution of the membrane in dichloromethane. The wires were 

dispersed in chitosan solution following dissolution of the membrane in order to 

immobilise them onto a glassy carbon electrode surface. A straight nanowire can 

be seen with a diameter of 250 nm, which agrees with the SEM characterisation.   

 

 

Figure 1.4: (a) SEM micrograph of the gold nanowires following dissolution of the 

polycarbonate membrane in dichloromethane for 2h. (b) TEM image of a single 

nanowire dispersed in chitosan solution. [Reproduced from Y. Lu, M. Yang, F. 

Qu, G. Shen and R. Yu, Bioelectrochemistry, 2007, 71, 211-216] 
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Karim et al.61 have also synthesised gold nanowires within the pores of 

polycarbonate membranes. Membranes 30 µm thick with varying diameters were 

used as templates, and the wires were deposited from a commercial gold bath of 

potassium dicyanoaurate (I) containing 10 g/l of gold at 65°C. Four deposition 

potentials were used: 1.1 V, 1.2 V, 1.3 V, and 1.4 V using a two electrode cell set 

up, an Au rod acted as anode, and the Cu coated polycarbonate membrane acted as 

cathode.  

 

SEM micrographs confirm the shape of the nanowires.  

 

 

Figure 1.5: SEM micrograph of 160 nm diameter AuNWs. Inset: end sections of 

wires. [Adapted from S. Karim, M. E. Toimil-Molares, F. Maurer, G. Miehe, W. 

Ensinger, J. Liu, T. W. Cornelius and R. Neumann, Applied Physics A-Materials 

Science & Processing, 2006, 84, 403-407] 
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Figure 1.6: HRSEM of a 25 nm nanowire. [Adapted from S. Karim, M. E. Toimil-

Molares, F. Maurer, G. Miehe, W. Ensinger, J. Liu, T. W. Cornelius and R. 

Neumann, Applied Physics A-Materials Science & Processing, 2006, 84, 403-407] 

 

Independent of diameter, the nanowires possess homogenous contours and are 

cylindrical in shape. The inset of Figure 1.5 shows a magnified image of end 

sections of wires in Figure 1.5 revealing that the wires are cylindrical with uniform 

cross-section over the whole length. 

Since the deposited material acquires exactly the same shape as the pore, the 

characteristics of membranes employed are extremely important for the fabrication 

of nanowires. The shape of the pores in commercially available membranes is, in 

general, not cylindrical with a constant cross-section but is rather toothpick- or 

cigar-like.62 Resultantly, the wires prepared using the commercial membranes are 

reported to be up to a factor 2.5 wider in the middle than at the end.59 Measurements 

by SEM and TEM of wires prepared by this group did not reveal any diameter 

variation beyond 10% along the whole length. The authors state that they added an 

irradiation with UV light step in the formation of their polycarbonate membrane, 

which the authors propose is the reason there is low variation in pore diameter 

throughout the membrane length. Templates fabricated without UV sensitization 

were found to contain pores with rather large diameter variation. In addition, no 

surfactants were added to the etching solution, which are also known to 
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considerably influence the pore shape.63 The surfactant is adsorbed onto the film 

surface, and at the entrances of etched tracks of heavy ions, surfactant molecules 

tend to decrease the etching rate, thus leading to formation of “spindle-shaped” 

pores.  

 

 

 

Figure 1.7: Current–time transients for Au electrodeposition in membranes with 

70 nm diameter pores for different potentiostatic voltages at 65◦C. Arrows indicate 

the end of zone II, i.e., the point at which the current starts to increase [reproduced 

from S. Karim, M. E. Toimil-Molares, F. Maurer, G. Miehe, W. Ensinger, J. Liu, 

T. W. Cornelius and R. Neumann, Applied Physics A-Materials Science & 

Processing, 2006, 84, 403-407] 

 

Figure 1.7 displays the current-vs.-time transients recorded during 

electrodeposition of Au nanowires of 70 nm diameter at different voltages and 

65◦C. The shape of the curves is in agreement with the behaviour described 

previously for copper deposition in template.64 After immersion of the sample in 

the electrolyte, no external voltage is applied until the open-circuit voltage between 

cathode and anode stabilises. When a potential is applied, the current exhibits a 

sharp increase (I) that is attributed to the charge of the electrical double layer. The 

reduction of ions directly located at the cathode surface generates a concentration 

gradient, and causes a flux of ions towards the cathode. In this process, the decrease 
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of current indicates the formation of the diffusion layer. During the growth of the 

metal in the pores, the current remains nearly constant (II) until the wires reach the 

polymer surface. When this happens, caps start to grow on top of the wires, and 

due to the increased surface area, the current increases (III). The increase of the 

current indicated the point at which the growth transitions to the bulk and begins 

to form a layer over the top of the template.  

 

 Copper nanowires 

Irshad et al.65 have synthesised copper nanowires within the pores of anodic 

alumina templates. The electrolyte used was CuCl2.6H2O buffered with H3BO3 and 

acidified with dilute H2SO4. The nanowires were electrodeposited using a constant 

applied potential of -1.8 V, using a two electrode set up in which a Cu rod acted as 

anode, and the gold sputtered anodic alumina template acted as cathode. The 

deposition was performed for approximately 6000 s.  

SEM images confirmed that the wires formed were aligned parallel to each other 

and had lengths ranging from 20-25 µm. TEM images show that the minimum 

diameter of the nanowires was approximately 15 nm, which is the smallest template 

diameter measured by the authors before deposition.  

 

 

Figure 1.8: Cross sectional view of electrodeposited CuNWs. [Reproduced from 

M. I. Irshad, F. Ahmad, N. M. Mohamed and M. Z. Abdullah, International Journal 

of Electrochemical Science, 2014, 9, 2548-2555] 
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The current density profile is shown in Figure 1.9. In order to understand the 

growth mechanism of the copper nanowires, the current density profile is divided 

into three parts, as indicated by the arrows. In the beginning, the current density 

decreases, showing that all the pores are empty before deposition. After 

approximately 12 minutes, as in the second region of the curve, the pore-filling 

factor increases leading to an increase in the current density. In the third region, 

after approximately 50 minutes, the current density becomes almost constant, 

indicating that the growth of the nanowire has transitioned to bulk growth that 

proceeds onto the whole template surface.   

 

Figure 1.9: Current density profile of Cu nanowire deposition. The three stages of 

growth are indicated by the arrows: Stage 1: decrease in current density showing 

pores are empty before deposition, Stage 2: density increases as nanowires begin 

to grow, and Stage 3: current density becomes constant as growth transitions to a 

bulk film. [Reproduced from M. I. Irshad, F. Ahmad, N. M. Mohamed and M. Z. 

Abdullah, International Journal of Electrochemical Science, 2014, 9, 2548-2555] 

 

Inguanta et al. 66 synthesised copper nanowires in anodic alumina templates. The 

electrodeposition solution was prepared dissolving 0.2 M of CuSO4·5H2O and 
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0.1 M of H3BO3 in distilled water; pH of the solution was adjusted to 3 by adding 

H2SO4. Electrodeposition potentials were −0.3, −0.45 and −0.6 V vs. SCE. The 

deposition time used was 3 hours. This time was enough to completely fill the 

membrane pores, as well as create a continuous Cu overlayer on the top of the 

membrane. The authors chose different deposition potentials in order to determine 

whether deposition potentials (both in the region where hydrogen evolution 

reaction is allowed or not) had any effect on the growth and structure of nanowires 

formed. In all cases, pure polycrystalline Cu nanowires were fabricated into 

template pores, having lengths increasing with the total deposition time. 

Continuous electrodeposition resulted in higher growth rates and less uniform 

lengths of nanowires.  

 

 

Figure 1.10: Cross-section views of anodic alumina membranes filled with Cu 

nanowires obtained by continuous deposition. ((a) and (b)) −0.3 V(SCE) after (a) 

1 h and (b) 3 h. ((c) and (d)) −0.6 V(SCE) after 1 h of electrodeposition in central 

part of the cross-section (c) and in proximity of the template surface (d) 

[Reproduced from R. Inguanta, S. Piazza and C. Sunseri, Appl. Surf. Sci., 2009, 

255, 8816-8823] 
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Fang et al.67 have synthesised copper nanowires inside the pores of TiO2 films. 

Anodic Titania templates with pore size of 120 nm were used as template, and the 

nanowires were electrodeposited from 0.5 M CuSO4 solution by constant current 

of -1 mA. SEM images of the solid nanowires formed are shown in  

Figure 1.11.  

 

 

Figure 1.11: Images of TiO2 templates after filling with Cu: SEM images of top 

view (a,b), TEM image of cross section (c), and XRD spectrum (d). [Adapted from 

D. Fang, K. Huang, S. Liu and D. Qin, Electrochemistry Communications, 2009, 

11, 901-904] 

 

Based on the SEM and TEM results, the authors suppose that the Cu electroplating 

inside the TiO2 membrane proceeds in two ways. The titania template has excellent 

adsorption ability, so this favours Cu deposition on the pore wall.68 In addition, due 

to the presence of the Ag on the bottom surface, metal plating starts to generate a 

tube like structure early in the deposition process. As the deposition proceeds, 

however, the Cu is slowly electroplated, and preferentially deposits on the 
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electrode surface to smooth the initial tube-like structure, which produces 

completely packed nanowires growing in the channel direction.69  

This proposed mechanism is shown in Figure 1.12.  

 

 

Figure 1.12: The schematic illustration of formation process of Cu nanowires 

inside the porous anodic titania template. [Adapted from D. Fang, K. Huang, S. 

Liu and D. Qin, Electrochemistry Communications, 2009, 11, 901-904] 

 

 Potentiostatic deposition vs. galvanostatic 

deposition 

Potentiostatic deposition relies on the position of the reference electrode relative to 

the growth surface. Any voltage drop between the reference and the working 

electrodes acts as an error, and, in case of nanowire deposition, this will decrease 

the magnitude of the overpotential at the bottom of the pores. Since the distance 

from the pore mouth to the bottom of the electrode is decreasing as the nanowires 

are deposited, the Ohmic error is constantly decreasing, making the deposition 

potential at the surface closer and closer to the potential set by the potentiostat. 

Galvanostatic deposition would seem to solve this problem, since the applied 

voltage between working and counter electrodes would reduce slightly as the 

nanowires grew, requiring less voltage to pass the same current density into the 

pores. However, several difficulties have been observed when applying the 

technique to nanowires, especially in processes with low cathodic current 

efficiency.72 Low current efficiency plating reactions produce hydrogen gas in the 

pores which sometimes produces bubbles which can lead to the pores becoming 

blocked.70 Even if the pore does not become fully blocked, the presence of these 

hydrogen bubbles block a certain portion of the pore, leading to deposition of the 



 

26 

 

metal around this blockage. In these cases, hollow nanotubes are normally formed, 

rather than solid nanowires. 71, 72 As a greater portion of the pores become blocked, 

the reduced electrode surface area results in a greater current density everywhere 

else. This increased current density in the unblocked pores leads to more rapid 

deposition, an altered alloy composition, and a very low fill-factor. 70  

These observations would suggest that galvanostatic deposition is more suited to 

hollow tube formation, and potentiostatic deposition for solid nanowire fabrication.  

 

1.5 Core shell nanowires 

Davis and Podlaha72 have synthesised Cu nanotubes, and CoNiCu nanotubes with 

a CuSO4 filling, from a CoNiCu electrolyte, within the pores of a polycarbonate 

membrane. The membrane was 10 µm thick, and the pore diameter was 800 nm. 

The membrane was sputtered with Au prior to deposition of the tubes in order to 

provide electrical contact. The sputtering times varied from 10 minutes to 50 

minutes. Longer sputtering times resulted in thinner tube walls, and longer tubes 

formed. The tubes were formed from a low efficiency CoNiCu electrolyte 

composed of 50 mM CoSO4, 57 mM NiSO4, and 1 mM CuSO4. The alloy 

deposition was carried out at a potential of -1 V vs. SCE. The CuSO4 filling was 

deposited at a potential of -0.325 V vs. SCE, which formed solid nanowires inside 

the preformed tubes.  

Hollow Cu tubes were formed by deposition from the alloy solution at a potential 

of   -0.325 V vs. SCE for 14 hours. The membrane was sputtered for 50 minutes. 

The electrodeposition time was increased from 1 hour to compensate for the lower 

current density.  

SEM images of the deposited wires confirm their tube structure, and EDX 

spectroscopy confirms their Cu composition.  
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Figure 1.13 SEM of Cu nanotubes plated from the CoNiCu bath at -0.325 V. Cu 

EDX spectrum shown on lower right. [Reproduced from D. M. Davis and E. J. 

Podlaha, Electrochemical and Solid State Letters, 2005, 8, D1-D4] 

 

The nanotubes were shown to be ~5 µm long, and the wall thickness averaged 218 

nm ± 54nm. The EDX spectrum showed that pure Cu was deposited.  

Despite the very long sputtering times, SEM images confirm that the pores of the 

membrane were not sealed before deposition. The preferential plating along the 

inner wall is then attributed to the small amount of Au sputtered along the edges of 

the pores, but this does not explain why the tubes do not deposit axially to form 

nanowires, especially at long deposition times. Due to the low current efficiency 

of the CoNiCu electrolyte, the authors proposed that gas evolution during 

deposition was responsible for the tube formation. This was confirmed by the use 

of a high efficiency CuSO4 electrolyte at less negative deposition potential and low 

sputter time (10 min). This formed solid gold nanowires instead of hollow tubes.  

Thus, gas evolution plays a significant role in the formation of nanotubes. When 

there is no gas generation, such as in a concentrated electrolyte, solid nanowires 

are formed instead of hollow tubes. A suggested mechanism for this is that for 
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horizontally positioned membranes, the generated hydrogen gas finds a path from 

the growing electrode surface through the pore centre to the pore mouth, and 

subsequently blocks the deposition in its path, and shields the centre of the 

nanopore.  

Following this, the authors formed core:shell nanowires. CoNiCu tubes were first 

deposited at -1 V vs. SCE for 60 min on a membrane sputtered for 20 min. after 

making the CoNiCu tubes, the centre area was filled by electrodepositing Cu from 

the concentrated Cu electrolyte at -0.325 V vs. SCE. SEM images confirmed that 

the wires were indeed solid following Cu deposition, and EDX indicates a slightly 

larger Cu peak compared to EDX of CoNiCu tubes formed earlier Figure 1.14. 

XRF was also performed and confirmed increased Cu content in the core shell 

nanowire.  

 

 

Figure 1.14: EDX spectrum of CoNiCu nanotubes deposited for 60 min at -1 V 

from CoNiCu electrolyte. [Adapted from D. M. Davis and E. J. Podlaha, 

Electrochemical and Solid State Letters, 2005, 8, D1-D4] 
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Figure 1.15: SEM of core:shell wires obtained by filling CoNiCu tubes with Cu 

from a concentrated Cu electrolyte. ESX spectrum is shown on the right. 

[Reproduced from D. M. Davis and E. J. Podlaha, Electrochemical and Solid State 

Letters, 2005, 8, D1-D4] 
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1.6 Summary 

Nanowires can be deposited in the pores of templates via electrodeposition or 

electroless deposition. A wide range of potentials can be applied in order to form 

solid metal nanowires. Minimising side reactions such as gas evolution will ensure 

that solid nanowires are created, as will ensuring that the electrodeposition solution 

used is highly efficient. Polycarbonate membranes must be sputtered or plated with 

a layer of metal prior to electrodeposition to provide electrical contact, and there 

are several methods of attaching the membrane to the working electrode, e.g. 

Nafion interlayer, adhesive tape or sticker, polyelectrolytic glue, or melamine 

foam.    

Core shell nanowires can be formed by filling the centre of pre deposited 

nanotubes. The formation of nanotubes can be controlled by the use of a low-

efficiency electrolyte, a low over-potential which causes side reactions such as gas 

evolution, or not sealing the pores of the template with the sputtering metal, so that 

the metal preferentially deposits on the walls of the pore, where the sputtered metal 

has deposited.  

The centre of these preformed tubes can then be filled with a different metal either 

by using a highly concentrated electrolyte solution, or depositing at a less negative 

potential. 
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1.7 Applications 

The emergence of nanomaterials over the last decade as versatile and 

functionalisable platforms has spurred an era of great advances in the biosensing 

field, particularly in the area of nucleic acid detection.73,74,75 Taking electrode 

platforms from the micro- to the nanoscale has practical implications that may 

allow wider implementations of electrochemical nucleic acid biosensors as clinical 

tools. 

There are several challenges inherent with working with nanomaterials that must 

be considered when developing a biosensor. For example, issues with sensor 

homogeneity and reproducible fabrication of the electrodes can be a challenge at 

the nanoscale.  

A range of nanomaterials have been used in nucleic acids biosensors, including 

metal and metal-semiconductor nanoparticles, magnetic nanoparticles, quantum 

dots, nanowires and carbon nanotubes. 76,77,78,79 They may be used in 

electrochemical DNA sensors either as the electrode, as reporter groups to signal 

hybridisation and initiate a transduction event, or (in the case of magnetic 

nanoparticles), either for separation and sample preparation prior to analysis or for 

signal amplification. Nanoparticles as labels for electrochemical biosensing 

provide benefits such as stability, flexibility, sensitivity, high reaction rates, low 

cost, and applicability to multiplexed assays.80  

The detection strategies used for nanomaterial-based nucleic acid sensors are 

varied, but include direct electrical readout of conductance or resistance, and 

electrochemical techniques. 
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 Gold Nanowires 

Ramulu et al.81 have synthesised gold nanowires in the pores of a polycarbonate 

membrane via a two-step electrochemical deposition technique. These nanowires 

were then functionalised with DNA and their nucleic acid sensing capabilities were 

then studied via cyclic voltammetry and electrochemical impedance spectroscopy. 

 

 

Figure 1.16: Schematic illustration of (a) Synthesis of AuNWs and (b) fabrication 

of the DNA biosensor electrodes. (WE-working electrode, RE-reference electrode, 

CE-counter electrode) [Reproduced from T. S. Ramulu, R. Venu, B. Sinha, B. Lim, 

S. J. Jeon, S. S. Yoon and C. G. Kim, Biosens. Bioelectron., 2013, 40, 258-264] 
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After deposition of the nanowires, the wires are attached to a gold-coated glass 

substrate using a chitosan solution, and the polycarbonate membrane is removed 

by dissolution in dichloromethane. This method gives rise to a modified electrode 

surface with aligned unidirectional wires on the surface. The wires have an average 

length of 1.5 μm and diameter of 200 nm (as per the pore size of the membrane). 

The wires were then functionalised with thiolated probe DNA at a concentration of 

1.3×10-5M for 12 hours. Hybridisation to the probe DNA immobilised electrode 

was accomplished by incubating it with different concentrations of target DNA for 

1 h at 37 °C. The nanowire-modified electrode was then characterised using cyclic 

voltammetry. The cyclic voltammograms obtained at a scan rate of 20 mVs−1 for 

Au electrode with bare wires attached (i), thiolated probe DNA immobilised on 

Au/NWs electrode (ii), AuNW/thiolated probe-DNA) and hybridised 

complimentary DNA (iii), AuNW/thiolated probe-DNA/complementary target-

DNA) electrodes are shown in Figure 1.17. The Au/NW electrode produces a well-

defined cathodic peak and anodic peak at in the potential range of 0.6 to −0.4 V 

with an Ia of 0.9 mA (curve i). The immobilisation of thiolated probe DNA on the 

AuNW electrode surface results in a decrease in the peak current (0.622 mA), 

indicating that the probe DNA was successfully immobilized on the AuNW 

electrode surfaces (curve ii). A further decrease in the peak current (0.502 mA) was 

observed when the complementary DNA was hybridised with the probe DNA 

(curve iii). 
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Figure 1.17: Cyclic voltammograms of AuNW (i), AuNW/thiolated probe-DNA (ii) 

AuNW/thiolated probe-DNA/complementary target-DNA (iii) electrodes in 0.05 m 

PBS (pH 7.4, 0.15 M NaCl) containing 5 mM [Fe(CN)6]
3−/4− [Reproduced from T. 

S. Ramulu, R. Venu, B. Sinha, B. Lim, S. J. Jeon, S. S. Yoon and C. G. Kim, 

Biosens. Bioelectron., 2013, 40, 258-264]. 

 

The authors also performed two selectivity assays using a non-complementary 

target strand of DNA and a complementary strand containing a one-base mismatch, 

as well as incubating with varying concentrations of probe DNA from 1.35×10-5 M 

to 1.35×10-9 M. The change in current was plotted vs. log of [DNA], and the 

response of the array was linear across all target concentrations used (Figure 1.18). 

The authors have not reported standard deviations in their results, suggesting that 

the results shown are from one experiment only, therefore no comment can be made 

on the repeatability and reproducibility of this assay.  
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Figure 1.18: (a) Differential pulse voltammograms of (i) AuNWsA/t-DNA (ii) 

AuNWsA/t-DNA/c-DNA (iii) AuNWsA/t-DNA/nc-DNA(iv) AuNWsA/t-DNA/m-

DNA electrodes; (b) DPV measurements of AuNWsA/t-DNA electrode after 

hybridization with different concentrations of complimentary sequence in 0.05 M 

PBS (pH 7.4, 0.15 M NaCl) containing 20 μM methylene blue and (c) ΔIp as a 

function of ln(target DNA concentration) of (i) bare Au electrode (ii) and AuNWsA 

electrode. [Reproduced from T. S. Ramulu, R. Venu, B. Sinha, B. Lim, S. J. Jeon, 

S. S. Yoon and C. G. Kim, Biosens. Bioelectron., 2013, 40, 258-264] 

 

The LOD of the modified electrode is 6.78×10−9 M, which is two times lower than 

the detection limit of the unmodified Au electrode. The concentration of free, 

circulating DNA in blood in healthy individuals is reported to vary between 10-

1500 ng/mL82; but it has been shown to increase slightly in patients with diseases 

such as malignant tumours.83 This corresponds to a femtomolar (10-15 M) 

concentration of free circulating DNA per mL of blood. This sensor’s LOD is not 

sensitive enough to detect these levels of free DNA in a small volume of sample, 

which would render it difficult to adapt to a point-of-care system.  
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Gasparac et al. 84 have utilised the electrocatalytic capability of gold nanowires in 

order to detect DNA associated with Helicobacter pylori, a pathogen implicated in 

gastric ulcers and cancer.85 Their gold nanowires were prepared using an 

electroless plating procedure within the pores of polycarbonate track-etch 

membranes. Oxygen plasma was then used to remove a thin layer of the 

polycarbonate, exposing ~200 nm of the deposited nanowires. These exposed 

nanowires mounted in the PC membrane were then used to prepare a three-

dimensional gold nanoelectrode ensemble (NEE).  

 

 

Figure 1.19: Scanning electron micrograph and schematic illustration of 3D 

nanoelectrode ensemble. [Reproduced from Gasparac, R.; Taft, B. J.; Lapierre-

Devlin, M. A.; Lazareck, A. D.; Xu, J. M.; Kelley, S. O. J. Am. Chem. Soc. 2004, 

126, 12270-12271] 

 

The gold nanowires were functionalised with thiolated probe DNA, which was 

complementary to the pathogen H. pylori. The label-free system reports on the 

binding of the target DNA to an immobilised probe oligonucleotide using a 

catalytic reaction between two transition-metal ions, [Ru(NH3)6]3+ and      

[Fe(CN)6]
3-. The Ru(III) electron acceptor is reduced at the electrode surface, and 

re-oxidised by excess Fe(III), making the electrochemical process catalytic. The 

increased concentration of anionic phosphates at the electrode surface that 

accompanies DNA hybridisation increases the local concentration of 

[Ru(NH3)6]
3+, and therefore produces large changes in the electrocatalytic signal.  
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Figure 1.20: Representative cyclic voltammograms for 18-mer duplex DNA 

modified macroelectrode (a), and NEE (b) collected in solutions containing 2 mM 

[Fe(CN)6] 
3- and 10 (blue), 20 (red), and 80 µM (black) [Ru(NH3)6]3- [Reproduced 

from M. A. Lapierre-Devlin, C. L. Asher, B. J. Taft, R. Gasparac, M. A. Roberts 

and S. O. Kelley, Nano Letters, 2005, 5, 1051-1055] 

 

The dependence of the electrocatalytic currents on the concentration of 

[Ru(NH3)6]
3+at NEEs is markedly different than at macroelectrodes. At the 

macroelectrode, the addition of Ru3+ strongly attenuated the efficiency of the 

electrocatalysis. As [Ru(NH3)6]
3+ is titrated into the immobilised DNA monolayer, 

the catalytic wave disappears while the direct Ru(III) reduction becomes more 
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pronounced (Figure 1.20a). However, at NEEs, electrocatalytic currents increase 

with [Ru(NH3)6]
3+ (Figure 1.20b).  

The electrocatalytic signals generated after the hybridisation of the target DNA 

exhibit a large increase when compared to results obtained by the same group when 

using Au macroelectrodes.86 These results strongly support the notion that the 

three-dimensional architectures of nanowires facilitate the electrocatalytic reaction 

because of enhanced diffusion occurring around these structures. 

 

Figure 1.21: Representative cyclic voltammograms of (a) 3 mM [Ru(NH3)6]3+ at 

a bare NEE, (b) 27 µM [Ru(NH3)6]
3+ at a NEE modified with 30-mer duplex DNA, 

(c) 27 µM [Ru(NH3)6]
3+ and 2mM [Fe(CN)6]

3- at a NEE modified with 30-mer 

duplex DNA, (d) 3 mM [Ru(NH3)6]
3+ at a bare Au macroelectrode, (e) 27 µM 

[Ru(NH3)6]
3+ at a macroelectrode modified with 30-mer duplex DNA, (f) 27 µM 

[Ru(NH3)6]
3+ and 2mM [Fe(CN)6]

3- at a macroelectrode modified with 30-mer 

duplex DNA [Reproduced from M. A. Lapierre-Devlin, C. L. Asher, B. J. Taft, R. 

Gasparac, M. A. Roberts and S. O. Kelley, Nano Letters, 2005, 5, 1051-1055] 

 

The 3D NEEs were used to establish the sensitivity of the electrocatalytic DNA 

assay performed on the nanoscale architecture. When a probe-modified 3D NEE 
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electrode was titrated with a target DNA strand, solutions containing picomolar 

concentrations of the analyte produced detectable changes in the electrochemical 

signal. The authors state that as the exposed geometric area of their NEE electrode 

is 0.07 cm2, zeptomole detection limits could easily be detected with just a slight 

modification of the aperture used in the electrochemical analysis.  

 

Lu et al.60 have synthesised gold nanowires and functionalised them with enzymes 

for utilisation in a hydrogen peroxide biosensor. The synthesis of these nanowires 

is described previously in synthesis of nanomaterials section.  

The gold nanowires were functionalised with glucose oxidase by dispersing them 

in a 10 mg/mL solution overnight at 4 °C. The functionalised wires were then 

dispersed in 0.5 wt.% chitosan solution in acetic acid, and sonicated for 15 minutes. 

10 µL of this mixture was then coated onto the surface of a polished glassy carbon 

electrode in order to form the Au NW modified electrode used in the hydrogen 

peroxide sensor.  

The response of the glucose oxidase modified nanowires to hydrogen peroxide was 

compared to unmodified wires (both cast on bare glassy carbon electrodes). 

 

Figure 1.22: Effect of potential on the response of the gold nanowire modified 

electrode towards 1 mM hydrogen peroxide in 0.06 M PBS. [Reproduced from Y. 

Lu, M. Yang, F. Qu, G. Shen and R. Yu, Bioelectrochemistry, 2007, 71, 211-216] 
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Figure 1.22 shows the effect of applied potential on the gold nanowire modified 

electrode response toward hydrogen peroxide in 0.06 M phosphate buffer. The 

range of potential was controlled from − 0.4 to 0.4 V vs. SCE. As can be seen, 

during the potential range studied, high response current was observed and the 

potential of 0.3 V vs. SCE is a turning point. In this study, the potential of − 0.2 V 

vs. SCE was selected. At such a low applied potential, the background current 

decreased, the responses of common interference species can be minimised, and 

the oxygen reduction current can be limited. 

 

Figure 1.23: Current-time transient obtained at the conventional gold electrode 

(a) and the gold nanowire modified electrode (b) upon increasing the 

concentration of hydrogen peroxide in steps of 1 mM at -0.2 V vs. SCE in 0.06 M 

PBS. [Reproduced from Y. Lu, M. Yang, F. Qu, G. Shen and R. Yu, 

Bioelectrochemistry, 2007, 71, 211-216] 

 

Figure 1.23 displays the typical current–time curve at the conventional gold 

electrode (a) and the Au nanowire modified electrode (b) to H2O2. The process of 

detection was carried out at − 0.2 V vs. SCE under air-saturated condition and 

1 mM H2O2 were successively added into the phosphate buffer.  As shown in Figure 

1.23, the modified electrode responds rapidly to the changes in the level of 

hydrogen peroxide, producing steady signals within 5 s. The sensitivity of the gold 
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nanowire modified electrode is about 30 times higher than conventional gold 

electrode. The excellent electrochemical response observed is due not only to the 

higher effective surface area of the gold nanowire modified electrode, but also the 

properties of Au nanowires themselves, including excellent catalytic activities, 

unique electrical properties and high conductivity. 

The amperometric responses of the glucose oxidase (GOx) modified biosensor for 

successive addition of 0.5 mM glucose at − 0.2 V vs. SCE are presented in Figure 

1.24, and inset is the calibration curve. One can see that the biosensor was sensitive 

toward glucose and a steady-state current signal was generated within 8 s. The 

sensitive response means that large amount of enzymes are adsorbed onto the 

nanowire surface. Meanwhile, as can be seen from the calibration curve, the 

glucose biosensor exhibits the linear range of 0.01 mM up to 20 mM with a 

correlation coefficient of 0.997 and based on S/N = 3, a detection limit of 

5 × 10− 6 M was obtained. The lower detection limit of the linear calibration range 

of the gold nanowire modified electrode toward glucose is 1.0 × 10− 5 M.  
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Figure 1.24: Current time transient of GOx modified biosensor for the successive 

addition of 0.5 mM glucose at -0.2 V vs. SCE. Inset: Calibration curve of current 

response over range of glucose concentrations. [Reproduced from Y. Lu, M. Yang, 

F. Qu, G. Shen and R. Yu, Bioelectrochemistry, 2007, 71, 211-216] 

 

The interference-free determination of glucose was demonstrated by an 

independent recovery test. The recovery test was carried out in 10 mL phosphate 

buffer containing real physiological samples (0.5 mL serum). By using standard 

addition method, standard glucose solutions were added to the assay solution. Five 

assays were performed with the recoveries in the range of 97.6–104%, which 

illustrated the reliability of the results of the biosensor. The RSD were obtained 

from three determination and the low values mean that the GOx is stable when 

absorbed onto the electrode surface and can be used for practical applications. 
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 Core:Shell Nanowires 

The electrochemical reduction of H2O2 at the surface of bimetallic Ag:Cu core:shell 

nanowires has been investigated.87 The core:shell nanowires were seeded onto the 

surface of a glassy carbon disk electrode that had been treated with 0.5% Nafion.  

 

 

Figure 1.25: Schematic representation of formation of bimetallic Ag:Cu core:shell 

nanowire modified glassy carbon electrode [Reproduced from J. S. Easow and T. 

Selvaraju, Electrochim. Acta, 2013, 112, 648-654] 

 

The nanowires formed were characterised using SEM. 
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Figure 1.26: SEM image of Ag:Cu bimetallic nanowires grown on glass substrates 

for SEM analysis. [Reproduced from J. S. Easow and T. Selvaraju, Electrochim. 

Acta, 2013, 112, 648-654] 

 

Voltammetric characterisation of the core:shell nanowires was performed in PBS 

in the presence of 0.2 mM H2O2, and compared with the response of a bare glassy 

carbon (GC) electrode, and a glassy carbon electrode modified with 0.5% Nafion 

and Ag seeds (GC/Nf/Agseed). The voltammograms are shown in Figure 1.27.  

No observable reduction peak current was recorded for the GC/Nf/Agseed
 electrode, 

and a slight peak was observed for the bare GC electrode in the potential window 

0 → -0.6 V vs. Ag/AgCl (Figure 1.27a and Figure 1.27b). An enhanced reduction 

peak at -0.438 V vs. Ag/AgCl was recorded for the core:shell nanowire modified 

electrode (Figure 1.27c). 
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Figure 1.27: Cyclic voltammetric response of (a) bare GC, (b) GC/Nf/Agseed, and 

(c) bimetallic GC/Nf/Ag:CuNW electrodes in the presence of 0.2 mM H2O2. The 

supporting electrolyte was 0.01 M PBS (pH 7.2). [Reproduced from J. S. Easow 

and T. Selvaraju, Electrochim. Acta, 2013, 112, 648-654] 

 

These bimetallic core:shell NW modified GC electrodes were then used to 

construct an amperometric sensor for H2O2 reduction. Figure 1.28 shows the 

amperometric current vs. time response of the modified electrode to different 

concentrations of H2O2 in PBS. The concentration of H2O2 is varied from 1 mM to 

10 mM and injected every 40 seconds. Figure 1.28 inset shows a linear calibration 

based on the steady state H2O2 electrocatalytic reduction current observed at the 

core:shell nanowire modified electrode. The LOD of this assay was 3 µM H2O2 

with a S/N ratio of 3.   
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Figure 1.28: Chronoamperometric response of bimetallic GC/Nf/Ag:Cu NWs 

electrode toward different concentrations of H2O2 in PBS (pH 7.2). The electrode 

potential is fixed at -0.6 V vs. Ag/AgCl. Inset: Current correlation vs. H2O2 

concentration. [Reproduced from J. S. Easow and T. Selvaraju, Electrochim. Acta, 

2013, 112, 648-654] 

 

While a linear correlation is observed for H2O2 concentration, no correlation 

coefficient is reported in the article, therefore the sensitivity of this assay is 

unknown.  

The use of bimetallic core:shell nanowires for detection of biomolecules could lend 

itself to multiplex devices, as each metal will be electrochemically active at 

different potentials. Modifying these nanowires with biomolecules such as nucleic 

acids specific to different diseases, or with antibodies that capture different types 

of bacteria, could allow two or more diseases to be detected with a single test.  

Developing a multiplexed assay has significant impacts for point of care diagnostic 

devices, which many see as the future of medicine. These devices should be easy 

to use and require low sample volumes with little-to-no sample preparation, 

allowing them to be used by a GP or patient without need for specialised training 

or extra equipment. 
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 Summary 

 

Table 1.1: Summary of applications of nanowires in different biosensors  

Author Metal Used Rod Architecture Sensor type LOD 

Ramulu Gold Nanowire Electrochemical 

DNA biosensor 

6.78 nM 

Gasparac Gold Nanowire Electrochemical 

DNA biosensor 

pM 

Lu Gold Nanowire Electrochemical 

H2O2 biosensor 

5 μM 

Easow Silver: 

Copper 

Core:shell nanowire Electrochemical 

H2O2 biosensor 

3 μM 

 

Most of the previously reported systems do not have an LOD low enough to 

detect the concentration of target DNA in the early stages of disease, before 

symptoms have manifested. 

The aim of this work is to increase the sensitivity of the assay by utilising the 

larger nanowire or nanotube surface area, resulting in a large amplification of the 

signal generated by target binding, especially when compared to a nanoparticle. 

The advantage of this system over current available systems is that without the 

need for target amplification, the assay time reduces significantly, as PCR cycles 

can take up to 30 hours to complete.  
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1.8 Conclusion 

Template-based synthesis has been shown to be an effective technique for 

synthesising nanostructures whose morphologies and dimensions can be 

controlled. These nanostructures have applications in a large range of fields of 

study, including energy storage, biosensors, and optics.  

Templates such as polycarbonate membrane are readily available at low cost, and 

they provide nanowires/tubules/rods with uniform diameter which are easily 

harvested from the membrane due to its ability to readily dissolve in organic 

solvents. These membranes are available with a large range of pore sizes, which 

means that wires/tubes/rods with different diameters can be synthesised.  

Electrodeposition of a metal into the pores of these templates allows for synthesis 

of nanorods/nanotubes whose length can be controlled by controlling the 

deposition time. The structure formed may be hollow or solid depending on the 

parameters used.  

The advantage of nanowires and nanotubes is due to their increased surface area to 

volume ratio, which changes or enhances the properties of the material they are 

made of, but also nanotubes and rods can be further functionalised with 

nanoparticles or biomolecules such as proteins, enzymes or nucleic acids, which 

can create multi-functional structures. These functionalised rods or tubules can 

then be utilised in biosensors e.g. electrocatalytic activity of metal nanoparticles 

decorated on tubule surface, nucleic acid detection, environmental sensors, or fuel 

cells.  

This survey also presents an overview of the electrodeposition of metals in 

templates and their applications in environmental sensors and biosensors.  

The focus of this work is on the catalytic ability of the metals at the nanoscale, and 

on the utilisation of the enhanced signals attributed to catalytic activity at nanowire 

surfaces in order to improve the sensitivity of nucleic acid biosensors. The literature 

reviewed has shown that gold nanowires are useful catalysts of hydrogen peroxide, 

and hexaamineruthenium/ ferrocyanide. The catalytic activity of the nanowires is 

greatly increased compared to bulk gold electrodes, which has positive 
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implications for the improvement of the sensitivity and limits of detection of 

biosensors. The literature has also shown that gold nanowires exhibit good 

biocompatibility, and this allows them to be functionalised with enzymes, nucleic 

acids and other biomolecules. Copper is also shown to have excellent catalytic 

sensitivity towards hydrogen peroxide.  

The use of two different metals in a core:shell structure was anticipated to yield a 

second detection strategy that could be combined with electrocatalysis, in order to 

produce an assay that was capable of detecting two separate nucleic acid sequences.  

The use of two metals in a single nanowire structure also has the potential to detect 

more than one biomolecule simultaneously just by changing the potential at which 

their response to an electrocatalytic reagent is recorded.  

 

The aim of this work is to develop an ultrasensitive, multiplexed approach to 

directly detect low concentrations of disease biomarkers, such as upregulated 

proteins, antibodies and nucleic acids in blood and tissue. Functionalised 

electrocatalytic metal nanowires could significantly amplify (~109) the signal 

generated by biomarker capture. Multiplexing will allow a small panel of 

biomarkers to be detected thus improving early diagnosis as well as the monitoring 

of treatment efficacy and disease recurrence. This approach will negate the need 

for target amplification, and will significantly decrease the time from blood sample 

taken to diagnosis. The high sensitivity of this method will also aid early diagnosis 

and hopefully lead to faster treatment and improved prognosis.  
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2.1 Materials   

Hydrogen tetrachloroaurate (III) (HAuCl4, ≥ 99.99 %), sulphuric acid (H2SO4, 

99.99 %), dichloromethane (CH2Cl2 ≥ 99.9 %), copper sulphate (CuSO4 ≥ 99.9%), 

Phosphate Buffered Saline (PBS), Fluorine Doped Tin Oxide (FDTO) glass slides 

were obtained from Sigma-Aldrich, and all the solutions were prepared with Milli-

Q 18-mΩ water (Millipore purification system). FDTO glass slides were also 

obtained from Solaronix, Aubonne VD, Switzerland.  Isopore™ Polycarbonate 

(PC) Membrane Filters were obtained from Millipore (25 µm thick with pore 

diameters of approximately 70 ± 20 nm). The oligonucleotides were purchased 

from Eurogentec©™ and their purity was >98%. The base sequences are as 

follows: 

Capture:  5`- CGG-CAG-TGT-TTA-TCA -3` – SH 

Target:    5`-TGA-TAA-ACA-CTG-CCG-TTT-GAA-GTC-TGT-TTA-GAA-

GAA-ACT-TA-3` 

Probe:  SH-5`- TA-AGT-TTC-TTC-TAA-ACA-GAC- -3` 

1 Base-Mismatch: 5`-TGC-TAA-ACA-CTG-CCG-TTT-GAA-GTC-TGT-TTA-

AAA-GAA-ACT-TA-3` 

3 Base-Mismatch: 5`-TGC-TAA-ACA-CTG-CCG-CTT-GAA-GTC-TGT-TTA-

GAT-GAA- ATA-TA-3` 

A 30mM gold deposition solution was prepared using tetrachloroaurate in 0.1 M 

KCl. These solutions were then stored in the dark and wrapped in tin foil when not 

in use. The gold solutions were deoxygenated using nitrogen gas prior to 

electrochemical deposition. A 0.2 M copper deposition solution was made up using 

copper sulphate and 0.1 M aqueous H2SO4 (adjusted to pH 3 by HCl) in deionised 

water. The copper solutions were deoxygenated using nitrogen gas prior to use for 

electrochemical deposition. 

FDTO glass slides were used as working electrodes for nanotube and nanowire 

deposition. Before use the slides were washed in acetone and deionised water, 

before drying with a heat gun until completely dry.  
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The membranes used had a pore diameter of ~100 nm and a pore thickness of ~25 

µm. A ~300 nm thick gold layer serving as a back electrode was sputter coated 

onto one side of the membranes. After sputtering, the membranes are fixed with 

the gold layer facing down on to the conducting side of the FDTO glass slide using 

an adhesive sticker. The sticker leaves the central part of the membrane open over 

a diameter of ~6 mm, which is the part that was exposed to the electrolyte solution. 

In the case of nanotube deposition, the sputtered layer was removed from the 

membrane surface, leaving small annular deposits of Au inside the pore walls only. 

The membrane is placed with the stripped side facing the FDTO surface for 

electrodeposition. The diameter of the stripped membrane exposed to the 

electrolyte solution is the same as for the non-stripped membranes.  

Following electrodeposition of the metal, the membrane is physically removed 

from the surface of the FDTO electrode, and dissolved in dichloromethane, 

centrifuged and rinsed several times in dichloromethane before a final suspension 

in water. In the case of the non-stripped membranes, the membrane is sonicated for 

~30 seconds following initial dissolution step in order to break up the pieces of 

sputtered gold and free nanowires into solution.  
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2.2 Electrochemistry 

For voltammetric characterisation of the nanostructures, a three-electrode 

electrochemical cell was used at a temperature of 222C.  The working electrode 

was a 2 mm diameter planar gold disc.  It was polished with a nylon cloth with 1 

µm diamond polish, and 0.3 µm and 0.05 µm alumina polish, and thoroughly rinsed 

with Milli-Q water and ethanol before sonication in Milli-Q water for 5 minutes.  

Voltammetry in aqueous 0.1 M H2SO4 was used to determine the surface roughness 

factor by scanning the electrode between 0.000 and +1.500 V at a scan rate of 100 

mV s-1.  The counter electrode was a large area coiled platinum wire and a 

silver/silver chloride (Ag/AgCl in 3 M KCl) acted as reference.   

Cyclic voltammetric and amperometric measurements were carried out using a CHI 

760d and CHI 760b electrochemical workstation. 

 

2.3 Sample preparation 

Isopore membranes were sputter coated using a Polaron SC7640 'Cool' Sputter 

Coater at a voltage of 2 kV and current of 20 mA for ~20 minutes. The sputtered 

layer was ~300 nm thick. 
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2.4 Spectroscopic Techniques 

 Raman Spectroscopy 

Raman spectroscopy was carried out on a Horiba Jobin Yvon HR800UV 

microscope connected to a CCD detector. The laser beam (He-Ne laser) utilising a 

488 nm excitation line was focused through a 100x objective lens. The acquisition 

time was 10 seconds. Baseline correction and smoothing was incorporated using 

Lab Spec software.  

 

 EDX Spectroscopy 

EDX was used in this work to determine the presence of copper and gold in the 

core:shell nanotubes. The measurements were performed using an Oxford INCA 

microanalysis system using an X-Max detection system. The accelerating voltage 

was 10 – 20kV and the probe current was 35mA.  
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2.5 Microscopic Techniques 

 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) analysis was performed using a Hitachi 

S3400N microscope with an accelerating voltage of 5 - 20kV and a probe current 

of 25 - 35mA.  

 

 Field-Emission Scanning Electron Microscopy (FE-

SEM) 

FE-SEM was performed using a Carl Zeiss Supra Ultra plus microscope. The 

accelerating voltage was 5 – 20kV and the probe current was 35mA.  

 

 

2.6 Inductively Coupled Plasma - Mass 

Spectrometry (ICP-MS) 

The nanowires/nanotubes were analysed for gold content (Au197) using an Agilent 

7700e ICP-MS equipped with a 3rd generation Octopole Reaction System (ORS) 

using Mass Hunter software, in no gas mode using external calibration. 
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2.7 Calculation of Electrochemical Area and 

Surface Roughness of a bare gold electrode 

Voltammetry in acidic electrolyte (0.1 M H2SO4) was used to determine the 

microscopic area by cycling the electrode between 0 and 1.5 V, as shown in Figure 

2.1. The gold oxide reduction peak (typically found at 0.8 V) was used to calculate 

the surface roughness factor (ratio of the microscopic to geometric areas) from the 

geometric area, 0.0314 cm2.1 The calculation of electrochemical area and surface 

roughness factor is given below in Equation 2.1 - 2.3, where AG is the geometric 

area, EA is the electrochemical area, Ap (in Couloumbs) is the area under the peak 

of interest, and R.F. is the roughness factor.   

The determination was done by integration of the gold oxide reduction peak from 

the voltammetric curves obtained at 25oC between 0 V and 1.5 V (vs. Ag/AgCl/3 

M KCl reference electrode), at a scan rate of 0.1 V s-1 in 0.1 M sulphuric acid. 

Then, electrochemical area (EA) is the ratio between the charge of the gold oxide 

reduction presented on the studied electrode surface (QAu/α oxide) and QStd.  

 

 

                               
2rAG                                 Equation 2.1 

                
2390 


Ccmμ

A
EA

p

                           Equation 2.2 
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Figure 2.1: Cyclic voltammogram of a 2 mm diameter gold electrode in 0.1 M 

H2SO4 with a surface roughness factor of 1.5. The counter electrode was a platinum 

wire and the reference electrode was Ag/AgCl in 3M KCl. The scan rate is 100 

mVs-1. The sixth scan is presented. 
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Usually, calculations of EA are expressed as a roughness factor, which EA is 

expressed per unit of geometric surface area.2 

  

 
GA

EA
FR ..                                                    Equation 2.3  

 

Where AG is the geometric area of the working electrode.   
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2.8 Capacitance of gold electrodes 

The double layer capacitance of bare gold electrodes and AuNW-modified 

electrodes was determined using cyclic voltammetry as illustrated in Figure 2.2. 

The current associated with the double layer charging is given by: 

AVCi dl2      Equation 2.4 

Where Δi is the change in current, A is the microscopic area, and v is the scan rate 

in Vs-1 

A satisfactory value for capacitance for a clean gold electrode in 0.1 M aqueous 

electrolyte is between 10 and 40 µFcm-2. 3 
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Figure 2.2: Cyclic voltammogram demonstrating capacitance of a bare gold 

electrode in 0.1M LiClO4
 in ACN. The potential was swept from 0 to 0.6V with a 

scan rate of 100mVs-1.The reference electrode was Ag/AgCl in 3 M KCl. The sixth 

scan is presented. 
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2.9 Experimental Procedures 

 Synthesis of gold nanowires and nanotubes 

Electrochemical deposition through this template was achieved using a 

commercially available HAuCl4 gold salt solution at an applied potential of -0.273 

V vs. Ag/AgCl in 3 M KCl to fabricate gold nanowires and nanotubes within the 

nanopores.  

 

 

  DNA modification of the gold nanowires/nanotubes 

The exposed top surface of the AuNWs/AuNTs were functionalised with probe 

oligo (5ʹ thiolate) by immersing the AuNW/NT functionalised PC membrane in a 

1 µM solution of the thiolated probe DNA strand dissolved in 1 M Denhardt's 

buffer for 3 hours. Denhardt’s buffer consists of 1% Bovine Serum Albumin 

(BSA), 1 % Ficoll, and 1 % Polyvinylpyrrolidone (PVP) in water. The buffer has 

a pH of 7. The template containing the nanowires was then washed with deionised 

water for 15 s to remove loosely bound oligo.  Subsequently, the membranes were 

then placed in dichloromethane (DCM) for 1 hour to dissolve the PC template.  The 

membranes were then sonicated for 45 min to break the separate the nanowires 

from the underlying gold layer.  This was followed by several washings of DCM 

and DI water to remove any residual polycarbonate membrane.  The suspension of 

the released DNA modified AuNWs was stored in DI water until further use. The 

nanowires were decorated with probe strand DNA at their top ends only.  

The gold nanotubes were functionalised in the same way as the nanowires. Due to 

the fact that the nanotubes have a hollow centre, some of the probe strand of DNA 

may diffuse into this centre and bind to the inner walls of the nanotubes.  
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  DNA Hybridisation 

Step 1: Monolayer of Capture Strand DNA.  Capture strand DNA was immobilised 

on a freshly polished and electrochemically cleaned gold disk electrode by 

immersing it in a 10 µM solution of the capture strand DNA dissolved in 1 M 

Denhardt's Buffer.  After 5 hours, the electrode was rinsed with deionised water for 

15 s to remove loosely bound oligo.   

Step 2: Hybridisation of target oligo to the capture surface.  Hybridisation of the 

target at concentrations between 1 aM and 1 µM to the immobilised capture strand 

was performed at 37°C in 1 M Denhardt's Buffer for 90 min.  Following 

hybridisation, the modified electrode was rinsed thoroughly with buffer.   

Step 3:  Probe Hybridisation.  The AuNW labelled probe DNA was then hybridised 

to the complementary section of the target not used for binding to the capture strand 

for 3 hours at 37 C in 1 M Denhardt's Buffer.  Finally, before quantitation, it was 

thoroughly washed with deionised water.   

 

  Electrochemical detection of ss-DNA coding for S. 

aureus target by solid gold nanowires and hollow gold 

nanotubes  

Following assembly of the capture-target-nanowire labelled probe DNA sequence, 

the modified electrode was placed in an aqueous solution of 0.01 M H2SO4 and the 

current measured at -0.1 V vs. Ag/AgCl in 3 M KCl after equilibration for 10 

minutes (background current).  Then, sufficient hydrogen peroxide was added to 

give a final concentration of 200 M and the reduction current associated with 

peroxide reduction at the bound AuNWs measured at -0.1 V vs. Ag/AgCl in 3 M 

KCl after 10 minutes.  The analytical response is taken as the difference in current, 

i, measured before and after peroxide addition.   
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Figure 2.3: Schematic representation of the synthesis of gold nanowires/nanotubes 

within the pores of a polycarbonate membrane, and their subsequent incorporation 

into a DNA biosensor. Step 1: Metal deposition through the pores of a metal 

sputtered polycarbonate membrane results in nanowires or nanotubes of gold. 

These nanostructures are then functionalised with probe strand DNA that is 

complementary to a section of the target of interest, S. aureus mastitis. Following 

functionalisation, the membrane is removed and the wires are suspended in 

solution, creating a solution of free wires that are functionalised on one end with 

probe DNA. Step 2: Separately, on a gold disk electrode, thiol modified capture 

DNA is functionalised to the electrode surface. This capture DNA strand is 

complementary to a section of the target of interest. Following complete coverage 

of the electrode with a monolayer of capture DNA, the electrode is immersed in a 

solution of the target DNA, where it hybridises with the capture strand. The 

electrode is then immersed in the previously labelled gold nanowire solution, and 

the section of the target that is not already bound to capture DNA will bind to the 

probe DNA present on the nanowire surface. This electrode is now fully hybridised, 

and the target DNA can be detected due to the presence of the gold nanowires.  
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  Regeneration of gold electrodes following 

modification with DNA monolayer and nanowire-labelled 

probe DNA 

Initially, the surface of the gold disk electrode was cycled in an electrolyte of 0.1 

M KOH solution which had been deoxygenated by purging with nitrogen for 15 

minutes. A potential range of -400 mV to -1200 mV vs. Ag/AgCl was applied at a 

scan rate of 100mV/s to electrochemically clean the surface of the electrode. This 

was done in order to remove the thiolated DNA monolayer present on the Au 

electrode surface.4 The electrode was then polished as described in Section 2.2 

previously, and the electrochemical area determined in acidic solution prior to 

reuse.  

 

  Optimal conditions used to synthesise core:shell 

nanowires 

Hollow Cu nanotubes were fabricated in a method similar to that described by 

Kumar and co-workers.5 Gold (300 nm) coated polycarbonate templates were fixed 

with the gold side facing down onto a conducting substrate (FDTO glass) using a 

double-sided adhesive carbon sticker. Electrochemical deposition of copper 

through this template was achieved using a commercially available (obtained from 

Sigma Aldrich) copper sulphate salt solution (0.2 M in 0.1 M aqueous H2SO4 

(adjusted to pH 3 by HCl)) at an applied current of 0.02 A for 3 min. 

Electrochemical deposition of gold was achieved using 30 mM HAuCl4 gold salt 

solution at a potential of -0.273 V vs Ag/AgCl in 3 M KCl for 3 min.  The 

membranes were then placed in an aqueous solution of DCM for 1 hour to dissolve 

the polycarbonate membrane and free the nanowires into solution. The membranes 

were then sonicated for 45 min to separate the adhesion between the electrode and 

metallic layer of gold.  This was followed by several washings of DCM and DI 

water to remove and residual polycarbonate membrane.   
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  Functionalisation of hollow nanotubes and 

core:shell nanowires with [(Ru(bpy)2(Qbpy)]2+ (ClO4)2 

[Ru(bpy)2(Qbpy)]2+ (where bpy is 2,2`-bipyridyl, and Qbpy is 2,2`:4,4``:4`4``-

quaterpyridyl), dye was obtained from Dr Ciarán Dolan, School of Chemical 

Sciences, Dublin City University. 

114 mg (0.12 mM) of dye was obtained and dissolved in 10 cm3 of ethanol and 

deionised water. This gives a 1.2 mM solution of dye. 20 µL of this solution was 

then removed and diluted in 25 cm3 of ethanol and DI water to give a 1 µM solution 

of dye. The wires were suspended in 200 µL of the 1 µM solution of dye for 24 

hours in order to functionalise their surface with the dye.  

The purpose of this experiment was to determine whether the gold cores of the 

core:shell nanowires would provide a significant Raman enhancement of the dye 

modes compared to the hollow copper nanotubes. 

 

Figure 2.4: Structure of [(Ru(bpy)2(Qbpy)]2+dye. 

Pyridine molecules contain a delocalised π-electron system and a lone pair located 

on the nitrogen atom, both of which participate in bonding.6 There is also a possible 

overlap of π-orbitals and non-bonding orbitals of a nitrogen atom of the pyridine 

molecule and the d-band of the metal.7 Because of this, the dye will bind more 

strongly to the gold in the core:shell nanowires than the copper in the hollow 

nanotubes. The presence of the gold may also provide a surface enhancement 

effect.  
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  Electrochemical detection of ss-DNA coding for  S. 

aureus target by gold:copper core:shell nanowires  

Detection of the DNA hybridisation event was carried out using cyclic 

voltammetry. The nanotube/probe-functionalised electrodes were cycled in 0.01 M 

H2SO4 at potentials between -0.1 V and 0.6 V vs. Ag/AgCl in 3 M KCl. A copper 

oxidation peak was observed at +0.235 V and the area of this peak was calculated. 

The presence of copper is due to the presence of target DNA, and the magnitude of 

the area of the peak (charge passed, in Coulombs) ought to be proportional to the 

concentration of target DNA present on the electrode. The thiol bonds were reduced 

by application of a fixed potential for approximately ten minutes. The difference in 

the magnitude of the charge passed under the copper oxidation peak before and 

after thiol reduction was plotted.  
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2.10 Conclusion 

In this chapter, the parameters for synthesis of the nanomaterials studied in this 

thesis are described. The conditions used for characterisation of these 

nanomaterials by various techniques are also outlined. Also described here are the 

preparation and cleaning processes for several substrates used in this thesis, 

including gold disc electrodes, polycarbonate membranes, and FDTO glass slides.  

The specific details for the preparation of a mastitis DNA biosensor utilising these 

synthesised nanomaterials are also included.  
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3.1 Introduction 

The fabrication of one-dimensional materials1 such as nanowires, nanorods and 

nanotubes have attracted much interest due to their potential applications in 

biosensors,2,3,4,5 catalysis,6 batteries7,8,9  and electronic nanodevices.10,11,12,13 Many 

methods for preparing nanomaterials have been developed, ranging from milling 

techniques to chemical and lithographic methods.14 However, there is a weakness 

associated with these structures; i.e., it is quite difficult to control the final 

morphologies, lengths, diameters etc., of these nanostructures. 15,16 A method 

termed “template-synthesis,” pioneered by Martin and co-workers17,18 entails the 

preparation of a variety of micro and nanomaterials of a desired morphology and, 

therefore, provides a route for enhancing nanostructure control. The diameter of a 

nanowire is typically less than 200 nm and the ratio of the length to the diameter 

is greater than five.  

Bean19 first demonstrated the art of filling the pores of a membrane with silver 

followed by Possin20 who utilised electrodeposition technique in the fabrication of 

thin wires as small as 400 Å using mica with etched pores as templates for synthesis 

of such elements of the nanostructures. Williams and Giordano21 claimed to have 

reduced the size down to 80 Å after effecting some refinements to the technique. 

Penner and Martin22 reported on the generation and characterisation of ultra- 

microelectrodes with radii as small as 1000 Å. 

Nanomaterials have unique electrochemical, optical, and mechanical properties, 

which gives rise to a diverse range of application domains. 23,24 In particular, noble 

metal nanostructures such as gold have gained special interest because of its 

electrocatalytic conductivity, optical, and biocompatibility properties. 25,26 In 

particular, when seeking to develop high sensitivity sensors, gold nanostructures 

can simultaneously increase the surface area for detection while acting as an 

efficient electrocatalyst, e.g. for hydrogen peroxide. Both of these features can 

dramatically increase the sensitivity compared to a planar gold electrode. In 

addition, bioreceptors, such as enzymes, antibodies, or nucleic acids can be 

adsorbed while retaining their biological functionality, and their electrochemical 

activity.27 Moreover, nanostructures increase the rates of mass transport, giving a 
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higher current density, higher signal to noise ratios and steady-state 

voltammograms, even at relatively high measurement rates.28  However, despite 

the attractive features, the production of well-defined, discrete nanowire structures 

with reproducible dimensions, and their subsequent facile integration into device 

platforms, remains challenging. 

Metal electrodeposition within the pores of a template, such as porous silica, 

anodic alumina oxide or ion track-etched polymer membranes, represents a useful 

approach to producing wires with tightly defined outer diameters. Track-etched 

polycarbonate membranes are especially attractive since they are stable in 

numerous electrolytes including strong acidic and alkaline solutions, but can be 

easily dissolved in dichloromethane, which does not degrade many 

biomolecules.29 

The morphology of nanowires, including their geometry, size, and surface 

contour, is primarily determined by the shape of the template channels. The 

production of templates using heavy ion beams in combination with track etching 

enables several template parameters to be controlled, such as well-defined pore 

shape and geometry. The diameter is adjustable between a few nanometres up to 

micrometres, membrane thickness up to 100 µm, and aspect ratios up to 1000 can 

be achieved.30 

This chapter describes the fabrication of gold nanowires and nanotubes through 

the pores of a track-etched polycarbonate membrane via electrodeposition, and 

their characterisation by SEM, voltammetry, and ICP-MS. 

Gold nanowires with a diameter of 118±20 nm, and gold nanotubes of the same 

diameter with a wall thicknesses of 20±10 nm, have been electrodeposited within 

the pores of a track etched polycarbonate membrane filter. 
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3.2 Results and Discussion 

 

 Substrate used for electrochemical deposition of 

nanowires and nanotubes 

 

A commercially available polycarbonate membrane (shown in  

Figure 3.1) was used as a template for the deposition of the nanowires. 

Polycarbonate membranes were used as they are easily available, have high pore 

density, and are easy to remove after deposition of the nanostructure by 

dissolution in organic solvent such as dichloromethane, which causes minimal 

damage to the deposited nanowires.  

The pore size is specified as 100 nm31, and SEM analysis showed the size of the 

pores to be 100 ± 20 nm. The pore-density according to manufacturer31 is 6 ×108 

pores/cm2. The surface of the membrane was sputtered with a layer of gold ~ 300 

nm thick to create electrical contact with the working electrode during the 

electrodeposition process.  

                       

Figure 3.1: SEM image of a commercial PC membrane. A 20 nm thick gold layer 

has been sputtered on the membrane surface and the membrane has been mounted 

on a carbon tab for SEM analysis. Accelerating voltage was 20 kV. 
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 Potentiostatic deposition of gold nanowires 

Gold nanowires were deposited for: 10 - 50 minutes, and from 1 – 12 hours from 

a 30mM HAuCl4 solution in 0.1 M KCl. The potential used was -0.273 V vs. 

Ag/AgCl in 3 M KCl.   

The deposition times were varied in order to create nanowires with varying 

lengths, as the length of the nanowire is controlled by the deposition time in 

electrochemical deposition experiments. 

Figure 3.2 shows the current-time transient for a 30 minute deposition of gold 

through the membrane template.  
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Figure 3.2: Current-time transient for growth of gold nanowires through a porous 

polycarbonate membrane mounted on FDTO. The potential applied was -0.273 V 

vs. Ag/AgCl in 3 M KCl for 1800 seconds. The membrane had been sputter coated 

with a ~300 nm thick layer prior to electrodeposition. 
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There are two regions observed in the transient shown in Figure 3.2. The first 

region is a current spike immediately at the beginning of the transient which 

quickly depletes once nucleation of the metal ions immediately at the electrode 

surface occurs. The second region is the decay of the current to slightly decreasing, 

which corresponds to the gold depositing into the pores.  

The current response during pore filling is usually divided into four main regions. 

The first region involves the immediate nucleation of the material at the surface 

of the electrode, which results in a current spike in the current-time transient that 

quickly depletes once the diffusion layer is formed. The second region is noted as 

the growth of the material in the pores, and the current is close to stagnant or 

slightly decreasing due to the interplay between the imperfect conductivity of the 

membrane, and the diminishing diffusion length of the ions in the filling pores.32 

The third region involves an increase in the current, which corresponds to the 

material growing out of the pores as hemispherical caps, resulting in a larger 

surface area for deposition. A fourth region consists of the overfilling of pores, 

and eventually results in a linear film growth with a steady-state current.38  

During pore filling, the current is described by two main types of diffusion, 

namely a time–dependent linear diffusion at short times and spherical nature of 

diffusion at longer times which gives rise to a steady–state limiting current.33,34  

As the potential is first applied current begins to flow as nucleation occurs. The 

current rapidly decreases due to depletion of Au3+ ions at the electrode surface 

within the pores of the membrane. This corresponds to the linear diffusion inside 

the pores indicating occurrence of the charge transfer reaction.35 This will only 

occur at very short times (in the order of seconds) when the depletion layer is 

shorter than the pore diameter.  

The metal deposits in the pores of the template, and the current remains steady as 

growth progresses through the pores. This represents the spherical diffusion, 

whereby the limiting current plateau is obtained.35 Martin et al.36 were able to 

divide the second region where the material is growing in the pores into three sub-

divisions, by plotting the current vs. t-0.5, as shown in Figure 3.3 and represented 

by sections 3-5.  
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Figure 3.3: Current density vs. t-0.5 for copper electrodeposition within the pores 

of a polycarbonate membrane. [Reproduced from I. U. Schuchert, M. E. Toimil-

Molares, D. Dobrev, J. Vetter, R. Neumann and M. Martin, J. Electrochem. Soc., 

2003, 150, C189-C194] 

For relatively short times, (Figure 3.3, region 3), the thickness of the Nernst layer 

is small compared to the remaining empty pore length, and linear diffusion inside 

the pores is rate determining (Figure 3.4a). On a longer time scale, the depletion 

layer exceeds the pore length and a radial diffusion layer is established around each 

pore (Figure 3.4b). The ions diffuse rapidly toward the pore openings and proceed 

linearly inside the pores. In this case, the radial diffusion determines the overall 

process, as shown by the fit of Figure 3.3, region 4, having an intersection with the 

current axis. For long times, the radial diffusion fields begin to overlap with 

neighbouring fields, as shown in Figure 3.4c. The diffusion once again occurs 

linearly, but now towards the entire membrane surface, subsequently radially 

towards the pore openings, and linearly inside the pores. The overall process is 

determined by the first step, because the observed straight line (Figure 3.3, region 

5) goes through the origin and has a larger slope than that of region 3, which 

corresponds to a larger surface area. Finally, the increase of current in region 6 

indicated that metal caps start to overgrow the membrane surface.36  
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Figure 3.4: Diffusion processes during pore filling: (a) linear diffusion inside the 

pore, (b) radial diffusion toward the pore opening, and (c) linear diffusion toward 

the whole membrane surface. [Reproduced from I. U. Schuchert, M. E. Toimil-

Molares, D. Dobrev, J. Vetter, R. Neumann and M. Martin, J. Electrochem. Soc., 

2003, 150, C189-C194] 

They associated these different regions with the differences of the geometries of 

the Nernst layer. This was explained by noting that there are essentially three 

different diffusion zones, as illustrated in Figure 3.4. There is the linear diffusion 

from the bulk of the electrolyte toward the pore, radial diffusion at the pore 

opening, and linear diffusion again in the pore toward the pore surface. At short 

times, the linear diffusion in the pore is the rate limiting fragment; however, as the 

Nernst layer becomes thicker than the pore length, the radial diffusion at the pore 

openings becomes the rate limiting fragment. At even longer times, the radial 
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diffusion layers at each pore opening begin to overlap, and the linear diffusion from 

the bulk of the solution towards the pores becomes the limiting fragment.  

If the deposition time were increased, the current would remain constant until the 

pores are filled to the top, and a surface cap is formed which would increase the 

electroactive area giving a large current. Eventually, the radial diffusion layers at 

each of these caps would coalesce, linear diffusion would predominate and the 

current observed would be equal to that of a uniform accessible electrode. 37,38 

As no increase in the current is observed in the transient in Figure 3.2, it can be 

concluded that the deposition of metal did not extend so as to cover the top of the 

membrane.  

This characteristic increase in current did not occur for any of the deposition times 

investigated, which suggests that the nanowires deposited will be shorter in length 

than the maximum thickness of the membrane in all cases.   
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 SEM images of nanowires after release from the 

membrane 

 

The deposited nanowires were freed from the membrane by dissolution in 

dichloromethane, and after several washings with DCM and sonication to remove 

sputtered gold layer, were suspended in a solution of DI. The nanowires were 

dropcast onto carbon tabs for analysis under SEM, and their average lengths and 

diameters were measured, as shown in Figure 3.5.   
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Figure 3.5: SEM images of Au nanowires after dissolution of polycarbonate 

membrane, sonication to remove sputtered gold layer and suspension dropcast for 

analysis. Deposition times are: (A) 10 min, (B) 20 min, (C) 30 min, (D) 40 min, (E) 

50 min, (F) 60 min, (G) 2 hours, (H) 3 hours, (I) 4 hours, (J) 5 hours, (K) 6 hours, 

(L) 7 hours, (M) 8 hours, (N) 9 hours, (O) 10 hours, (P) 11 hours, and (Q) 12 hours. 

Accelerating voltages are 5 – 20 kV. 
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If the length of the nanowires can be controlled, this could be effectively utilised 

in a biosensor application; specifically, the relationship between surface area and 

volume, i.e. that a nanowire of gold would have a significantly larger surface area 

compared to a gold particle. For example, the surface area of a nanoparticle with 

a radius equal to that of the nanowires would be ~ 3×10-14 m2, whereas the surface 

area of the shortest nanowire is ~ 3×10-13 m2, and the largest nanowire has a 

surface area of ~3×10-12 m2.  

The use of nanostructures of gold would significantly decrease the cost involved 

in using bulk gold, with the advantages of sensitivity and rapidity of response. For 

example, approximately 1.48×1012 nanowires would be needed to provide the 

same area as a conventional gold electrode, (assuming that the wires are oriented 

standing up and in a closely packed layer). As shown in Section 3.2.6, the 

concentration of nanowires produced in a single membrane is ~2×1010. Based on 

the current cost of 25 g of HAuCl4.3H2O from Sigma Aldrich, each deposition 

costs ~ €2.00 per solution used.  
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Table 3.1: Length of nanowires for each deposition time 

Deposition time (min) Length of nanowire (µm) 

10 0.95 

20 1.83 

30 2.49 

40 2.78 

50 3.63 

60 3.82 

120 4.11 

180 4.24 

240 4.31 

300 4.42 

360 4.56 

420 5.08 

480 5.63 

540 5.83 

600 6.95 

660 7.01 

720 9.61 
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As seen in Table 3.1, the length of the nanowires increases with increasing 

deposition time, which indicates that the size of the nanowires can be controlled 

somewhat by varying the deposition times. This is important since the 

electrocatalytic current observed depends directly on the area of the nanowire 

when they are used as a label in a bioassay.  

Figure 3.6 shows a plot of average wire length vs. deposition time. The 

relationship is somewhat linear, with a correlation coefficient of 0.86. The 

standard deviations of the wire lengths are quite large, due to the nature of how 

the lengths are calculated, and due to the fact that different numbers of wires were 

measured for each sample. The %RSD for the nanowires measured is 32%, which 

is very high. Again, this is most likely because the numbers of wires measured 

was not the same for each deposition time. Additionally, factors such as wire 

breakage during centrifugation and sonication steps may be an issue, as well as 

breakage during pipetting, and inhomogeneous pore filling during growth stages.  

A more accurate wire length may be obtained by TEM analysis of a cross section 

of the membrane after deposition of gold, before dissolution, centrifugation and 

sonication steps have been completed. This may also be useful in determining 

whether the growth proceeded in all pores equally, and whether pore widening 

effects are observed.  
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Figure 3.6: Plot of average wire length from SEM analysis vs. deposition time for 

solid gold nanowires. 
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According to the manufacturer’s specifications, the thickness of the membrane 

used as template was 22 µm.31 A nanowire length of 9.61 µm for the longest 

deposition time suggests that the deposition does not fill the entire length of the 

membrane’s pores. This is also seen from the current-time transient for 12 hour 

deposition, where the characteristic increase in current that represents the 

transition to bulk growth over the top of the membrane is not observed. 

Theoretically, the charge required to fill the entire length of the membrane using 

this solution is ~10.2 C. This value assumes 100% Faradaic efficiency, and 

assumes that the pore-density does not vary between membranes.  

In reality, 100% Faradaic efficiency is unlikely, and the variation of pore-density 

between membranes is likely to be quite high. In addition, other factors such as 

pore “wetting”, homogeneous nucleation of the gold, and homogeneous rate of 

deposition within the pores, are likely to affect the length of the nanowires formed.  

It is also possible that at longer deposition times, the number of Au3+ ions becomes 

depleted throughout the entire solution, and that this occurs long before the 

deposited metal can reach the top of the pores.  
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 Electrochemical characterisation of Au nanowire – 

modified carbon electrodes 

 

In order to determine if the nanowires could be functionalised and used for DNA 

detection, they first had to be characterised using electrochemistry. This was done 

by drop casting the nanowires onto bare carbon electrodes, fixing with 

glutaraldehyde, and running cyclic voltammetry in acidic electrolyte. 

Glutaraldehyde is an organic compound with the formula CH₂(CH₂CHO)₂. A 

pungent colourless oily liquid, glutaraldehyde is used as a fixative in many 

laboratories. 

The potential was scanned between 0 V and 1.2 V vs Ag/AgCl in 3 M KCl. The 

resulting voltammograms were used to calculate the electrochemical area and the 

surface roughness of these modified electrodes, based on the area of the gold-

oxide reduction peak.  

 

3.2.4.1  Cyclic Voltammetry 

 

Using cyclic voltammetry, the modified gold electrodes were characterised 

electrochemically. Using the Ap
 (the area under the peak), the electrochemical area 

and surface roughness of the modified carbon electrodes were calculated. 

 

A sample voltammogram for a modified nanowire electrode is shown in Figure 

3.7. In this case, the electrode has been modified with nanowires that were grown 

for 50 minutes.  
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Figure 3.7: Cyclic voltammogram of a 50 min Au nanowire modified carbon 

electrode in 0.01 M H2SO4 with a surface roughness factor of 1.95 (solid line) vs. 

a cyclic voltammogram of a bare carbon electrode in 0.1M H2SO4 (dashed line). 

The reference electrode is Ag/AgCl in 3 M KCl. The scan rate is 100 mVs-1.  The 

sixth scan is presented. 
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The nanowire modified electrode exhibits a larger residual current than a bare gold 

electrode, with a large cathodic peak at ~ 0.83 V, and a wide anodic peak between 

~ 1 and 1.5 V, characteristic of gold oxide formation and subsequent reduction.39 

The expected surface roughness value of a clean bare gold electrode is ~1.140. As 

can be seen in Table 3.2, the surface roughness values of the modified electrodes 

increases with increasing deposition time, i.e. the 12 hr nanowires have the highest 

surface roughness values, and the 10 minute nanowires have the lowest. This is 

due to the increasing surface area of nanowires that is exposed to the electrolyte 

as their lengths increase.  

.  
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Table 3.2: Electrochemical Area and Surface Roughness of nanowire modified 

carbon electrodes 

Deposition time 

(min) 

Electrochemical 

Area (cm2) 

Surface 

Roughness 

10 3.87E-06 1.19 

20 5.02E-06 1.30 

30 1.12E-05 1.41 

40 1.14E-05 1.46 

50 1.47E-05 1.95 

60 1.60E-05 2.02 

120 1.61E-05 2.39 

180 1.73E-05 2.44 

240 1.80E-05 2.49 

300 2.39E-05 2.57 

360 2.48E-05 2.63 

420 2.93E-05 2.74 

480 2.99E-05 2.92 

540 3.06E-05 3.02 

600 3.15E-05 3.08 

660 3.34E-05 3.11 

720 3.87E-05 3.15 
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Figure 3.8: Plot of electrochemical area vs. deposition time for Au nanowires.  
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Figure 3.9: Plot of surface roughness vs. deposition time for Au nanowires. 

Figure 3.8 and Figure 3.9 show that the increase of the electrochemical area and 

of the surface roughness is not proportional to the deposition time. 
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3.2.4.2  Capacitance 

 

The current in an electrochemical cell includes non-faradaic sources. For example, if 

the charge on an electrode is zero and the potential is suddenly changed so that the 

electrode’s surface acquires a positive charge; cations near the electrode’s surface will 

respond to this positive charge by diffusing away from the electrode; anions, on the 

other hand, will diffuse toward the electrode. This diffusion of ions occurs until the 

electrode’s positive surface charge and the negative charge of the solution near the 

electrode are equal. Because the movement of ions and the movement of electrons are 

indistinguishable, the result is a small, short-lived non-faradaic current that is known 

as the charging current (capacitance). Every time the electrode’s potential is changed, 

transient charging current flows.41 

 

The behaviour of the electrode-solution interface is analogous to that of a 

capacitor, and a model of the interfacial region somewhat resembling a capacitor 

can be given. At a given potential, there will exist a charge on the metal electrode, 

qM and a charge in the solution, qS. Whether the charge on the metal is negative 

or positive with respect to the solution depends on the potential across the interface 

and the composition of the solution. At all times however, qM = -qS. The charge 

on the metal qM represents an excess or deficiency of electrons and resides in a 

very thin layer on the metal surface. The charge in solution qS is made up of an 

excess of either cations or anions in the vicinity of the electrodes surface. At a 

given potential, the electrode-solution interface is characterised by a double layer 

capacitance, Cd typically in the range of 10-40 μFcm-2 for an electrode in contact 

with aqueous electrolyte. 42 

 

The formula used to calculate the capacitance values is given in Chapter 2. 
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Figure 3.10: Cyclic voltammogram demonstrating capacitance of a carbon 

electrode modified with gold nanowires grown for 10 minutes. The electrolyte was 

0.1 M LiClO4
 in ACN. The potential was swept from 0 to 0.6V with a scan rate of 

100mVs-1. The reference electrode was Ag/AgCl in 3 M KCl. The sixth scan is 

presented. 

Δi 
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Table 3.3: Capacitance measurements of nanowire modified electrodes 

Nanowire deposition time (min) Capacitance (μFcm-2) 

10 7.318 

20 7.723 

30 8.112 

40 8.119 

50 8.261 

60 8.650 

120 9.199 

180 10.597 

240 10.943 

300 11.473 

360 11.725 

420 11.759 

480 13.859 

540 14.145 

600 14.235 

660 18.680 

720 28.930 

  



 

101 

 

 

Figure 3.11: Plot of capacitance values vs. deposition time for gold nanowires.  
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As stated earlier, a satisfactory value for capacitance for clean gold electrodes is 

somewhere in the range of 10 – 40 µFcm-2. As can be seen in Table 3.7 and Figure 

3.11, the values for the capacitance of the nanowires fall within this range, 

generally on the lower end. The bare gold electrode used in the example in Section 

2.8 had a capacitance value of 7.53 μFcm-2. The capacitance values of the 

nanowires are almost all larger than this value, which indicates that the nanowire 

modified electrode induces more of a change in the charge in the electrolyte 

solution than the bare gold electrode. This also indicates that the gold nanowires 

have adhered to the electrode surface, and retain electrochemical ability even 

when confined to an electrode surface.  

 

Figure 3.11 also shows that the capacitance of the nanowires does not increase 

linearly with increasing deposition times, suggesting that the increase in the 

capacitance value arises from the fact that there are more nanowires present, rather 

than the increased surface area of the nanowires.   
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  Mass of gold deposited during deposition of 

nanowires 

 

The mass of gold deposited during deposition can be calculated from Faraday’s 

law: 

 

𝑚𝑎𝑠𝑠 =  
1

𝐹
 𝑥 

𝑄.𝑀

𝑛
       Equation 3.1 

 

Where F is Faraday’s constant (96485 Cmol-1), Q is the charge passed (C), M is 

the molecular weight of the metal deposited, (gmol-1), and n is the number of 

electrons transferred, (in this case, 2). 

The charge passed during deposition can be calculated from the integral of the 

current-time transient.  

A sample of an integrated current-time transient is shown in Figure 3.12. Table 

3.4 shows the mass of gold deposited for all deposition times. As expected, the 

mass of gold deposited increases as the deposition time increases. This is also 

reflected in the increasing length of the nanowires as deposition time increases. 
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Figure 3.12: Integrated current-time transient for twenty minute deposition of 

gold nanotubes through the pores of a polycarbonate membrane. The applied 

potential was -0.273 V vs. Ag/AgCl in 3 M KCl.. The charge passed was 7.5 C. 
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Table 3.4: Mass of gold deposited during nanowire growth 

Charge passed 

(C) 

Deposition time 

(min) 

Mass of gold deposited 

(g) 

3 10 0.00306 

7.5 20 0.00765 

13 30 0.01327 

15 40 0.01531 

16.7 50 0.01704 

18.3 60 0.01868 

23.6 120 0.02409 

32.1 180 0.03277 

42.2 240 0.04308 

45.3 300 0.04624 

48.3 360 0.04930 

52.4 420 0.05349 

60.7 480 0.06196 

78.1 540 0.07973 

82.4 600 0.08412 

84.5 660 0.08624 

91.7 720 0.09361 
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As can be seen from the values above, the charge increases with increasing 

deposition time, indicating that the length of nanowire deposited increases also, 

as well as increasing mass of metal deposited. The maximum charge passed was 

during the 12 hour deposition, 91.7 C. this value corresponds to an expected wire 

length of ~9.2 μm. This is not significantly different to the average length of the 

deposited nanowires according to the SEM analysis carried out, which was 

calculated to be 9.61 μm.  
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 Concentration of Nanowires  

Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) was performed in 

order to determine a concentration of nanowires formed. 

ICP-MS indicated that after depositing the nanowires for 12 hours, the 6 mm 

diameter disk contained 10.56 mg of gold (including the sputtered gold layer).  

Assuming that the nanowire length is ~9 µm, this corresponds to 2.37×1010 

nanowires. This value was calculated after subtracting the contribution of the 300 

nm sputtered gold which was calculated separately. The mass of the sputtered gold 

layer was calculated to be 0.54 µg in 50 mL of sample. 

Pore density of the membranes used is ~1.27×1010 pores cm-2. The calculated 

number of nanowires deposited is not significantly different to the pore density.  

The ICP-MS analysis has confirmed that a large number of nanowires can be 

fabricated using this template technique.  
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 Potentiostatic deposition of gold nanotubes 

Gold nanotubes were deposited for 10 - 60 minutes, and for 12 hours. The 

electrolyte solution used was 30 mM HAuCl4 in 0.1 M KCl. A fixed potential of -

0.273 V vs. Ag/AgCl in 3 M KCl was applied for each deposition time.  

Gold nanotubes were deposited for varying deposition times through the pores of 

a polycarbonate membrane. The gold sputtered layer was removed from the 

surface of the membrane using an adhesive tape. This process removes the gold 

from the planar surface but leaves a ring of gold within the pore which acts as a 

site for gold nucleation in the subsequent electrodeposition step. Electrochemical 

deposition was carried out using the same conditions as for the solid gold 

nanowires. 

Figure 3.13 shows the current-time transient for a 40 minute deposition of gold 

through the gold ring modified membrane template.  
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Figure 3.13: Current-time transient for growth of gold nanotubes through a 

porous polycarbonate membrane mounted on FDTO. The potential applied was -

0.273 V vs. Ag/AgCl in 3 M KCl for 2400 seconds. 
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The current rapidly decreases due to depletion of ions immediately at the 

membrane surface. The current appears to decrease more rapidly in the deposition 

of nanotubes compared to nanowire deposition, Figure 3.2. This is because the 

available surface areas for the ion reduction reaction in the case of nanotubes is 

much smaller than those for nanowires, so the concentration of the electroactive 

species in the vicinity of electrode and at the mouth of nanotube arrays will be 

more rapidly depleted to zero.35  

Consequently, a higher concentration gradient between the pore mouth and the 

bulk solution results in a higher diffusion–controlled current for nanotubes. 

Once again, the characteristic shape for deposition within the pores only is 

observed, i.e. the rapid increase in current that signals transition to bulk growth 

over the top of the membrane is not observed.  

This suggests that the nanotubes formed will be shorter in length than the height of 

the pore (~ 22μm).31  
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 SEM images of nanotubes after release from the 

membrane 

The deposited nanotubes were freed from the membrane by dissolution in 

dichloromethane, and suspended in a solution of DI, following several washings 

with DCM and sonication to remove sputtered gold layer. The nanotubes were 

dropcast onto carbon tabs for analysis under SEM, and their average lengths and 

diameters were studied.  
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Figure 3.14: SEM images of Au nanotubes after dissolution of polycarbonate 

membrane, sonication to remove sputtered gold layer and suspension dropcast for 

analysis. Deposition times are: (A) 10 min, (B) 20 min, (C) 30 min, (D) 40 min, (E) 

50 min, (F) 60 min, (G) 12 hours. Accelerating voltages are 5 – 20 kV. 
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Table 3.5: Length of Au nanotube vs. deposition time 

Deposition time (min) Length of nanotube (µm) 

10 1.15 

20 2.25 

30 2.32 

40 2.45 

50 3.05 

60 3.37 

720 5.25 

 

The lengths of the nanotubes increase with increasing deposition time, as is the 

case with the nanowires. The lengths of the nanotubes are somewhat shorter than 

the lengths of the nanowires, Table 3.1 and Figure 3.6.  

This is unexpected, as one would assume that as the nanotubes deposit only on the 

walls of the pore, rather than filling from the bottom of the pore upwards, that 

their lengths would be greater than those of the solid nanowires.   
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 Electrochemical characterisation of Au nanotube - 

modified carbon electrodes 

The nanotubes were characterised in the same way as the gold nanowires.  

The inner wall of the hollow nanotubes could create a higher electrochemical 

surface area than the solid nanowires, depending on the rate of diffusion of 

electrolyte inside the hollow tubes. Access to the interior would also be evident in 

the surface roughness and capacitance values.  

 

3.2.9.1  Cyclic Voltammetry 

The nanotubes were dropcast onto bare carbon electrodes, fixed with 

glutaraldehyde, and voltammetry in acidic electrolyte was performed. The 

electrochemical area and surface roughness values for the nanotubes adsorbed to 

an electrode surface were determined.  

 

Table 3.6: Electrochemical Area and Surface Roughness of nanotube modified 

carbon electrodes 

 

 

Deposition time (min) Electrochemical 

Area (cm2) 

Surface 

Roughness 

10 5.31E-06 0.43 

20 1.33E-05 1.08 

30 3.19E-05 2.60 

40 3.40E-05 2.78 

50 3.65E-05 2.98 

60 4.02E-05 3.28 

720 4.52E-05 3.69 
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Figure 3.15: Cyclic voltammogram of a 12 hr Au nanotube modified carbon 

electrode in 0.1 M H2SO4 with a surface roughness factor of 2.60 (solid line) vs. a 

cyclic voltammogram of a bare glassy carbon electrode in 0.1M H2SO4 (dashed 

line). The counter electrode was a platinum wire and the reference electrode was 

Ag/AgCl in 3 M KCl.  The scan rate is 100 mVs-1.  The sixth scan is presented. 
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The nanotube modified electrode shows characteristic gold oxide and reduction 

formation peaks at ~ 1-1.5 V and 0.86 V vs. Ag/AgCl in 3 M KCl                 

respectively.39 These redox peaks are not present in the voltammogram of the bare 

glassy carbon electrode, which confirms that the nanotubes have adsorbed onto 

the surface of the electrode.  

The increased surface roughness of the nanotubes may be due to diffusion of the 

electrolyte inside the nanotubes, indicating that the inner wall of the tubes may be 

electrochemically active as well as the outer wall.  

The full effect of this increased surface area would be maximised if the nanotubes 

were oriented in an ordered, upright, array on the surface of the electrode, and if 

the diffusion of the electrolyte inside the tube was quick. 

 

3.2.9.2  Capacitance 

The capacitance values for the nanotubes were determined by dropcasting the 

nanotubes onto the surface of a bare glassy carbon electrode, and fixing with 

glutaraldehyde. A voltammogram of an electrode modified with nanotubes grown 

for 12 hours is shown in Figure 3.16. The capacitance values for all the nanotubes 

are shown in Table 3.7. 

The formula used to calculate the capacitance values is given in Chapter 2.  
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Figure 3.16: Cyclic voltammogram demonstrating capacitance of a glassy carbon 

electrode modified with nanotubes deposited for 12 hours. The electrolyte was 

0.1M LiClO4
 in ACN. The potential was swept from 0 to 0.6V vs. Ag/AgCl in 3 M 

KCl with a scan rate of 100mVs-1. The sixth scan is presented. 
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Table 3.7: Capacitance measurements of nanotube modified electrodes 

Nanotube Deposition Time (min) Capacitance μFcm-2 

10 10.4 

20 11.8 

30 12.8 

40 14.9 

50 15.7 

60 20.9 

720 39.6 
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Figure 3.17: Plot of capacitance vs. deposition time for gold nanotubes. 
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As seen previously in section 3.2.4.2, the capacitance of the nanotubes increases 

with increasing deposition time, similar to the behaviour of the solid nanowires. 

In addition, Figure 3.17 shows that the increase of the capacitance of the nanotubes 

does not increase linearly with increasing deposition time. 

This behaviour is expected of nanotubes and nanowires, due to the larger 

electrochemical area that is in contact with the electrolyte. This type of behaviour 

has been observed in gold nanowire arrays previously by Forrer et al.43  

These capacitance values are larger than those of the solid nanowires for the same 

deposition times. This may be due to the increased active surface area of the tubes, 

i.e. the inner walls may also be electrochemically active. 

This may have positive implications for the use of nanotubes in an electrocatalytic 

detection assay, as utilising the inner walls of the tubes as well as the outer walls 

to produce a signal could dramatically amplify the measurable signal, without the 

need for target amplification, over the signal produced by solid nanowires. 
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 Mass of gold deposited during deposition of 

nanotubes 

 

The mass of gold deposited as nanotubes was calculated as described in section 

3.2.5 previously. An integrated current-time transient for ten minute deposition 

time is shown in Figure 3.18.   

The mass of gold deposited as nanotubes for each deposition time is listed in Table 

3.8. 
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Figure 3.18: Integrated current-time transient for ten minute deposition of gold 

nanotubes through the pores of a polycarbonate membrane. The applied potential 

was -0.273 V vs. Ag/AgCl in 3 M KCl. The charge passed was 0.036 C. 



 

123 

 

Table 3.8: Mass of gold deposited as nanotubes 

Charge passed (C) Deposition time (min) Mass of gold deposited (g) 

0.036 10 0.00004 

0.12 20 0.00012 

1.7 30 0.00177 

2.8 40 0.00286 

16.7 50 0.01704 

20.1 60 0.02041 

50.7 720 0.05104 

 

As would be expected, according to the charge passed during deposition, the mass 

of gold deposited as nanotubes is lower than that deposited as solid nanowires.  

This also correlates with SEM analysis of the average lengths of the nanotubes, 

which are shorter than those of the solid nanowires, e.g. 5.25 μm length for a 12 

hour nanotube compared to 9.61 μm for a 12 hour nanowire.  

As stated previously, the method of determining the lengths of the nanowires may 

not be reliable, and a TEM analysis of a cross section of the membrane following 

deposition would likely give a more accurate representation of the average tube 

length, prior to any agitation steps that may cause structural damage. 

The maximum charge passed was during the 12 hour deposition, 50.7 C. this value 

corresponds to an expected tube length of ~5.1 μm. This is not significantly 

different to the average length of the deposited nanotubes according to the SEM 

analysis carried out.   
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 Concentration of Nanotubes 

ICP-MS indicated that 1×1010 nanotubes are fabricated using this method, which 

is less than the number of solid nanowires deposited previously. The pore density 

of the membrane is 1.27×1010. The concentration of nanotubes calculated using 

ICP-MS suggests that almost all of the pores in the membrane were filled with a 

nanotube. This is unlikely, and may support the suggestion that the tubes are 

breaking during membrane dissolution and centrifugation steps.  

The reason for the lower number of nanotubes formed may be due to the fact that 

as there is less sputtered gold on the membrane, it is more difficult to deposit the 

gold homogenously into all of the pores in the membrane. This may result in less 

nanotubes being created compared to nanowires.  
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3.3 Summary 

 

Table 3.9: Summary of characterisation of gold nanowires for all deposition 

times 

Deposition 

time (min) 

Length 

(μm) 

Surface 

Roughness 

Capacitance 

(μFcm-2) 

Mass Au 

deposited (g) 

10 0.95 1.19 7.318 0.00306 

20 1.83 1.3 7.723 0.00765 

30 2.49 1.41 8.112 0.01327 

40 2.78 1.46 8.119 0.01531 

50 3.63 1.95 8.261 0.01704 

60 3.82 2.02 8.65 0.01868 

120 4.11 2.39 9.199 0.02409 

180 4.24 2.44 10.597 0.03277 

240 4.31 2.49 10.943 0.04308 

300 4.42 2.57 11.473 0.04624 

360 4.56 2.63 11.725 0.0493 

420 5.08 2.74 11.759 0.05349 

480 5.63 2.92 13.859 0.06196 

540 5.83 3.02 14.145 0.07973 

600 6.95 3.08 14.235 0.08412 

660 7.01 3.11 18.68 0.08624 

720 9.61 3.15 28.93 0.09361 
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Table 3.10: Summary of characterisation of gold nanotubes for all deposition 

times 

Deposition 

time (min) 

Length 

(μm) 

Surface 

Roughness 

Capacitance 

(μFcm-2) 

Mass Au 

deposited (g) 

10 1.15 0.43 10.4 0.00004 

20 2.25 1.08 11.8 0.00012 

30 2.32 2.6 12.8 0.00177 

40 2.45 2.78 14.9 0.00286 

50 3.05 2.98 15.7 0.01704 

60 3.37 3.28 20.9 0.02041 

720 5.25 3.69 39.6 0.05104 

 

Table 3.9 and Table 3.10 show the results of the different characterisations that 

have been carried out on both the solid gold nanowires and the gold nanotubes.  

From these tables, it can be seen that the length, surface roughness, capacitance 

and mass of gold deposited increases with increasing deposition time for both 

nanowires and nanotubes. Overall, the lengths of the nanowires are larger than the 

lengths of the nanotubes for the same deposition time. This is expected from the 

charge passed during deposition, and from the calculation of the mass of gold 

deposited, which was also larger for the nanowires at the same deposition times.  

The surface roughness for the nanotubes at short deposition times is lower than 

for the nanowires at these deposition times, but for longer times, such as 50 and 

60 minutes, and 12 hours, the roughness of the nanotubes is larger than that of the 

nanowires. This may be due to the increased surface area of the nanotubes inner 

wall.  

The capacitance of the nanotubes is also higher than the nanowires for all 

deposition times, again possibly due to the extra active surface area provided by 

the inner walls of the tubes.  
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If the inner wall of the tubes is indeed active, it may prove advantageous in an 

electrocatalysis type assay, for example, as the higher surface area will provide a 

higher current. These higher currents may enable very low concentrations of 

target molecules such as DNA to be detected without the need for amplification. 

Both the gold nanowires and gold nanotubes were utilised in an electrocatalysis 

assay to detect ss-DNA associated with S. aureus mastitis, and these results are 

discussed in Chapter 5.    
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3.4 Conclusion 

  

In conclusion, gold nanowires and nanotubes were created by electrodeposition 

within the pores of a track etched polycarbonate membrane. 

The nanowires and nanotubes were deposited for varying deposition times, and 

characterised via SEM and cyclic voltammetry.  

SEM analysis of the nanowires revealed that they were solid, and had varying 

lengths depending on the deposition times. The shortest nanowires fabricated were 

0.95 μm, while the longest were 9.61 μm.  

Following release from the template, the nanowires were characterised using 

voltammetry in acidic solution, showing a well resolved redox couple for gold 

oxide formation and reduction. Capacitance measurements revealed that the 

longer nanowires showed increasing absolute capacitance values, indicating that 

there is a larger area exposed to the electrolyte than a conventional flat electrode.  

SEM analysis of the nanotubes revealed that they were hollow in morphology, and 

that their lengths ranged from ~ 2 – 5 μm.  Calculation of the mass of gold 

deposited showed that less gold was deposited for the nanotubes than for the 

nanowires. This correlates with the SEM analysis that showed that the nanotubes 

are shorter in length than the nanowires. 

Voltammetry in acidic solution showed a well resolved redox couple for gold 

oxide formation and reduction, indicating that the nanotubes retained their 

electrocatalytic activity following adsorption to an electrode surface.  

The capacitance values of the nanotubes were larger than those of the gold 

nanowires. This may be due to the increased active surface area of the tubes (i.e. 

the inner walls) compared to the solid nanowires.  

A template approach to deposition of nanowires and nanotubes ensures that 

nanostructures of uniform length and diameter can be easily fabricated using metal 

salt solutions. The increased active surface area owing to the inner walls of the 

nanotubes may contribute an enhanced electrocatalytic signal over the solid 

nanowires, which would be useful in a biosensor and could amplify the signal 
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generated by a low concentration of target analyte. By orienting the nanotubes in 

an upright, ordered fashion on an electrode surface, these hollow nanotubes could 

give a higher signal than that of a nanoparticle of similar radius, but would occupy 

the same space on the electrode surface. This is a major advantage over the use of 

nanoparticles in the detection of low concentrations of analyte, dramatically 

improving sensitivity without the need for target amplification, and without 

compromising the number of biomarkers that can be detected.  
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4. SYNTHESIS AND 

CHARACTERISATION OF 

GOLD:COPPER CORE:SHELL 

NANOWIRES 
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4.1 Introduction 

Core:shell nanostructures can be broadly defined as nanostructures comprising a 

core comprised of one material, and a shell comprised of a different material. These 

can consist of a wide range of different combinations in close interaction, including 

inorganic:inorganic, inorganic:organic, organic:inorganic, and organic:organic 

materials. The choice of shell material of the core:shell nanostructure is generally 

strongly dependent on the end application and use.  

Core:shell nanoparticles have been gaining in popularity over the last twenty years, 

and the focus of bimetallic core:shell nanoparticles has been mostly on 

electrocatalytic particles for oxygen reduction,1,2,3 methanol oxidation,4 and 

hydrogen oxidation,5 for use in fuel cells.  

Due to the synergetic effect, bimetallic core:shell nanoparticles show better 

catalytic activities compared with single pure metallic nanoparticles.6 This effect 

may also be seen in bimetallic core:shell nanowires.  

In recent years, there has been some interest in the area of core:shell nanowires, 

but most of the literature centres around carbon nanotubes decorated with metals7, 

metal oxide core:shell nanostructures8, or on metal:polymer core:shell wires9.  

Core:shell nanostructures have been synthesised in a variety of ways, including 

electroless deposition10, photolithography11, electrodeposition12, pulsed laser 

deposition13, and sol-gel processes14.  In most cases, the core is deposited first, and 

the shell is then deposited. In this work, the shell is deposited first, which is then 

filled with a solid core.  

A variety of templates have been utilised in the core:shell nanowire deposition 

process, including mesoporous silica,15,16 viruses,10 self-assembled peptide 

nanowires,17 and polymer brushes.18 

Electrochemical deposition of materials through templates assembled on an 

electrode surface has a number of significant advantages. With the template 

approach, one is able to prepare mono-disperse rods and tubules of controlled 

diameter. Electrodeposition offers the extra advantage of being able to control the 

length of the deposited structures by varying the deposition times. The use of the 
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polycarbonate membrane allows the template to be easily removed following 

deposition of the nanostructures by dissolution in organic solvent such as 

dichloromethane, without damage to the nanostructures themselves.  

The overall objective of the project is to develop an electrochemical DNA 

biosensor for the detection of a specific DNA sequence, using electrochemically 

grown nanomaterials. The material synthesised in this chapter were gold:copper 

core:shell nanowires. The methods that are required for achieving this are 

explained in this chapter. Gold:copper core shell nanowires have been 

electrodeposited and their electrochemical and Raman properties probed. First, 

hollow copper nanotubes, 3.0±0.5 µm long, with a uniform inner diameter of 

147±22 nm, were electrodeposited within the pores of a track etched polycarbonate 

membrane filter. Second, gold was then electrodeposited within these copper 

cylinders to yield the gold-copper core-shell nanowires. These core:shell nanowires 

had diameters of 161±14 nm and lengths of 3.0±1.0 µm. EDX spectroscopy 

confirmed the composition of the nanowires after each deposition step. The 

nanowires were shown to exhibit useful Raman properties due to the SERS effect 

of the gold core.   
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4.2 Results and Discussion 

 Substrate used as template for nanostructure 

deposition 

 

 

Figure 4.1: SEM images of a commercial PC membrane. A 20 nm thick gold layer 

has been sputtered on the membrane surface and the membrane has been mounted 

on a carbon tab for SEM analysis. Accelerating voltage is 20 kV. 

 

A commercially available polycarbonate membrane (shown in Figure 4.1) was 

used as a template for the deposition of the nanowires. The pore size is specified 

as 100 nm25, and SEM analysis showed the size of the pores to be 100 ± 20 nm. 

The pore-density according to manufacturer25 is 6 ×108 pores/cm2. The surface of 

the membrane was sputtered with a layer of gold ~ 300 nm thick to create electrical 

contact with the working electrode during the electrodeposition process.  

Polycarbonate membrane was used as they are easily available, have high pore 

density, and are easy to remove after deposition of the nanostructure by dissolution 

in organic solvent such as dichloromethane, which causes minimal damage to the 

deposited nanowires.  
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Figure 4.2: Image of membrane following sputter coating with a ~300 nm thick 

layer of gold before electrodeposition. Membrane was sputtered for 18 mins at a 

sputtering voltage of 2 kV and a plasma current of 20 mA. (Membrane is mounted 

on an aluminium stub and adhered with a carbon tab for sputtering). 
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 Galvanostatic deposition of copper 

The objective of this experiment was to synthesise copper nanostructures within 

the pores of the polycarbonate membrane.  

Examination of the literature suggested that use of a highly concentrated CuSO4 

electrolyte in acidic solution would yield single crystalline solid copper nanowires. 

A 0.2 M solution of CuSO4 in 0.1 M H2SO4 with a pH of 3 was used as deposition 

solution. A wide range of deposition potentials and currents have been reported in 

the literature, so copper was galvanostatically deposited at +0.02A.19 
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Figure 4.3: Potential – time transient showing growth of copper nanotubes 

through the pores of a polycarbonate membrane mounted on FDTO glass. A fixed 

current of +0.02 A vs. Ag/AgCl in 3 M KCl was applied for 180 seconds. 
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Figure 4.3 shows the potential-time transient of the deposition of copper nanotubes 

through the pores of the polycarbonate membrane. As the current is fixed in this 

deposition process, the potential varies, going from more negative to less negative 

as the copper is deposited. When a constant current is applied to the system, the 

current is used for (1) charging the double layer capacitance up to the potential at 

which the electrode reaction can proceed with a measureable rate, and (2) electrode 

reaction.20 The steady current applied to the electrode causes the CuSO4 to be 

reduced at a constant rate. The potential of the electrode moves to values 

characteristic of the couple, and varies with time as the Cu2+/CuSO4 concentration 

changes at the electrode surface. Eventually, diffusion can no longer supply enough 

CuSO4 to provide the required current and the potential should shift toward more 

negative values until a new, second reduction process can begin.37 As this feature 

is not observed in this deposition, it is inferred that the concentration of Cu ions at 

the electrode surface has not been depleted, and the applied current can still be 

maintained.        

 

Since the electrodeposition of copper from CuSO4-H2SO4 solutions involves two 

electron transfers, two chronopotentiometric waves might be expected, one for 

each charge transfer. However, since Cu+ is much more easily reduced than Cu2+ 

in CuSO4-H2SO4 solutions, only one wave (corresponding to the overall two-

electron transfer) is observed, as indicated in Figure 4.3. This indicates that the 

process is irreversible. 21, 22  

The mass of copper deposited was calculated using Faraday’s law: 

 

Mass of deposited gold = 
n

MQ
x

F

.1
      Equation 4.1 

 

Where F is Faradays constant (96485 Cmol-1), Q is the charge passed (C), M is the 

molecular weight of Cu (gmol-1) and n is the number of electrons passed (in this 

case, 2). Q is 3.6 C. (0.02 A x 180 seconds = 3.6 C) 
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So the previous equation becomes: 

m = = 1.185××10-3g of copper deposited 

This equates to 1.865×10-5 moles of Cu deposited onto the entire electrode surface 

in this deposition time. Within the membrane, this equates to 6.014××10-15 moles 

of copper deposited as nanostructures.  

Pore density of membrane = 1.27×10×1010 pores/cm2 

Area of membrane = 1.33 cm2 

Moles of copper deposited = 6.045×10-15 moles 

1.27×1010 cm-2 x 1.33 cm2 x 6.045×10-15 mol x 96485 C/mol 

= 9.87 C required to fill the entire pore length 

 

The 3.6 C passed during the deposition implies that the formed nanostructures will 

be shorter than the 25 μm thickness of the membrane.  

The formed copper nanostructures were analysed using SEM in order to determine 

their morphology and dimensions.  
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 SEM analysis following copper deposition 

SEM was used to determine whether the structures formed were hollow nanotubes 

or solid nanowires, and to determine an approximate length and diameter.  

 

 

Figure 4.4: SEM analysis of deposited nanostructures following deposition of 

copper for 3minutes; the polycarbonate membrane was dissolved in 

dichloromethane. This solution was not sonicated, but centrifuged for 60 seconds 

before 20μL was dropcast onto carbon tab for analysis. 

As this suspension was not sonicated, the sputtered gold layer is still mostly intact, 

and, as can be seen, the nanotubes are protruding from this sputtered gold primer 

layer.  
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Figure 4.5: SEM analysis of 20 μL drop cast Cu nanotubes placed on carbon tab 

for analysis (after dissolution of the membrane in dichloromethane, and sonication 

to remove PC membrane and sputtered gold layer) 

 

Figure 4.5 above shows an SEM micrograph of dropcast copper nanotubes after 

removal of the polycarbonate membrane and suspension in dichloromethane. The 

solution was then sonicated for ten minutes. The hollow nature of the tubes is 

observed on the objects that are marked with red arrows.  

SEM analysis of these deposits revealed that some hollow nanotubes were formed. 

There are several hypothesised reasons for this. During the deposition of the 

conductive gold layer onto the polycarbonate membrane, the metal diffuses into 

the pore walls, which leads to preferential electrodeposition of metal on the walls, 

which forms tubes instead of solid wires.23 It is also hypothesised that hydrogen 

gas evolution from the surface of the working electrode during deposition could 

also be responsible for the formation of hollow tubes rather than solid nanowires. 

A suggested mechanism for this is that for horizontally positioned membranes, the 

generated hydrogen gas finds a path from the growing electrode surface through 

the pore centre to the pore mouth, and subsequently blocks the deposition in its 

path, and shields the centre of the nanopore.24  
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While the resolution of these images could be improved, there are several hollow 

structures observed in the sample. Higher resolution imaging of the formed 

structures was performed and is shown in Figure 4.11.  

SEM characterisation showed that the diameters of the nanotubes are 147 nm (±22 

nm), which implies that the pore size of the membrane increased slightly (~30 %) 

as the copper tubes were deposited. Some reasons for this are discussed later in the 

chapter.  

The length of the hollow copper nanotubes is approx. 3.2±0.1 μm, from SEM 

micrographs obtained. According to the manufacturer specifications, the thickness 

of the polycarbonate membranes was 25 μm25, so a length of 3 μm wire would 

indicate that the metal deposition did not fill the entire pore length, and that longer 

deposition times would likely give longer nanotubes.  

The charge required to fill the length of the membranes is 9.87 C, which would 

correspond to a wire length of 25 µm. The total charge passed in the Cu deposition 

is 3.6 C, which is 36% of the charge needed to fill the membrane. Based on passing 

36% of the charge needed to fill the pores, and assuming 100% Faradaic efficiency, 

the Cu nanotubes should be ~ 9 µm long. The shorter length of the nanotubes may 

be due to a number of reasons: 

1. Faradaic efficiency is less than 100% 

2. Not all of the pores are filled during the deposition process 

3. The pores are filled non-uniformly during deposition 

 

A simple pre-electrodeposition pore-wetting step can help to control whether 

electrodeposition occurs in all of the pores at the same time. If the membrane is 

immersed in deionised water under ultrasonic agitation for 2 minutes before 

mounting to the working electrode, this step ensures homogenous growth over the 

whole area exposed to the electrolyte.30 

The length of the wires can be controlled during potentiostatic growth while 

monitoring the current-time transient. The transient for electrodeposition of 

nanowire arrays into the pores of a polycarbonate membrane can be divided into 

four stages.26,29 In stage I, the cathodic current increases immediately after t = 0, 
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then decreases abruptly before t = 20 s. This is defined as stage I, in which metal 

wires are “hatched” in the pores of the membrane. Stage II extends to approx. t – 

260 s, in which the pores become completely filled. The current profile is mostly 

steady during stage II. A current increase corresponds to the transition to stage III, 

in which the effective surface area of the electrode increases because the 

electrodeposited wires emerge from the top of the membrane and growth 

commences over the top of the whole membrane. Finally, in stage IV, an 

electrodeposited film outside the top surface of the membrane is developed. All 

four stages are shown in Figure 4.6.  

Hollow nanotubes have a potentially higher electrocatalytically active surface area 

than a solid nanowire. The inside of the hollow nanotube could be filled with 

another metal, or the inner walls could be functionalised with metal nanoparticles 

which are catalytically active. Having a bimetallic nanostructure could prove useful 

in electrochemical biosensing applications.  
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Figure 4.6: Electrochemical reduction current as a function of time t for the 

potentiostatic deposition of Ni and Cu in pores of polycarbonate membrane. Pore 

size: 200nm; deposition solution: 0.60 mol L−1 CuSO4, 5 × 10−3 mol L−1 H2SO4; 

deposition method: potentiostatic, potential not quoted. The schematics display 

three different stages of growth process: Stage I: metal wires grow in the pores; 

Stage II: the pores are completely filled; Stage III: growth commences over the 

whole membrane surface; Stage IV: an electrodeposited film of metal outside the 

membrane surface is further developed. Figure reproduced from M. Motoyama, 

Y. Fukunaka, T. Sakka and Y. H. Ogata, Electrochim. Acta, 2007, 53, 205-212] 
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 Potentiostatic deposition of gold 

Following deposition of copper, gold was electrochemically deposited from a 30 

mM solution of HAuCl4 made up in 0.1M KCl at a potential of -0.273 V vs. 

Ag/AgCl in 3 M KCl for 3 minutes27, 28.  

Figure 3 shows the current-time transient of for the deposition of gold (following 

deposition of copper) under potentiostatic conditions. 

 

Figure 4.7: Current-time transient for growth of gold nanowires through a porous 

polycarbonate membrane mounted on FDTO following previous deposition of 

copper in the same membrane. The potential applied was -0.273 V vs. Ag/AgCl in 

3 M KCl for 180 seconds. 
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Figure 4.7 shows the current-time transient for the deposition of gold nanowires 

through the pores of a polycarbonate membrane. The first region is a current spike 

immediately at the beginning of the transient which quickly depletes once 

nucleation of the metal ions immediately at the electrode surface occurs. The 

second region is the decay of the current to slightly decreasing, which corresponds 

to the gold depositing into the pores. At approximately 75s a small current spike 

occurs in the transient, which then decays rapidly and the current returns to a 

steady state, although the current is now higher than it was before the spike. 

Generally, a current spike such as this would be characteristic of the metal 

deposition having reached the top of the pore walls, and the beginning of 

hemispherical “cap” deposition on the top of the wires. However, no evidence of 

this was found during SEM analysis, and this sort of cap growth would generally 

occur after much longer deposition times. The current increase would generally 

be much larger than the spike observed in Figure 4.7.  SEM analysis of the copper 

wires revealed that their lengths are approximately 3.0±0.1 μm, which is much 

shorter than the length of the pore itself, which is ~25 μm according to the 

manufacturer.  

The cause of this current spike is unknown, as it does not seem to be related to 

any reactions pertaining to the deposition of the metal within the pores.  

Generally, the recorded I-t curve during Au deposition reveals four different stages: 

1) initially, the current decreases due to a limited mass transport. 2) The metal film 

grows in the pores and a slight increase in current is observed as the distance to the 

pore opening becomes smaller. If the deposition time were increased, the transient 

would show the current increasing until 3) the pores are filled to the top, and at the 

membrane surface cap formation associated with three-dimensional deposition is 

observed. Thereafter, 4) the hemispheric caps originating from each nanowire form 

a coherent, planar layer that expands until it covers the entire surface of the 

membrane. Thus, the effective cathode area increases and a rapid increase of the 

deposition current can be observed. 

By observing the current-time transient during electrodeposition, the growth of the 

nanowires can be stopped at the desired stage, resulting in nanowires that are 

shorter than the thickness of the membrane template, nanowires that have 
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hemispherical “caps” on top, or nanowires that have a uniform film covering their 

entire surface.  

In this case, as only two stages are shown in the transient, it can be assumed that 

the wires deposited will be shorter than the thickness of the membrane, and will 

have no hemispherical caps. This was confirmed by SEM analysis of the deposited 

wires.  

This can also be determined by monitoring the charge passed during deposition of 

the metal. As previously calculated, a charge of 9.6 C would be required to deposit 

wires that would fill the entire length of the pore. As seen in Figure 4.8, the charge 

passed during the deposition of the gold nanowires is 9.985×10-1 C, which is much 

less than that required to fill the pores. Thus, it is expected that the lengths of the 

nanostructures formed will be less than the 25 μm membrane thickness.  
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 Mass of deposited gold 

 

Figure 4.8: The integrated curve of the current vs. time transient to provide 

information on the charge passed during Au deposition. The charge passed was 

9.985×10-1 C. 

 

The mass of gold was calculated from Faraday’s Law, Equation 3.1. 

From Figure 4.8, the total charge transferred, Q is 9.985×10-1 C; 

So the equation becomes: 

 

m = = 6.761×10-4 g of gold deposited. 
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According to the above calculations, there was less gold deposited than copper.  

These results may seem to correlate with the FE-SEM images (Figure 4.12) which 

show some nanotubes not completely filled following Au deposition, and with the 

current-time transient, which does not show the sharp increase in current 

characteristic of the filling and capping of pores during the deposition process.  
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 SEM analysis following gold deposition 

 

 

Figure 4.9: SEM image of Au:Cu nanowires dropcast from suspension onto a 

carbon tab for analysis. (After dissolution of the membrane in dichloromethane, 

and sonication to remove PC membrane and sputtered gold layer). Accelerating 

voltage is 5 kV. 

 

Figure 4.9 shows a sample of nanowires in which gold has been electrodeposited 

at a potential of -0.273 V vs. Ag/AgCl in 3 M KCl for 3 minutes, following copper 

deposition through the pores of the polycarbonate membrane. 
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Figure 4.10: SEM images of Cu:Au nanowires from suspension, dropcast onto a 

carbon tab. (Following dissolution of the membrane in dichloromethane, and 

sonication to remove PC membrane and sputtered gold layer). The accelerating 

voltage was 5kV. 

 

The average diameters and lengths of the core:shell nanowires are about 161 nm ± 

14 nm and 3 μm ± 0.1 μm, respectively. The measured diameter of the obtained 

solid nanowires is larger than the pore diameter of polycarbonate membrane, (100 

nm ± 20 nm), and approx. 8% larger than that of the hollow copper nanotubes (147 

nm ± 22 nm) however the wire length remains largely consistent with the lengths 

of the wires following Cu deposition only. This is interesting as it implies that the 

gold deposited has not filled the pores of the polycarbonate membrane above where 

the copper deposition ended, but have instead deposited inside the hollow walls of 

the copper tubes, creating solid nanowires composed of a copper shell and a gold 

core, rather than a “striped” nanotube/wire consisting of half copper and half gold. 

This increase in nanowire diameter is evidence of the pore widening process 

occurring during the deposition of nanowires.29  

There are two possible reasons for the increased diameter: 

1. The wires may not be cylindrical, but rather wider in the middle than at the ends, 

or 

2. The pores widen during growth.  
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This latter scenario can originate during metal deposition, if the metal not only 

grows strictly along the pore axis, but also to a certain degree radially, which exerts 

pressure on the polycarbonate membrane, causing a widening of the pores.30  

A study of nanowires of several metals deposited in the pores of track-etch 

membranes by Schönenberger et al.30, discovered that the pores in the template are 

not the same diameter all the way through, but instead have a maximum diameter 

along the middle of the pore, and are narrower at the top and bottom of the pore. 

For several suppliers and several pore sizes, it was found that the middle section of 

the pore can be wider by up to a factor of three.  

They have proposed that the pore widening effect is a consequence of proximity 

exposure. If secondary electrons are generated isotropically at each point along the 

ion track in the membrane, any point in the vicinity of the track, but sufficiently 

inside the membrane, receives exposure from secondary electrons generated above 

and below this point. This is different for a point close to the surface of the 

membrane. At the top surface, impinging secondary electrons can only originate 

from below this point, since the impacting ion moves through a vacuum from 

above. For this reason, proximity exposure is reduced by a factor of 2 close to the 

membrane surface. If etched, the pore will develop a smaller diameter at the top 

and bottom of the membrane compared to regions inside.  

SEM analysis of the as synthesised core:shell nanowires was performed in order to 

determine an average diameter. The nanowires were measured from images, some 

of which had nanowires which were oriented standing up as in Figure 4.5, so that 

the top of the wire was measured; and some of which had nanowires which were 

lying flat, as in Figure 4.10, so that the diameter was measured somewhere in the 

middle of the wire. If the pore diameters differed between the top and middle of 

the membrane, this might account for the increase in diameter of the synthesised 

wires compared to the measured diameters of the pores. The diameters of the pores 

were only measured at the top of the membrane as that was all that was accessible. 

There are also inherent limitations in the use of SEM to determine the dimensions 

of these nanostructures. A more accurate representation of the nanowire lengths 

and diameters could have been obtained by analysing a cross section of the 

membrane under TEM prior to dissolution.  
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 Fe-SEM analysis 

As the Hitachi S3400N scanning electron microscope was not sufficiently high 

resolution to image the inner diameters of the hollow nanotubes, it was decided to 

image using an Oxford INCA high resolution field emission scanning electron 

microscope. The images obtained allowed the inner diameter of the hollow 

nanotubes to be measured and an average diameter of 58 nm ± 4.5 nm was 

calculated. 

 

 

Figure 4.11: High resolution images of hollow copper nanotubes following 

release from the polycarbonate membrane, suspension in dichloromethane 

and dropcasting onto planar gold slides. Inner diameter was shown to be 58 

nm ± 4.5 nm. Accelerating voltage was 5 kV. (Imaged by Dr Elaine Spain) 
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Figure 4.12 above shows the high resolution SEM image of the solid gold:copper 

core:shell nanowires after both metals have been deposited and the wires have been 

released from the membrane. These wires are shown to be mostly solid, as opposed 

to the hollow copper tubes seen in Figure 4.11. This confirms the theory that the 

gold was deposited inside the hollow copper walls of the tubules, and not inside 

the sputtered walls of the polycarbonate membrane not filled with copper tubules. 

From the current-time transient, Figure 4.7, it can be seen that the current decreases 

sharply at the beginning of the process, attributed to the creation of the depletion 

layer, followed by growth inside the channels with almost constant growth rate. If 

the material were to reach the top of the membrane and start to deposit caps on top, 

a sharp current increase would be observed for this process31. As this sharp increase 

is not observed, it is likely that the deposition of the material did completely fill the 

channels and begin to deposit caps along the top. This also makes it likely that not 

all of the nanotubes were completely filled with gold.  

  

Figure 4.12: High resolution image of gold:copper core:shell nanotubes 

following release from membrane, suspension and dropcasting. Accelerating 

voltage was 10 kV. (Imaged by Dr Elaine Spain) 
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 EDX spectroscopy  

EDX spectroscopy was used to confirm the presence of the copper in a 500 µL 

sample of the nanotubes and both copper and gold in a 500 µL sample of the 

core:shell nanowires.  

 

Figure 4.13: EDX spectrum of hollow Cu nanotubes following release from the 

polycarbonate membrane, suspension in dichloromethane, and dropcasting onto 

carbon tabs for analysis. The spot size used was 100 nm. (Spectrum acquired by 

Dr Elaine Spain)   

 

Energy dispersive X-ray (EDX) analysis was performed along the length of an 

individual copper nanotube (A) following complete dissolution of PC template, 

suspension and drop casting on to carbon tabs. The EDX reveals Cu with high 

purity (95 at.% weight).  
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Figure 4.14: EDX Spectrum of Au:Cu nanowires following release from the 

polycarbonate membrane, suspension in dichloromethane, and dropcasting onto 

carbon tabs for analysis. The spectrum was acquired from the length of the 

nanowire. The spot size used was 300 nm.(Spectrum acquired by Dr Elaine Spain) 

 

Figure 4.14 illustrates an EDX spectrum of the top end of the gold-copper core-

shell nanowires. The EDX spectrum exhibits a strong peak corresponding to 

elemental gold (77 at.% weight), confirming the nature of the core of the metallic 

wires present, while other weak peaks of Cu (4.6 % weight) observed are attributed 

to of the copper shell of the wire.  

 

 

 

 

 

 

 

 

 



 

159 

 

 Cyclic Voltammetry  

Figure 4.15 illustrates cyclic voltammograms for the 1 cm × 1 cm FDTO electrode 

with a bare polycarbonate membrane, and before and after deposition of the copper 

nanotubes array within the pores of a PC membrane on FDTO, in a deoxygenated 

0.1 M H2SO4 solution at a scan rate of 100 mVs-1. Typically, oxide films on copper 

are composed of both cuprous oxide (Cu2O) and/or cupric oxide (CuO).32,33 After 

the deposition of copper, (dotted line) a well-defined redox couple was obtained 

with a cathodic peak and anodic peak at -0.377 V and 0.235 V vs. Ag/AgCl in 3 M 

KCl, respectively. According to earlier literature reports, these redox peaks are 

attributed to the formation of CuO.32 The oxidation peak is due to the formation of 

Cu oxide overlayer and the peak at -0.377 V is its subsequent reduction. 

The solid line voltammogram in Figure 4.15 illustrates the cyclic voltammogram 

following gold deposition through the hollow copper tubes, and shows a well 

resolved cathodic peak at 0.151 V representing the reduction of gold oxide.34 The 

voltammetric currents measured in the anodic region are significantly higher after 

the deposition of gold, indicating a convolution from the copper and gold oxide 

formation. Moreover, the copper reduction peak is shifted +0.1685 V after the 

electrodeposition of Au. This positive shift may be due to the fact that it is harder 

to form the oxide on the copper in the presence of Au, suggesting a lower electron 

density of Cu in the presence of Au.  

Another explanation for this redox shift is due to the IR drop. The IR drop is the 

voltage drop across the cell during passage of current due to the internal resistance 

of the cell.35 The major effects of IR drop in cyclic voltammetry include shift in 

peak potential, decrease in magnitude of current, and increase in peak separation.36 

The IR drop can be minimised by using a three-electrode system (as was used in 

this work). The reference electrode tip should be in close proximity to the working 

electrode surface. In the three electrode set up, the working electrode and the 

reference electrode are positioned beside each other, with the counter electrode on 

the other side of the reference electrode. 
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Figure 4.15: Cyclic voltammogram of a 1 cm2 FDTO electrode modified with a PC 

template decorated with a conductive 300 nm Au back layer (dashed line),after 

electrodeposition of the copper (dotted line), and after deposition of the gold (solid 

line). The supporting electrolyte is 0.1 M H2SO4 and the scan rate is 100 mV s−1. 

The reference electrode is Ag/AgCl in 3 M KCl. The sixth scan is presented.  
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The nanotubes were released from the PC membrane and suspended in a solution 

of dichloromethane. The nanotubes were then dropcast on a bare gold electrode 

and fixed with 2.5 % glutaraldehyde, before being characterised using cyclic 

voltammetry.  

 

Figure 4.16: Au electrode modified with hollow Cu nanotubes after removal of the 

polycarbonate membrane and suspension in dichloromethane. The nanowires are 

then dropcast onto the bare 2 mm diameter electrode surface and fixed with 2.5 % 

glutaraldehyde. The supporting electrolyte is 0.1 M H2SO4 and the scan rate is 100 

mV s−1. The reference electrode is Ag/AgCl in 3 M KCl. The sixth scan is presented.  
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Figure 4.17: Au electrode modified with Au:Cu core:shell  nanowires after 

removal of the polycarbonate membrane and suspension in dichloromethane. The 

nanowires are then dropcast onto the bare 2 mm diameter electrode surface and 

fixed with 2.5 % glutaraldehyde. The supporting electrolyte is 0.1 M H2SO4 and 

the scan rate is 100 mV s−1. The reference electrode is Ag/AgCl in 3 M KCl. The 

sixth scan is presented.  

Ox 1 

Red 1 Red 2 
Red 3 
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Figure 4.16 illustrates the cyclic voltammogram of the copper nanotubes which 

were drop cast and allowed to dry on to a 2 mm diameter gold disc electrode and 

then cycled in 0.1 M H2SO4 from -0.5 V to 1.5 V to identify the different potentials 

of oxidation.  Two oxidation peaks are observed at +0.095 V and +0.247 V for CuO 

and Cu2O, respectively.37 The peak at -0.378 V is due to the subsequent reduction 

of the Cu oxide. There is also a very weak peak at +0.253 V which may also 

correspond to reduction of Cu (II) to Cu (I). The anodic peak at +1.323 V and the 

reduction peak centred at approximately +0.77 V correspond to the gold oxide 

formation and the gold oxide reduction peak of the underlying gold disc electrode.37 

Figure 4.17 displays three oxidation peaks and four reduction peaks for the released 

gold:copper nanowires. During the positive sweep, the copper is oxidised into CuO 

with a well resolved peak +0.081 V. The Ox 2 peak at approximately +0.286 V 

might be due to the oxidation of CuO into Cu (III) to form Cu2O3.
37 The low 

conductivity of this oxide results in a much smaller peak than that observed for 

CuO at +0.081 V (Ox 1). The oxidation peak (Ox 3) at +1.064 V represents gold 

oxide formation of the underlying gold disc electrode, with a small shoulder 

observed which could indicate oxidation of the core of the gold nanowires. In the 

negative sweep, the peak centred at approximately +0.84 V (Red 4) corresponds to 

the gold oxide reduction peak. There is a peak at +0.662 V (Red 3) which 

corresponds to the reduction of Cu2O3 (Cu III) to Cu2O (Cu II).  Further reduction 

of copper is perceived with a weak peak at +0.258 V (Red 2) and a sharp peak at –

0.124 V (Red 1) which represent the reduction of Cu (II) to Cu (I) and Cu (I) to 

Cu0, respectively. 

The ratio of the areas associated with the gold and copper oxide formation peaks is 

approximately 1:20 which is somewhat lower than the ratio of 1:45 expected based 

on the diameter and lengths of the core-shell nanowire determined from SEM.  

Again, this result most likely arises from incomplete copper oxide formation at this 

scan rate due to slow formation kinetics when the nanowires are bound within the 

template. Once the nanowires have been released, the gold oxide 

formation/reduction process occurs in two distinct processes.  Gold oxide 

formation (on both the underlying electrode, and the core of the nanowires) occurs 
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at a less positive potential once released, while the two peaks associated with 

reduction occur at potentials that are more and less positive than that observed prior 

to release. These results suggest that the thermodynamics of oxide 

formation/reduction are sensitive to the microenvironment.  
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 Raman Spectroscopy 

Surface Enhanced Raman Spectroscopy (SERS) is a Raman Spectroscopic (RS) 

technique that provides greatly enhanced Raman signal from Raman-active analyte 

molecules that have been adsorbed onto nanostructured metal surfaces. Increases 

in the intensity of Raman signal have been regularly observed on the order of 104-

106, and can be as high as 108 and 1014 for some systems. 38, 39 The importance of 

SERS is that it is both surface selective and highly sensitive whereas RS is neither. 

RS is ineffective for surface studies because the photons of the incident laser light 

simply propagate through the bulk and the signal from the bulk overwhelms any 

Raman signal from the analytes at the surface. SERS selectivity of surface signal 

results from the presence of surface enhancement (SE) mechanisms only at the 

surface. Thus, the surface signal overwhelms the bulk signal, making bulk 

subtraction unnecessary. 

The exact mechanism of the enhancement effect of SERS is still a matter of debate 

in the literature. There are two primary theories, electromagnetic theory and 

charge-transfer theory. The electromagnetic theory proposes the excitation of 

localised surface plasmons, while the chemical theory proposes the formation of 

charge-transfer complexes. The chemical theory applies only for species that have 

formed a chemical bond with the surface, so it cannot explain the observed signal 

enhancement in all cases, whereas the electromagnetic theory can apply even in 

those cases where the specimen is physisorbed only to the surface.  

Electromagnetic theory: The increase in intensity of the Raman signal for 

adsorbates on particular surfaces occurs because of an enhancement in the electric 

field provided by the surface. When the incident light in the experiment strikes the 

surface, localised surface plasmons are excited. In order for scattering to occur, the 

plasmon oscillations must be perpendicular to the surface; if they are in-plane with 

the surface, no scattering will occur. It is because of this requirement that 

roughened surfaces or arrangements of nanoparticles are typically employed in 

SERS experiments as these surfaces provide an area on which these localized 

collective oscillations can occur.40 

https://en.wikipedia.org/wiki/Chemical_bond
https://en.wikipedia.org/wiki/Adsorbate
https://en.wikipedia.org/wiki/Electric_field
https://en.wikipedia.org/wiki/Electric_field
https://en.wikipedia.org/wiki/Nanoparticle
https://en.wikipedia.org/wiki/Oscillation
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The choice of surface metal is also dictated by the plasmon resonance frequency. 

Visible and near-infrared radiation (NIR) are used to excite Raman modes. Silver 

and gold are typical metals for SERS experiments because their plasmon resonance 

frequencies fall within these wavelength ranges, providing maximal enhancement 

for visible and NIR light. Copper's absorption spectrum also falls within the range 

acceptable for SERS experiments.41 Platinum and palladium nanostructures also 

display plasmon resonance within visible and NIR frequencies.42 

Chemical theory: While the electromagnetic theory of enhancement can be applied 

regardless of the molecule being studied, it does not fully explain the magnitude of 

the enhancement observed in many systems. For many molecules, often those with 

a lone pair of electrons, in which the molecules can bond to the surface, a different 

enhancement mechanism that does not involve surface plasmons has been 

described. This chemical mechanism involves charge transfer between the 

chemisorbed species and the metal surface. The chemical mechanism only applies 

in specific cases and probably occurs in concert with the electromagnetic 

mechanism.43, 44 

During the late 1970’s and early 1980’s it was recognised that a few noble metals, 

mainly Ag, Au, and Cu, would provide a large SERS enhancement, provided the 

metal surface roughness or colloid size were of the order of a few tens of 

nanometres. In the 1980’s, a strategy based on “borrowing SERS” was proposed, 

either by depositing SERS-active metals on non SERS-active substrates, or by 

depositing non-SERS active materials over SERS-active substrates.  

The approach of “borrowing SERS activity” was first proposed by Van Duyne et 

al. in 1983 to obtain Raman signals of molecular species adsorbed on non-SERS-

active materials such as n-GaAs electrodes through electrodepositing a 

discontinuous SERS-active overlayer of Ag. 45 This approach is to employ the long-

range effect of the strong electromagnetic field created by the SERS-active Ag to 

enhance the Raman scattering of adsorbates at the semiconductor nearby. This 

configuration has a limitation for studying surface-adsorption, which requires that 

the surface species can be adsorbed at the non-SERS-active substrate, but it has 

been shown that most molecules prefer to adsorb at the SERS-active sites.  
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The most effective and feasible way to borrow SERS activity is to coat with an 

ultrathin film of other materials completely on SERS-active substrates of Ag, as 

done by the Fleischmann group,46,47 and on Au, by the Weaver group.48,49 The 

essential notion rests on the expectation from electromagnetic theories that the 

enhancement effect should occur for molecules located close to (within 1-10 nm) 

SERS-active nanoparticles, or nanostructured surfaces.50,51 With the aid of the long 

range effect of the enormous electromagnetic enhancement created by the high 

SERS-active substrate underneath, the Raman enhancement can be engendered 

even for molecules spatially separated from the substrate.52 

The strong electromagnetic field will be diminished exponentially with increasing 

film thickness, therefore the film has to be ultra-thin, normally a few atomic layers.  

The copper nanotubes and core:shell nanowires were immersed in a solution of 

[Ru(bpy)2(Qbpy)]2+ dye for two days and drop cast onto ITO glass slides for 

characterisation using Raman spectroscopy. The presence of gold in the nanowires 

may create a SERS effect, giving rise to a higher intensity compared to the pure 

copper nanotubes.  

The lone pair in the nitrogen atoms in the pyridine groups gives a strong bond 

between the Au core and the dye molecules, as opposed to the copper shell.53 

Coupled with the SERS effect due to the gold, there should be a significant 

enhancement of the Ru dye modes when bound to the core:shell nanowires 

compared to their intensity when bound to the hollow copper nanotubes. The 

Raman spectra of both are shown in Figure 4.18.  



 

168 

 

 

Figure 4.18: Raman spectra of the copper nanotube array (blue) and the Cu:Au 

core:shell nanowire array (black). The excitation wavelength was 488 nm. The 

nanowires were immersed in a 1μM solution of [Ru(bpy)2(Qbpy)]2+ dye dissolved 

in 40:60 ethanol and DI H2O  for 2 days and dropcast onto planar ITO glass for 

Raman analysis. 
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In the spectrum of the hollow Cu nanotubes, three peaks located at around 279, 

346, 650 cm−1 are observed. Both the weak peak at 279 cm−1 and the strong peak 

at 346 cm−1 are ascribed to CuO, indicating the formation of an oxide on the 

surface.54 The peak centred at 650 cm−1 is believed to be contributed by several 

Cu2O related sub-peaks such as 590, 631 and 658 cm−1.54, 55  An intense feature at 

1018 cm_1 and weaker bands between 698 and 757 cm-1 are attributed to aromatic 

ring C–C modes of the [Ru(bpy)2(Qbpy)]2+.  C–H deformation modes are observed 

around 1308 and 1272 cm-1. The peaks observed at 1632, 1596, 1549, 1521 and 

1481 cm-1 are attributed to pyridine C–C stretching modes.56 A moderately intense 

feature around 1169 cm -1 is attributed to a coupled C–H bend and ring stretching 

mode.57 The broadenings and downshifts of the Raman peaks are mainly attributed 

to the quantum confinement effect of CuO nanotubes.58 The quantum confinement 

effect can be observed once the diameter of the material is of the same magnitude 

as the wavelength of the electron wave function.59 A particle behaves as if it were 

free when the confining dimension is large compared to the wavelength of the 

particle. During this state, the bandgap remains at its original energy due to a 

continuous energy state. However, as the confining dimension decreases and 

reaches a certain limit, typically in nanoscale, the energy spectrum turns to discrete. 

As a result, the bandgap becomes size dependent. This ultimately results in a blue 

shift in optical illumination as the size of the particles decreases.  

The SEM images indicate that the prepared Cu nanotubes have diameters of 50-70 

nm, with average lengths of up to 3 µm, so that the length is larger than the 

diameter, which means that the quantum confinement effect mainly occurs along 

the diameter direction of the Cu nanotubes.58 In contrast, following deposition of 

the gold inside the hollow Cu tubes, the intensity of the CuO related peaks at 358 

and 658 cm−1 both become relatively stronger. Overall, the intensity of the Au:Cu 

core:shell wires is approximately four times greater than the intensity of just the 

hollow Cu tubes. The features associated with CuO at both 358 and 658cm-1 are 

present both before and after gold deposition. Thus, it can also be concluded that 

both CuO and Cu2O exist in the sample before and after gold deposition. The 

presence of the gold core inside the nanotube has served to create an enhancement 

of the Raman signal of these peaks. 
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4.3 Conclusion 

In summary, a templated electrodeposition strategy has been developed and shown 

to be an efficient route to creating gold-copper core-shell nanowires. Prior to their 

release from the polycarbonate template, the nanotubes exist as a highly aligned 

array with uniform diameters (147 ± 22 nm) along the entire lengths of the wires 

(3.0±0.5 µm). The shell thickness is approx. 44.5 ± 5 nm. 

Following deposition of gold through the hollow copper tube, the nanowires have 

uniform diameters of 161±20 nm, with lengths of 3.0±0.1 µm. these differences in 

diameter and length are not statistically significant, but represent the challenges in 

fabrication of fully uniform nanowires using polycarbonate membranes as 

templates. Polycarbonate membranes may be subject to distortion during the 

deposition process, due to their malleable nature, and so the nanowires formed may 

have diameters that are larger than the original pore size. In addition, it has been 

shown previously that some polycarbonate membranes do not have uniform pore 

diameters throughout the length of the pore, and that the diameters can increase by 

as much as a factor of 3 in the middle of the membrane as compared to the ends.    

The nanowires were characterised using voltammetry in acidic solution, showing 

well resolved redox couples for both copper and gold.  

Resonance Raman spectroscopy was performed on both the hollow copper 

nanotubes and the core:shell nanowires, following functionalisation with a 

Ruthenium dye. The gold core shows a four-fold enhancement of features 

associated with this dye. 

Use of these core:shell structures in a biosensing assay could improve sensitivity 

over traditional PCR and fluorescent labelled methods. The presence of a second 

metal on the wire could open up the possibility of a multiplexed assay capable of 

detecting several DNA sequences at once just by tuning the potentials for each 

metal. For example, by selectively stripping the copper shell following a DNA 

sandwich assay, the LOD of this type of assay could be as low as 1 nM of target 

DNA. .  
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Using this approach, as few as 300 hybridisation events could be detected. This 

would greatly enhance the sensitivity of the biosensor, which means that the target 

DNA strand could be detected at low concentrations typically seen early in the 

disease.  

The approach developed lends itself to multiplexing since the potential at which 

the shell is stripped depends on the metal used. This approach is also advantageous 

in that it removes the need to add an additional reagent, i.e. H2O2
 in the 

electrocatalysis assay.  
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5.1 Introduction 

DNA and RNA can be important biomarkers of disease, i.e. they can be found in 

body fluids or tissue when disease is present. As the number of deaths attributed to 

diseases such as cancer increase year on year, a strong emphasis is now being 

placed on the development of point of care devices which can determine the 

concentration of these biomarkers in blood, serum, saliva, urine or other sample 

matrices.1  

A number of illnesses have been characterised by the presence of specific DNA 

and RNA sequences, upregulated proteins, antibodies etc. in blood and tissue 

samples, for example peptic ulcer disease,2 hepatitis,3 a number of cancers 

including breast, liver and pancreatic,4,5,6and many other diseases. The target DNA 

of interest in this work is the gram-positive bacterium Staphylococcus aureus, 

which is responsible for mastitis in cows, and a range of illnesses, from minor skin 

infections, such as pimples, impetigo, boils (furuncles), cellulitis folliculitis, 

carbuncles7, scalded skin syndrome9, and abscesses, to life-threatening diseases 

such as pneumonia7, meningitis8, endocarditis9, toxic shock syndrome (TSS)10, 

bacteraemia, and sepsis11 in humans. Methicillin-resistant S. aureus, abbreviated 

MRSA, is one of a number of strains of S. aureus which have become resistant to 

most antibiotics.12 

 

Mastitis occurs when white blood cells (leucocytes), are released into the mammary 

gland, usually in response to an invasion of bacteria of the teat canal. Milk-

secreting tissue and various ducts throughout the mammary gland are damaged due 

to toxins from the bacteria. Mastitis can cause a decline in potassium and 

lactoferrin. It also results in decreased casein, the major protein in milk. As most 

calcium in milk is associated with casein, the disruption of casein synthesis 

contributes to lowered calcium in milk. The milk protein continues to undergo 

further deterioration during processing and storage. Milk from cows with mastitis 

also has a higher somatic cell count. Generally speaking, the higher the somatic 

cell count, the lower the milk quality.13  

 



 

178 

 

The most obvious symptoms of clinical mastitis in cattle are abnormalities in: 

 The udder such as swelling, heat, hardness, redness, or pain; and 

 The milk such as a watery appearance, flakes, clots, or pus.14 

Current stomatic cell counts (SCC) and alternative methods for detection of 

mastitis include:15 

 California mastitis test (CMT) 

This assay indirectly measures the SCC in milk samples. A bromocresol-

purple-containing detergent is used to break down the cell membrane of 

somatic cells, and the subsequent release and aggregation of nucleic acid 

forms a gel-like matrix with a viscosity that is proportional to the leukocyte 

number. 

 Portacheck 

This assay uses an esterase-catalysed enzymatic reaction to determine the 

SCC in milk. 

 Fossomatic SCC 

This counter operates on the principle of optical fluorescence. Ethidium 

bromide penetrates and intercalates with nuclear DNA, and the fluorescent 

signal generated is used to estimate the SCC in milk. Ethidium bromide is 

thought to act as a mutagen because it intercalates double stranded DNA.16 

 Delaval cell counter 

This counter operates on the principle of optical fluorescence, whereby 

propidium iodide is used to stain nuclear DNA to estimate the SCC in milk. 

Propidium iodide is a mutagen and is a respiratory irritant.17  

 Electrical conductivity (EC) test 

This test measures the increase in conductance in milk caused by the 

elevation in levels of ions such as sodium, potassium, calcium, magnesium 

and chloride during inflammation. 
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 Culture tests 

Laboratory-based tests use selective culture to identify different 

microorganisms involved in causing mastitis. 

 pH test 

The rise in milk pH, due to mastitis, is detected using bromothymol blue. 

 Enzymes 

Assays are used to detect enzymes, such as N-acetyl-β-D-glucosaminidase 

(NAGase) and lactate dehydrogenase (LDH). 

These assays are used to detect mastitis when it has already contaminated the milk 

produced by the cow. By developing an assay to detect the mastitis DNA when 

present in low concentrations (perhaps before symptoms have manifested), the 

treatment could begin earlier and this may prevent the symptoms occurring and 

prevent loss of income to the farmer due to spoiled milk.  

Additionally, some of these assays require use of reagents which are toxic or 

mutagenic, which is not ideal.  

Presently, the detection of DNA relies on methods such as polymerase chain 

reaction (PCR), gel electrophoresis and southern blotting.18 These methods are 

labour intensive, expensive, require large amounts of expensive equipment, have 

low sensitivity, and are time consuming. As biomarkers associated with disease 

tend to be present in very low concentrations in the blood (e.g. picomolar), a 

detection method must be ultra-sensitive and have a very low limit of detection. 

One of the challenges in creating an electrochemical detection platform is 

amplifying the signal associated with the biorecognition events so that it can be 

easily detected.   

With the development of ultrasensitive electrochemical biosensors, and the need 

for miniaturisation of these sensors, nanomaterials have been drawing considerable 

attentions, due to their unique size and properties.19,20 
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In particular, noble metal nanostructures have gained special interest because of 

their conductivity, optical properties and biocompatibility as high surface-to-

volume ratio and high heat transfer (thermal conductivity).21,22 Amongst them, 

copper-based nanoparticles are of great interest due to their low toxicity, low cost 

and easy availability, and because they possess properties similar to that of other 

metallic nanoparticles.23 Gold nanoparticles can act as conductor centres, and can 

facilitate electron transfer. 

Since the discovery of carbon nanotubes, other one-dimensional nanostructures 

such as nanotubes, nanowires and nanorods have been the focus of some 

investigations. Nanowires have a number of unique physical and electronic 

properties that are different from those of spherical nanoparticles,24 which makes 

them ideal for use in an electrochemical biosensor. 

In this work, the objective is to increase the sensitivity of nucleic acid detection 

through the use of nanowires that amplify the signal generated by a single target 

binding event. This is in contrast to current gold standard nucleic acid detection 

strategies such as Polymerase Chain Reaction (PCR), or Nucleic Acid Sequence 

Based Amplification (NASBA), which amplify the target nucleic acid itself. The 

use of the nanowire is advantageous in that it provides significantly higher surface 

area than a nanoparticle, which is useful for generating a larger electrocatalytic 

current.  

The core:shell nanowire could also be used to generate an alternative signal that 

can be measured, for example through thiol bond reduction or sacrificial metal 

oxidation which is important for multi analyte detection. 

The advantage of this approach is that it does not require amplification of the target 

nucleic acid, making it easier to incorporate into a point-of-care device that is user-

friendly.  
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5.2 Results and Discussion 

 Application of gold nanowires to label-free, 

amplification free, detection of target DNA 

The ability of the regioselectively modified solid nanowires to detect DNA 

specifically associated with S. aureus mastitis was investigated. Nanowires 

confined on the electrode surface by capture-target- hybridisation are capable of 

electrocatalysing the reduction of hydrogen peroxide generating a current whose 

magnitude is directly proportional to the concentration of target pathogen DNA. 

The target DNA concentration was determined by measuring the difference in the 

electrocatalytic reduction current at the gold nanowires/tubes, ∆i, before and after 

the addition of 200 μM hydrogen peroxide to a solution of deoxygenated 0.01 M 

H2SO4.  

Scheme 5.1 shows the fully hybridised electrode, to which gold nanowires or 

nanotubes are adhered via complementary DNA hybridisation. The presence of the 

nanowires is due to the presence of the target strand of DNA, and the number of 

nanowires present should correspond to the concentration of target DNA present 

on the electrode surface.  

A fixed potential is applied to the electrode, and as there are no redox processes 

occurring on gold at this potential, the current will decay to almost zero. An 

injection of 200 μM H2O2 is then added to the solution, and the current response 

increases dramatically. The current response is due to the reduction of the added 

hydrogen peroxide by the gold nanowires.  
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Scheme 5.1: Schematic diagram of Au nanowire modified gold electrode, 

hybridised with capture, target and probe DNA 

 

The reaction proceeds as follows: 

 

H2O2 → O2 + 2H+ + 2e- 

H2O2 + 2H+ + 2e- → 2H2O   Equation 5.1 
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5.2.1.1 Characterisation of gold nanowire/nanotube biosensor 

response 

 

 

Figure 5.1: Current-time transient showing response of solid Au nanowires to 

addition of 200 µM of 30% wt. Hydrogen Peroxide. The supporting electrolyte was 

0.01 M H2SO4, and the applied potential was -0.1 V. vs. Ag/AgCl in 3 M KCl. The 

target DNA concentration was 10 aM.  

After H2O2 

Before 

H2O2 

Δi 
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As illustrated in Figure 5.1, the initial current detected in aqueous sulphuric acid 

in the absence of any deliberately added peroxide was measured for approximately 

ten minutes. When 200 μM of H2O2 was added to 0.01 M H2SO4, the current 

rapidly increased due to the catalytic reduction of the hydrogen peroxide by the 

gold nanowires.  

The reaction proceeds as follows: 

 

H2O2 → O2 + 2H+ + 2e- 

H2O2 + 2H+ + 2e- → 2H2O     Equation 5.2  
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5.2.1.2 Calibration plot for gold nanowire response 

Using a concentration range of target DNA from 1 μM to 1 aM the electrocatalytic 

properties of the solid gold nanowires towards H2O2 was investigated. The 

calibration plot is shown in Figure 5.2.  
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Figure 5.2: Calibration curve for the electrochemical detection of target DNA 

range 1 µM to 1 aM on a 2 mm diameter bare electrode following hybridisation 

with probe DNA that is labelled with solid gold nanowires. The supporting 

electrolyte is 0.01M H2SO4. The detection potential is -0.1 V vs. Ag/AgCl in 3 M 

KCl. The concentration of H2O2 added is 200 µM. Where error bars are not visible, 

they are smaller than or the same size as the size of the symbol. In this experiment, 

n = 3 different batches of gold nanowires.  
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Figure 5.2 shows the dependence of i on the concentration of target strand DNA 

where the electrocatalytic Au nanowires are functionalised with probe strand 

DNA.  The electrocatalytic current observed at these decorated nanowires is 

acceptably linear for target DNA concentrations from 1 fM to 1 µM. 

The sensitivity of the assay involving solid Au nanowire-labelled probe strands is 

15.5 A dec-1, over ten times greater than the 1.32 µA dec-1 of the platinum 

nanoparticles reported previously.25 This dramatically higher sensitivity and wide 

linear dynamic range indicates that the nanowires retain both their electrocatalytic 

and DNA binding capabilities. 

Table 5.1: Response of electrode to different concentrations of target DNA for 

solid gold nanowires.  

Concentration 

(M) 

Log 

DNA 

Average Δi 

(µA) 

Standard 

Deviation 

1.00E-18 -18 1.89 0.61 

1.00E-17 -17 7.91 0.86 

1.00E-16 -16 12.57 1.96 

1.00E-15 -15 18.56 0.46 

1.00E-14 -14 23.52 1.67 

1.00E-13 -13 45.69 3.15 

1.00E-12 -12 66.74 7.55 

1.00E-11 -11 90.08 16.88 

1.00E-10 -10 107.02 20.98 

1.00E-09 -9 118.23 19.92 

1.00E-08 -8 128.56 22.16 

1.00E-07 -7 133.46 19.11 

1.00E-06 -6 152.63 11.41 
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 Application of hollow gold nanotubes to label-free, 

amplification-free detection of target DNA 

Depending on the rate of peroxide diffusion into and through the nanotubes 

compared to the rate of electrolysis at their surface, the additional surface area of 

the nanotube compared to the nanowire could amplify the current associated with 

individual DNA hybridisation events. It is hoped that the current associated with 

these hollow nanotubes would be greatly increased when compared to the solid 

gold nanowires, which would make them an attractive nanomaterial for 

incorporation to an electrochemical nucleic acid detection device.  

 

This biosensor was characterised in the same way as for the solid gold nanowires.  
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5.2.2.1 Calibration plot for gold nanotube response 

 

Figure 5.3: Calibration curve for the electrochemical detection of target DNA 

range 1 µM to 1 aM on a 2 mm diameter bare electrode following hybridisation 

with probe DNA that is labelled with hollow gold nanotubes. The supporting 

electrolyte is 0.01M H2SO4. The detection potential is -0.1 V vs. Ag/AgCl in 3 M 

KCl. The concentration of H2O2 added is 200 µM. Where error bars are not visible, 

they are smaller than, or the same size as the size of the symbol. In this experiment, 

n =3 different batches of gold nanotubes. 
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Table 5.2: Response of electrode to different concentrations of target DNA for 

hollow gold nanotube-labelled probe strand. 

Concentration 

(M) 

Log DNA Average Δi (µA) Standard 

deviation 

1.00E-18 -18 0.41 0.39 

1.00E-17 -17 1.16 0.21 

1.00E-16 -16 4.43 1.21 

1.00E-15 -15 7.89 1.50 

1.00E-14 -14 15.33 4.00 

1.00E-13 -13 23.18 2.93 

1.00E-12 -12 36.06 1.49 

1.00E-11 -11 46.98 1.64 

1.00E-10 -10 53.10 5.95 

1.00E-09 -9 64.43 4.09 

1.00E-08 -8 80.99 7.40 

1.00E-07 -7 87.53 9.04 

1.00E-06 -6 97.99 7.28 

 

The sensitivity observed for the nanotubes, 10.2 µA dec-1, is approximately 35% 

less than that observed for the solid nanowire-labelled DNA.  This result is 

significant since the total area of the nanotube is approximately twice that of the 

nanowire which might be expected to lead to an enhanced current for the nanotube.  

However, the nanotube is uniformly functionalised with capture strand DNA 

which most likely impedes access of the peroxide to the nanotube surface.  The 

higher current suggests that the regioselectively modified nanowires are more 

catalytically active, i.e., physically separating the molecular recognition and 

electrocatalytic detection functions produces a more sensitive assay.  
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Significantly, the Limit of Quantitation, LOQ, is 1 fM for both nanostructures 

which is approximately four orders of magnitude lower than that reported 

previously using platinum nanoparticles.25 The low LOQ reflects the relatively 

large current generated by a single hybridisation event, i.e., the electrocatalytic 

current per nanowire is large. Theory26 suggests that the diffusion limited current 

for a single solid nanowire is approximately 70 pA. Therefore, there are 

approximately 250,000 nanowires immobilised at the LOQ for the regioselectively 

modified nanowires and a maximum of approximately 3% of the electrode surface 

is covered even if all of the nanowires lie flat on the electrode surface. The wide 

dynamic range arises because the area occupied by each nanowire is small, of the 

order of 3 nm2 even when lying flat on the electrode surface, and the association 

constant is relatively low since the targets are short, meaning that even for micro 

molar concentrations of target, only about 30% of the electrode is covered with 

nanowires. 

For the electrocatalytic nanowires and nanotubes reported here, the dynamic range 

is very wide, approximately 10 orders of magnitude. 
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5.2.2.2 Control Study 

A study was carried out where the probe strand was unlabelled, and the catalytic 

current measured arises due to the underlying modified gold electrode (shown 

along with data for nanowire-labelled and nanotube-labelled probe strands in 

Figure 5.4). As expected, where the probe strand is not labelled, its hybridisation 

with the target does not produce any measurable current.  The sensitivity of the 2 

mm gold disc electrode following hybridisation of the DNA where the probe DNA 

strand is unlabelled is 0.0795 µA dec−1, reflecting the poor electrocatalytic 

properties of the DNA modified gold electrode.  These low currents in the absence 

of gold nanowire/tube labels indicate that the background current associated with 

direct reduction of hydrogen peroxide at the underlying electrode is low. This result 

is significant as the magnitude of this background current directly influences the 

limit of detection.    
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Table 5.3: Response of bare gold electrode to target DNA for unlabelled probe 

strand DNA 

 

Concentration (M) 

Log 

DNA Average Δi (µA) 

Standard 

Deviation 

1.00E-18 -18 0.95 0.0146 

1.00E-17 -17 1.00 0.0147 

1.00E-16 -16 1.08 0.0180 

1.00E-15 -15 1.22 0.0185 

1.00E-14 -14 1.21 0.0217 

1.00E-13 -13 1.19 0.0178 

1.00E-12 -12 1.40 0.0276 

1.00E-11 -11 1.18 0.0175 

1.00E-10 -10 1.49 0.0305 

1.00E-09 -9 1.84 0.0359 

1.00E-08 -8 1.64 0.0351 

1.00E-07 -7 1.96 0.0397 

1.00E-06 -6 1.78 0.0396 
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Figure 5.4: Calibration plots for the electrochemical detection of Staph. Aureus 

mastitis DNA on a 2 mm radius electrode modified with capture strand DNA 

following hybridization with the target DNA and gold nanowires regioselectively 

modified with probe strand DNA (♦) and uniformly decorated nanotubes (■).  A 

control experiment showing the response of the electrode where the probe strand 

is not labelled is also shown (▲).The supporting electrolyte is 0.01M H2SO4. The 

detection potential is -0.1 V vs. Ag/AgCl in 3 M KCl. The concentration of peroxide 

added was 200 μM. Where error bars are not visible, they are smaller than, or 

comparable to, the size of the symbols.  
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For both the gold nanowires and nanotubes, the current increases linearly with 

increasing DNA concentration, from approximately 1 fM to 10 µM. This 

performance compares favourably with other more challenging detection 

strategies.  For example, Cho et al.27 have reported a linear range of 10 pM to 1nM 

of target DNA concentration where the conductivity of the bound nanowires is 

measured.  Other high sensitivity approaches rely on amplification of the target, 

e.g., Russell et al. have detected a target DNA concentration of 66 fM by using 

rolling circle amplified DNA which has been metallised to form gold nanowires.28   

 

It is important to note that the data presented in Figure 5.4 represent the average 

and standard deviations of three independently synthesised nanowires rather than 

the results of repeated assays using a single batch of wires. Figure 5.5 shows the 

calibration data for each of three individual batches of nanowires.  The calibration 

curves are linear for -15<log [DNA] <-9 with acceptable correlation coefficients, 

R2 = 0.9973, 0.9947 and 0.9917.  However, the absolute calibration sensitivities 

(slopes) vary between nanowire batches with values of 25.0 ± 0.6, 22.9 ± 0.8 and 

13.7 ± 0.7 μA dec-1 being observed.  Therefore, while the calibration sensitivity is 

reproducible within a single batch of nanowires (<5%), achieving a good 

reproducibility between batches is challenging.  These inter-batch deviations may 

arise from differences in wire length, e.g., due to wires breaking during removal 

from the template, or from differences in pore wetting during wire deposition.  
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Figure 5.5: Calibration plots for the electrochemical detection of Staph. Aureus 

mastitis DNA on a 2 mm radius electrode modified with capture strand DNA 

following hybridization with the target DNA and gold nanowires regioselectively 

modified with probe strand DNA for each of three individual batches of nanowires. 

The concentration of H2O2 added was 200 μM.  The calibration curves are linear 

for -15<log [DNA] <-9 with acceptable correlation coefficients, R2=0.9973, 

0.9947 and 0.9917. The concentration of hydrogen peroxide is 200 μM. 
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 Selectivity of the assay using 1 Mismatch target 

DNA 

5.2.3.1 1 Base Mismatch  

The assay was carried out as before, using a target strand of DNA with a single 

base mismatch from that of the S. Aureus DNA used previously, and the solid 

gold nanowires as electrocatalytic label. The target strand sequence used was: 5`-

TGC-TAA-ACA-CTG-CCG-TTT-GAA-GTC-TGT-TTA-AAA-GAA-ACT-TA-

3`, where the A base marked in red is the mismatch. This strand of DNA 

(containing this specific mismatch) is not known to be present in a pathogenic 

organism. This mismatch was chosen to determine whether the assay could 

distinguish between the target mastitis DNA, and other strands of DNA that were 

similar in composition, but which contain a single base difference. 

All results generated for this assay by Dr Elaine Spain. 

DNA 

concentration 

(M) 

Log DNA 

concentration 

(M) 

Δi (A) 

1.00E-06 -6 5.83E-05 

1.00E-07 -7 4.48E-05 

1.00E-08 -8 4.67E-05 

1.00E-09 -9 3.89E-05 

1.00E-10 -10 3.46E-05 

1.00E-11 -11 2.73E-05 

1.00E-12 -12 2.6E-05 

1.00E-13 -13 2.21E-05 

1.00E-14 -14 1.92E-05 

1.00E-15 -15 1.63E-05 

1.00E-16 -16 1.53E-05 

1.00E-17 -17 9.67E-06 

1.00E-18 -18 5.37E-06 
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Figure 5.6:  Calibration plots for the electrochemical detection of Staph. Aureus 

mastitis DNA on a 2 mm radius electrode modified with capture strand DNA 

following hybridization with the target DNA that contains a 1 base mismatch, and 

gold nanowires regioselectively modified with probe strand DNA. The supporting 

electrolyte is 0.01M H2SO4. The detection potential is -0.1 V vs. Ag/AgCl in 3 M 

KCl. The concentration of peroxide added was 200 μM. n = 1 for this experiment. 
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The response of this assay to the 1-base mismatch DNA is linear over the range of 

concentrations from 1 aM to 1 nM, with a linear regression coefficient of 0.9646.  

This linear regression value shows an acceptable linearity, and is only slightly 

lower than that of the fully complementary assay. Moreover, the slope of this assay 

is not the same as for the fully complementary DNA strand. 

The magnitude of the current generated has also decreased, and is over 2.5 times 

lower than the maximum current generated for the fully complementary electrode. 

This implies that the assay in its current form should be sensitive enough to 

discriminate between a fully complementary DNA strand, and one containing a 

single base mismatch.  

The sensitivity of the assay is reduced by approximately 75% compared to the assay 

using the fully complementary target DNA strand. These results are quite 

promising, indicating that the numbers of target strands containing just one base 

different from the strand of interest that bind to the capture strand is very low.   
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 Application of gold:copper core:shell nanowires to 

label-free, amplification-free detection of target DNA 

Previously, electro-catalytically active metal nanoparticles have been used in 

detection of DNA at attomolar concentrations.25 Metal nanowires also possess 

these electrocatalytic properties, but, by utilising their higher surface-to-volume 

ratio, the signal generated by the nanowires can be larger than the signal due to 

nanoparticles. If one assumes that the nanowires are adhered to an electrode surface 

via DNA hybridisation in a dense, close packed monolayer, the area of the wires 

that is in contact with the electrode is equivalent to the area of a disc, while the 

walls of the wire are standing upright and free from probe strands of DNA. This 

means that this clean metal surface is available to utilise in generating a signal due 

to a hybridisation event. This higher surface to volume ratio could generate a 

greatly enhanced signal due to a comparable number of hybridisation events to an 

electrode modified with nanoparticles.  
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5.2.4.1 Characterisation of core:shell nanowire biosensor response 

The gold:copper core:shell nanowires have been applied to the detection of DNA. 

The core:shell nanowires can be functionalised with a thiolated DNA probe strand 

that is complementary to a section of the target before the wires are released from 

the template. Given the significantly higher propensity for thiol adsorption on gold 

rather than copper the thiolated probe is likely to be predominantly bound to gold. 

By depositing a DNA capture layer on an electrode whose sequence is 

complementary to the remaining section of the target, the core–shell nanowires can 

be confined on the electrode surface through DNA hybridisation in a sandwich 

assay. Once confined, two approaches were utilised to detect the target DNA 

concentration.  

 

1. The thiol bonds were selectively reduced by applying a negative potential for a 

fixed time, giving an amplified current/charge response to binding events. The 

target DNA concentration was determined by measuring the charge 

corresponding to the oxidation of the copper shell before selective reduction of 

the thiol bonds between the probe and nanowire, and between the capture strand 

and underlying electrode. Theoretically, there should be no copper left on the 

surface of the electrode as all of the nanowires have been freed into solution. 

Voltammetry of the electrode after the reduction step will confirm if the 

nanowires have been removed, as there should be no redox couple for copper 

oxidation and reduction present after removal of the nanowires. This approach 

allows a correlation between charge corresponding to copper oxidation and no. 

of nanowires bound to the surface of the electrode, which in turn corresponds 

to concentration of target DNA present.  
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Scheme 5.2: Detection of target DNA approach 1: Selective reduction of thiol 

bonds to release nanowires into solution. In the above figure, the probe strand is 

shown in blue, the target DNA strand is shown in red, and the capture strand in 

black. Following application of a negative potential, the thiol bonds has been 

selectively reduced, and the DNA strands separated from the electrode and 

nanowire surfaces, and are now suspended in solution. The nanowires are no 

longer adhered to the surface of the electrode via the DNA hybridisation. 

 

2. The copper shell of the core:shell nanowire was selectively oxidised into solution 

by applying a positive potential for a fixed time. The distinct advantage of the core 

shell structure is that because the gold is not oxidised, it is possible for the nanowire 

to remain on the surface of the electrode throughout the amplified detection step 

which would not be possible with a pure copper nanowire. The target DNA 

concentration can be determined by measuring the charge corresponding to the 

oxidation of the copper shell before and after selective oxidation of the copper 

shell. 
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Scheme 5.3: Detection of target DNA approach 2: Selective oxidation of copper 

shell into solution. In the above figure, the probe strand is shown in blue, the target 

DNA strand is shown in red, and the capture strand in black. Following application 

of a suitable positive potential, the copper shell of the nanowire should be removed 

into solution, leaving the nanowire still adhered to the electrode surface via the 

probe DNA strands on the gold core.  
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5.2.4.2 Theoretical charge produced by selective oxidation of 

copper shell 

From SEM images: 

Average wire length: 3μm 

Average diameter of wire: 161nm (Au + Cu) 

Total volume of wire: πr2h 

= (π) (80.5×10-7cm)2(3×10-4cm) 

=6.1×10-14 cm3 

 

Volume of Au tube only: 

Average diameter of inner tube: 58nm 

= (π) (29×10-7cm)2 (3×10-4cm) 

=7.9×10-15cm3 

6.1×10-14 cm3 – 7.9×10-15 cm3 

= 5.31×10-14 cm3 (volume of copper only) 

5.31×10-14/7.11 (molar volume of copper) 

=7.5×10-15 moles of copper 

7.5×10-15 moles x 96485 C/mol = 7.2×10-10C (per nanowire) 

 

Area of 2mm disc electrode: 0.0314cm2 

Area of 1 NW = 2×10-10 cm2 

No. of NWs per electrode (assuming the nanowires are confined to the surface via 

DNA strands that orient the wires upright in a closely packed layer) = 0.0314/2×10-

10 

= 1.49×108 NWs/electrode 

1.49×108 NWs c 7.2×10-10C = 10534×10-6C.  



 

205 

 

 

This corresponds to a theoretical maximum charge of 0.01C, assuming the 

electrode is totally covered with nanowires, and assuming all of the copper layer is 

removed from the gold:copper core:shell nanowire.  

 

Comparatively, previous assays involving the electrocatalysis of hydrogen 

peroxide using DNA functionalised nanoparticles have yielded a max current of      

8 ×10-6 A.25 Converting this to charge in a (for example) ten second response time, 

this becomes 8×10-5 C. The concentration of target DNA would need to be 0.1 mM 

in order to generate this amount of charge through electrocatalysis.  

The theoretical charge produced from this strategy is almost three orders of 

magnitude larger than from the electrocatalysis strategy. An amplification in signal 

of this magnitude, could it be achieved in practice, would allow for even small 

concentrations of DNA corresponding to single binding events to be detected.  

In addition, the approach described above is advantageous over electrocatalysis as 

it does not require the addition of an additional reagent, i.e. hydrogen peroxide. 

This reduces the number of steps required to generate a result, which simplifies the 

use of the device for the end user.  
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5.2.4.3 Theoretical charge produced by reduction of thiol bonds 

1. Cleaving bonds between DNA and electrode surface 

The charge produced from the reduction of thiol bonds is calculated using the 

surface coverage of a close-packed monolayer of DNA (i.e. the capture strand DNA 

on the Au electrode surface). 

ΓDNA = 3×1013 molecules/cm2 29 

23

13

10013.6

103

x

x

= 4.981×10-11 mol /cm2 

Area of 2mm disc electrode = 0.0314cm2 

Γ = 
nFA

Q
 

4.981×10-11 = 
(0.0314)(1)(96485)

Q
 

Q = 1.5×10-7C 

 

2. Cleaving bonds between probe strand DNA and nanowire surface 

Area of 1NW = πr2 = π (80.5×10-7)2 

= 2.01×10-10 cm2 

1/2.01×10-10 = 4.9×109 nanowires per cm2 

Area of 2mm disc electrode = 0.0314 cm2 

= 4.9×109 x 0.0314 cm2 = 1.54×108 nanowires on disc electrode surface 

Fill factor for hexagonal close packing 0.74 30 

0.74 x 1.54×108 = 1.14×108 NWs in hexagonal close packed layer on disc electrode 

1.14×108 x 2.01×10-10 cm2 = 0.023 cm2 

Γ = 
nFA

Q
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4.981×10-11 = 
(0.023)(1)(96485)

Q
 Q = 1.1×10-7 C, assuming full surface coverage 

of electrode with nanowires.  

Total Q from reduction of both sets of thiol bonds: 2.6×10-7 C. 

Although the theoretical charge produced from this strategy is similar to the charge 

produced in an electrocatalysis assay, it provides an alternative, reagent-free 

method of determining target DNA concentration.  
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5.2.4.4 Selective reduction of thiol bonds 

 

Figure 5.7: Cyclic voltammogram of a 2 mm diameter gold disc electrode after 

modification with capture strand DNA and hybridization with the target and core-

shell nanowires labelled probe sequence where the target strand concentration is 

100 µM. the supporting electrolyte was 0.01 M H2SO4. The scan rate is 100mVs-1. 
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Figure 5.7 shows a cyclic voltammogram of a 2mm gold disc electrode which has 

been modified with capture strand DNA, which has been hybridised with target 

DNA, which has then been hybridised with core:shell nanowire labelled probe 

DNA. In contrast to Figure 4.17, the size of the oxidation and reduction peaks are 

greatly reduced. Both peaks have been shifted. The Cu (I) to Cu0 reduction peak 

seen at -0.124V in Figure 4.17 has been shifted to +0.104 V vs. Ag/AgCl in 3 M 

KCl in Figure 5.7, following decoration of the nanowires with probe DNA. The 

reduction of the area of this Cu (I) reduction peak may indicate that there are 

problems or difficulties in reducing the Cu (I) after modification with DNA.  

There is also a shift in the potential of the oxidation peak from +0.081V in Figure 

4.17 to +0.274 V vs. Ag/AgCl in Figure 5.7. The reduction in area of this peak 

indicates that it is more difficult to form this oxide following nanowire decoration 

with DNA, but there is still some oxide being formed on the shell of the nanowires.   

 

 

Figure 5.8: SEM image of nanowires bound to the electrode surface via the DNA 

hybridisation. This image was captured before the reduction of thiol bonds.  The 

target DNA concentration is 10nM and the accelerating voltage is 10kV.  
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The thiol bonds were reduced by applying a fixed potential -0.3 V vs. Ag/AgCl in 

3 M KCl for ten minutes.  As can be seen in Figure 5.9, after a potential of -0.3V 

is applied, both the copper oxidation and reduction peaks are greatly reduced.  
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Figure 5.9: Cyclic voltammogram of a 2 mm diameter gold disc after the thiol 

bonds have been reduced from the nanowires and electrode. The supporting 

electrolyte is 0.01 M H2SO4.The scan rate is 100mVs-1. The reference electrode was 

Ag/AgCl in 3 M KCl. 
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SEM imaging showed that most of the nanowires were removed from the surface 

of the electrode following application of a negative potential for ten minutes.  

 

 

Figure 5.10: SEM images of DNA modified electrode surface following reduction 

of thiol bonds between nanowire and probe strand DNA. The accelerating voltage 

was 10kV. 

 

While SEM imaging shows that most of the nanowires have been removed from 

the electrode surface, the voltammetry shows that a peak indicative of copper 

oxidation is still present at +0.280 V vs. Ag/AgCl in 3 M KCl. This peak was later 

determined to be as a result of macroscopic imperfections in the surface of the 

electrodes used, due to vigorous mechanical polishing during previous use. The 

electrodes were cycled in acidic electrolyte and the charge due to these 

imperfections was recorded for each electrode. This value was then subtracted from 

the charge values when the nanowires were present. This correction was performed 

on all data from Figure 5.10 to Figure 5.14.  
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 Detection of DNA Approach 1 – Reduction of thiol 

bonds 

 

 

Scheme 5.4: Schematic diagram of reduction of thiol bonds in order to detect DNA 

without need for target amplification. In the above figure, the probe strand is shown 

in blue, the target DNA strand is shown in red, and the capture strand in black. 

 

The experiment was carried out with concentrations of target DNA ranging from 

100 μM to 1 nM.  

The nanotube/DNA modified electrode was cycled six times in 0.1 M H2SO4 

between -0.2 V  0.6 V vs. Ag/AgCl in 3 M KCl. The area of the peak due to 

oxidation of copper was recorded, which corresponds to charge passed due to the 

copper. The presence of the copper peak indicates that nanowires have been 

adhered to the electrode surface via the complementary binding of the capture, 

target, and probe ssDNA strands. 

The modified electrode was cycled again under the same conditions after the 

reduction of the thiol bonds, and a perceived copper oxidation peak was present in 

the voltammogram at a potential of +0.280 V vs. Ag/AgCl in 3 M KCl. The 

presence of this copper oxidation peak indicated that some population of the 
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nanowires remained on the surface of the electrode due to incomplete reduction of 

the thiol bonds. However, SEM imaging showed that all of the nanowires had been 

removed from the surface of the electrode. Voltammetry of the electrodes 

following removal of any residual DNA and mechanical polishing revealed that 

this peak was present even when the electrode was “cleaned”, indicating the 

presence of surface imperfections such as scratches arising from abrasive 

polishing, and wear and tear from use. The area of this residual peak was recorded, 

and subtracted from the values pertaining to the copper oxidation. 

A curve of log [DNA] vs. difference in charge (before and after thiol reduction) 

was plotted to determine if there was a linear response between the target DNA 

concentration and the charge passed due to thiol bond reduction. 
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Table 5.4: Average values for background corrected difference in charge, and the 

corresponding standard deviations 

Concentration 

DNA 

Log 

DNA 

Average difference in 

charge (μC) 

Standard 

deviation 

1.00E-4 -4 0.50 0.021 

1.00E-5 -5 0.46 0.002 

1.00E-6 -6 0.34 0.023 

1.00E-7 -7 0.27 0.029 

1.00E-8 -8 0.20 0.019 

1.00E-9 -9 0.15 0.052 
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Figure 5.11: Calibration curve for the electrochemical detection of Staph. Aureus 

mastitis DNA on a 2 mm diameter bare electrode following hybridisation with 

probe DNA that is labelled with core:shell nanowires. ΔQ represents the difference 

in charge before and after the reduction of thiol bonds. Where error bars are not 

visible, they are smaller than, or comparable to, the size of the symbols. In this 

case, n=3 different batches of nanowires.  The supporting electrolyte is 0.01 M 

H2SO4 and the scan rate is 100 mVs-1.  
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An acceptably linear response is observed for concentrations of sequence–specific 

DNA from S. aureus from 1 nM to 100 µM. The dynamic range of 5 orders of 

magnitude makes the detection strategy appealing for situations, e.g., infection, 

where the target concentration can vary widely. The maximum charge associated 

with this strategy has been shown to be ~ 0.5×10-6 C at a target DNA concentration 

of 100 µM, which is 48% larger than the theoretical charge calculated from 

reduction of thiol bonds between capture strand and electrode surface plus probe 

strand and nanowire surface, assuming the thiol bonds were only present on the 

end of the nanowire. The fact that the actual charge response is larger than the 

theoretical charge may be due to a number of reasons.  

1. The probe DNA has “leaked” into the polycarbonate membrane and has attached 

to a certain fraction of the walls of the nanowire, and the reduction of these extra 

thiol bonds is contributing some charge to the system. This would result in a 

nanowire that looks something like this: 

 

 

 

 

 

 

Scheme 5.5: Schematic image of nanowire with probe strand decoration on a 

certain percentage of the walls of wire as well as the bottom of the wire 

 

2. The large background charge associated with the underlying electrode has not fully 

been accounted for, and is actually contributing much more to the measured charge, 

possibly due to some other process occurring at the electrode surface. This is highly 

unlikely, because there are no known gold faradaic processes occurring at the 

potential that the thiols were reduced at, and gold is not active at the potential range 

that the area of the copper peak is measured.  
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3. The calculations also assume that one nanowire is immobilised by one target strand, 

while in reality, it is more likely to be 5-10 target strands immobilising one 

nanowire.  

 

The leakage of the probe nanowire is most likely to be the cause of the extra charge.  

The sensitivity of the assay is 0.0746 μC dec-1. The expected slope could be 

determined from the association constant of the target strand to probe strand, 

providing the concentration of probe strand on the surface of the nanowire and the 

concentration of the target-probe hybrid could be calculated. As the association 

constant34 is large for the probe-target hybrid, 3.34×1022, one would assume that 

the sensitivity of this approach would be very high.  
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5.2.5.1 Control Study 

A control study was carried out in the absence of target S. aureus DNA. Core shell 

nanotubes were labelled with probe DNA as above, and a separate bare gold 

electrode was functionalised with a monolayer of capture strand DNA. This 

electrode was then immersed in a solution of probe-labelled nanotubes. This was 

repeated on 6 bare gold electrodes to probe the extent of non-specific adsorption.  

In the absence of target DNA, the sequences of the probe strand and capture strand 

DNA are non-complementary to each other, and so ideally no binding should occur, 

which means that there should be no nanowires present on the surface of the 

electrode. In order to determine this, the electrode was cycled in 0.01 M H2SO4 

from -0.2  0.6 V vs. Ag/AgCl in 3 M KCl, with a scan rate of 100 mVs-1. The 

absence of a copper oxidation peak at approximately 0.235 V vs. Ag/AgCl in 3 M 

KCl and its corresponding reduction peak would confirm that no measurable non-

specific binding of the probe and capture DNA has occurred.  

As shown in Figure 5.12, there is no copper oxidation peak at approximately 0.23 

V, which is what was expected. The absence of target DNA means that there should 

be no core:shell nanowires are present on the surface of the electrode, as the probe 

DNA sequence is only complementary to the sequence of the target DNA. The 

charge passed in the region where a copper oxidation peak would be expected in 

the voltammogram below is -2.788×10-9 C, a value that is three orders of magnitude 

lower than the charge passed when the target DNA is present. There is still some 

charge being passed, due to the possibility that a small number of non-specific 

binding events have occurred on the electrode surface.  
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Figure 5.12: Cyclic Voltammogram of bare gold electrode modified with a 

monolayer of capture strand DNA and nanotube-labelled probe DNA. The 

supporting electrolyte is 0.01 M H2SO4 and the scan rate is 100mVs-1 
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Table 5.5: Charge passed by DNA functionalised electrode in the absence of target 

DNA 

Electrode No: Charge passed µC 

1 8.49E-08 0.08 

2 8.26E-08 0.08 

3 8.01E-08 0.08 

4 8.82E-08 0.09 

5 8.07E-08 0.08 

6 8.65E-08 0.09 

 

 

As can be seen in Table 5.5, in the absence of target DNA the amount of charge 

passed is close to zero. This allows us to assume that there are very few, if any, 

core:shell nanowires present on the electrode surface. Any nanowires that are 

present are there because there may be some non-specific binding between the 

probe DNA strand and the capture DNA strand. However, the number of these non-

specific binding events is very low, and as we see, there are a comparable number 

of these events occurring on each electrode.  

The value of 0.08 µC passed represents a decrease of ~72% compared to the charge 

passed when for example, 100 µM of target DNA is present (charge passed is 0.5 

µC at 100 µM DNA concentration).  

These results show that the system will not give a response in the absence of target 

DNA, meaning that the number of non-specific binding events between the capture 

and probe strands of DNA is very low.   
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 Selectivity of the Assay using 1 and 3 Base 

Mismatched target DNA 

5.2.6.1 1 Base Mismatch 

The assay was carried out as before, using a target strand of DNA with a single 

base mismatch from that of the S. Aureus DNA used previously. The target strand 

sequence used was: 5`-TGC-TAA-ACA-CTG-CCG-TTT-GAA-GTC-TGT-TTA-

AAA-GAA-ACT-TA-3`, where the A base marked in red is the mismatch. This 

strand of DNA (containing this specific mismatch) is not known to be present in a 

pathogenic organism. This mismatch was chosen to determine whether the assay 

could distinguish between the target mastitis DNA, and other strands of DNA that 

were similar in composition, but which contain a single base difference.  

 

Table 5.6: Assay results for target DNA containing a single base mismatch 

 

 

A graph of these average charges vs. log DNA concentration was plotted and is 

shown in Figure 5.13. 

 

Concentration 

DNA (M) 

Log 

[DNA] 

Run 1  

(µC) 

Run 2 

(µC) 

Run 3 

(µC) 

Average 

(µC) 

Standard 

Deviation 

1.00E-4 -4 0.1198 0.3017 0.4370 0.2859 0.0957 

1.00E-5 -5 0.1191 0.2685 0.3650 0.2508 0.0682 

1.00E-6 -6 0.1122 0.2715 0.3399 0.2412 0.0483 

1.00E-7 -7 0.1119 0.2516 0.2485 0.2034 0.0809 

1.00E-8 -8 0.1117 0.1763 0.1700 0.1527 0.0356 

1.00E-9 -9 0.1117 0.1350 0.0845 0.1104 0.0358 
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Figure 5.13: Calibration curve for the electrochemical detection of target DNA 

containing a 1 base mismatch on a 2 mm diameter bare electrode following 

hybridisation with probe DNA that is labelled with core:shell nanotubes. The 

supporting electrolyte is 0.01M H2SO4. 
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The response of this assay to the 1-base mismatch DNA is linear over the range of 

concentrations from 100 µM to 1 nM, with a linear regression coefficient of 0.9675. 

This linear regression value shows an acceptable linearity, but is significantly 

worse than that observed for the fully complementary assay. Moreover, the slope 

of this assay is not the same as for the fully complementary DNA strand, see Figure 

5.11. However, the magnitude of the charge is almost the same as that observed for 

the fully complementary DNA strand. This implies that the assay in its current form 

may not be sensitive enough to discriminate between a fully complementary DNA 

strand, and one containing a single base mismatch.  

The sensitivity of the assay is reduced by approximately 40% compared to the assay 

using the fully complementary target DNA strand. From the calculated association 

constants, a decrease of 41% sensitivity was expected. However, the similar 

magnitude of the charge for both the mismatched and fully complementary DNA 

confirms that this assay may have problems discriminating between similar stands 

of DNA. 

This assay has also been shown to be irreproducible, which would be a problem in 

application to real samples in a clinical setting. The standard deviation values for 

some DNA concentrations in this assay are quite large, in particular for the 100 µM 

concentration. As the hybridisation times have been optimised to ensure saturation 

of each surface, the standard deviation values for this assay are not due to 

differences in the number of DNA strands bound to the electrode surface. The large 

deviations may arise from numbers of nanowires on the surface of the electrode, 

due to different levels of non-fully complementary binding between the probe 

DNA and the mismatched target DNA. 

Other possible causes include charge associated with electrode imperfections, or 

non-removal of all nanowires from electrode surface following thiol reduction.  
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5.2.6.2 3 Base Mismatch 

This assay was then repeated using a target strand of DNA that contained three 

base mismatches. The sequence of this strand was: 5`-TGC-TAA-ACA-CTG-

CCG-CTT-GAA-GTC-TGT-TTA-GAT-GAA- ATA-TA-3`, where the GAT 

bases in red are the mismatched bases. This strand of DNA belongs to 

Staphylococcus epidermidis, a common strain of S. aureus that is present on the 

skin and in the mucosal flora of humans.31 It is not normally pathogenic, but 

patients with compromised immune systems can be at risk of developing a hospital 

acquired infection.32 As this strand of DNA is so commonly found in humans, there 

is a high chance of this strand of DNA being present in a sample of blood taken for 

S. aureus testing. It has also been known to give a positive result for mastitis.33  

 

Table 5.7: Assay results for target DNA containing three base mismatches 

Concentration 

DNA (M) 

Log 

[DNA] 

Run 1 

(µC) 

Run 2 

(µC) 

Run 3 

(µC) 

Average 

(µC) 

Standard 

Deviation 

1.00E-4 -4 0.1741 0.23 0.228 0.2107 0.0317 

1.00E-5 -5 0.1735 0.215 0.2118 0.2001 0.0231 

1.00E-6 -6 0.1726 0.198 0.2021 0.1909 0.0160 

1.00E-7 -7 0.1718 0.16 0.1868 0.1729 0.0134 

1.00E-8 -8 0.1707 0.14 0.166 0.1589 0.0165 

1.00E-9 -9 0.1698 0.12 0.1474 0.1457 0.0249 

 

A graph of these average charges vs. log DNA concentration was plotted and is 

shown in Figure 5.14. 
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Figure 5.14: Calibration curve for the electrochemical detection of target DNA 

containing 3 base mismatch on a 2 mm diameter bare electrode following 

hybridisation with probe DNA that is labelled with core:shell nanotubes. The 

supporting electrolyte is 0.01M H2SO4. 
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A linear relationship was fit to this data, as this is the expected response, however 

the reproducibility of the data is such that it cannot discriminate between target 

concentrations of 1×10-6 M and 1×10-7 M. 

The response of this assay to the 3 base mismatch DNA is linear over the range of 

concentrations from 100 µM to 1 nM as it was in both the fully complementary 

assay and the one base mismatch assay. The slope of close to zero indicates that 

this assay has extremely low sensitivity, and there is no difference in the charge 

passed when the concentration of 3 base mismatched DNA strands is 

systematically varied. The change in charge between the lowest and higher 

concentration is so low (0.07C over six orders of magnitude of DNA 

concentration), which implies that this approach will give approx. the same 

response regardless of the actual concentration of the mismatched DNA present in 

the sample. This shows that this assay is highly selective for the fully 

complementary target DNA strand, and that the concentration of a 3 base 

mismatched ssDNA strand in the sample will not impact the charge. However, 

there is a large background charge associated with this assay whose source is 

difficult to identify.  

Statistically, the slope is indistinguishable from zero, which implies that the 

sensitivity of this assay is very low. The association constant34 for the fully 

complementary target sequence for the probe strand is ~2×1055, while the 

association constant 34 for the three base mismatch target strand is ~7.86×1011. 

These values are calculated based on complementary base pairing between most 

bases. The actual association constant may be higher due to the presence of more 

complementary base pairs than were used to calculate this value.34  
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Figure 5.15: Electrochemical detection of sequence-specific Staphylococcus 

Aureus pathogen DNA concentration; (♦) represents a fully complementary target 

DNA sequence; (■) represents target DNA containing a single base mismatch; (▲) 

represents target DNA containing 3 base mismatches. The Y axis is the difference 

in charge before and after reduction of thiol bonds.  Where error bars are not 

visible, they are smaller than, or comparable to, the size of the symbols. In this 

experiment, n = 3 for different batches of nanowires. 
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A comparison plot of the response of the assay to fully complementary target DNA, 

single base mismatch DNA and three base mismatch DNA is presented in Figure 

5.15. 

As shown, the reproducibility of the assay is very poor. The deviations within the 

assay may be due to the poor control over how many nanowires can be synthesised 

per template, and possible loss of nanowires during the template removal steps. 

There is also the possibility of variations in the numbers of probe strands binding 

to the mismatched DNA from run to run.  

The overlap in charge passed at low (1nM) concentration of target DNA between 

all three assays suggests that this concentration of DNA may be the lower limit of 

detection for this thiol reduction approach. This is a relatively disappointing result 

in terms of low-concentration detection, as DNA is normally present in whole 

blood samples at around fM (10-15) concentrations. 35 While the DNA concentration 

may be increased in blood samples of patients infected with a disease, this lower 

limit of detection is not sensitive enough to detect the presence of the pathogen 

early in infection.    
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 Detection of DNA Approach 2 – Selective oxidation 

of copper shell 

Assuming that one target strand of DNA immobilises one probe-decorated 

nanowire, there will be a signal generated that is associated with that single binding 

event. A large charge will be associated with the removal of the entire copper shell. 

The volume of the copper shell is 4.297×10-14 cm3; and dividing by the molar 

volume of copper 7.11 mol/cm3, gives 6.045×10-15 moles of copper available to 

remove from each nanowire. Each mole corresponds to 96485 C, so the charge per 

nanowire will be 5.83×10-10 C. The maximum number of nanowires that could be 

present on a 2mm diameter gold disc electrode is 1.49×108 wires, with a charge of 

5.83×10-10 C/wire gives a potential maximum charge of 0.086 C, or 86867 µC. A 

charge this large represents a massive amplification in the analytical signal, which 

would improve the sensitivity of the assay even at low concentrations of target 

DNA.  

The electrode was functionalised with capture strand and target strand as before, 

which was then hybridised with nanowire-labelled probe strand. This DNA-

nanowire modified electrode was cycled in 0.01 M H2SO4
 to confirm the presence 

of nanowires by measuring the charge associated with the copper oxidation peak.  

 

SEM imaging was used to confirm that the nanowires were confined to the 

electrode surface via the DNA hybridisation.  

 

 

 



 

231 

 

 

Figure 5.16: SEM image of probe DNA labelled nanowires confined to the surface 

of a gold electrode functionalised with capture and 1nM target DNA containing a 

1 base mismatch via DNA hybridisation. Accelerating voltage is 10kV. 

 

A positive potential of +0.3 V vs. Ag/AgCl in 3 M KCl was applied to the electrode, 

initially for ten minutes, in order to determine whether the copper shell could be 

removed into solution.  

SEM characterisation showed that the nanowires were still confined to the surface 

of the electrode. The resolution of the SEM was such that it could not be confirmed 

whether a small monolayer of the copper shell had been removed during this ten 

minute oxidation step. The presence of nanowires after ten minutes confirmed that 

the thiol bonds between the DNA and the nanowire were not disturbed by the 

applied potential.  
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Figure 5.17: SEM images of probe-labelled nanowires confined to electrode 

surface of a gold electrode functionalised with capture DNA and 1nM target DNA 

containing a 1 base mismatch via DNA hybridisation following copper shell 

oxidation at +0.3 V vs. Ag/AgCl in 3 M KCl for ten minutes. The accelerating 

voltage is 10kV. 

 

Following oxidation of copper for ten minutes, it is clear that the nanowires are still 

on the surface of the electrode.  

The oxidation of copper was performed again for a longer period of time to 

determine whether all of the copper shell could be removed. This time the positive 

potential was applied for five hours. The potential is chosen so that oxidation of 

copper occurs, but as no redox processes are known to occur on gold at this 

potential, it should not affect the remaining gold core of the nanowire.  

By monitoring the charge as the oxidation was occurring, it should be possible to 

pinpoint when the last of the copper shell was fully oxidised from the nanowire 

surface.  
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Figure 5.18: Current-time transient for selective oxidation of copper shell of 

core:shell nanowire at a fixed potential of +0.3 V vs. Ag/AgCl in 3 M KCl for 5 

hours in 0.1M H2SO4. Inset: Charge vs. Time transient following selective 

oxidation of copper shell at fixed potential of 0.3 V vs. Ag/AgCl in 3 M KCl for 5 

hours. 
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This transient shape is as it was expected, i.e. that the current initially increases as 

the copper is oxidised, and then gradually decreases and plateaus off as all of the 

available copper is fully. 

It was expected that after all of the copper was removed from the shell of the 

nanowire that the charge would reach a point where an oxidation current would not 

be observed, as no processes were occurring on the surface of the gold core at this 

potential, and all of the copper would be oxidised. As can be seen in the charge 

time transient, inset of Figure 5.18, the charge continues to increase steadily over 

the five hours. It was expected that as the copper shell was oxidised at the surface 

of the nanowire, the charge would begin increase more slowly, and then plateau off 

or start to decrease as the copper was fully oxidised.  

SEM imaging was performed on the electrode surface to try to determine if the 

copper had indeed been removed from the nanowire surface.  

 

 

Figure 5.19: SEM images of electrode surface following oxidation of copper shell 

from nanowire surface for five hours at +0.3V. The accelerating voltage is 10kV. 

 

As can be seen from the images above, it appears that most, if not all, of the 

nanowires have been removed from the surface of the electrode. This result is 

somewhat unexpected, as the potential applied is one that is not in the region where 

it will induce reduction or oxidation of the gold nanowire, and should not induce 

removal of thiol bonds from the nanowires or the electrode surface.  
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It appears that the charge increases steadily until approximately 1600 seconds 

before increasing more rapidly. This may be the point at which the nanowires are 

removed from the surface of the electrode, and due to some background process 

occurring at the electrode surface, the charge continues to increase indefinitely.   

As it was not possible to measure the charge associated with the oxidation of the 

copper shell, it was not possible to equate the charge to a concentration of target 

DNA present on the surface of the electrode. Because of the unknown background 

process occurring in this experiment it is not possible to construct a calibration 

curve for this assay.   

Future work on this assay could include EDX characterisation of the nanowires 

after oxidation of copper for short times to identify the time point at which the 

copper has been fully removed from the nanowire surface. 
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5.3 Conclusion 

In conclusion, gold nanowires and nanotubes were created by electrodeposition 

within the pores of a track etched polycarbonate membrane. Prior to their release 

from the membrane, the nanowires exist in a highly aligned array with diameters 

of 70 ± 20 nm and length of 7.1 ± 2.7 nm.  

The top end of the gold nanowires was selectively functionalised with probe DNA 

complementary to that specifically found within S. aureus mastitis.  Significantly, 

the DNA modified nanowires can be released by dissolving the template with 

dichloromethane without damaging the adsorbed DNA. In a DNA sandwich assay, 

the current associated with reduction of hydrogen peroxide at the gold nanowires 

varies linearly with the concentration for target concentrations between 1 fM and 

10 µM. The sensitivity of the assay decreases by approximately a factor of 1.5 

when gold nanotubes that are uniformly decorated with probe strand DNA are used 

suggesting that access of the peroxide to the gold surface influences the current 

observed.  

Significantly, the limit of quantitation is 1 fM, and aM concentrations of DNA can 

be detected.  The dynamic range is very wide, 10 orders of magnitude, reflecting 

the relatively larger current generated by a single nanowire, its small footprint, 

relatively large (0.03 cm2) working electrode area and a relatively low association 

constant.  

While the calibration sensitivity is reproducible within a single batch of nanowires 

(<5%), achieving a good reproducibility between batches is challenging.  These 

inter-batch deviations most likely arise from differences in wire length, e.g., due to 

wires breaking during removal from the template, or due to differences in pore-

density between membranes used as templates.  

The excellent electrocatalytic activity of the modified gold electrode towards 

hydrogen peroxide meant that the electrode could be served as a new biosensing 

platform that would provide operational access to a great deal of DNA The 

application of the nanowires to the reduction of hydrogen peroxide also served to 

prove that the surface of the nanowires can be functionalised using 5` thiolated 

DNA, which can be used to detect pathogenic DNA. Moreover, the good 
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biocompatibility and large surface area of gold nanowires make them ideal for 

adsorption of DNA, and other biomarkers such as enzymes, proteins and RNA.  

While this work succeeded in developing a functioning biosensor, there are some 

further experiments that would need to be performed before successful application 

to a commercial biosensing platform, as well as some batch to batch variability 

issues which could be improved by changing the template used to either anodic 

alumina, or by creating a template using photolithographic methods.  

  

In addition, a templated electrodeposition strategy has shown to be an efficient 

route to creating gold-copper core-shell nanowires. Prior to their release from the 

polycarbonate template, the nanowires exist as a highly aligned array with uniform 

diameters (147 ± 22 nm) along the entire lengths of the wires (3.2 ± 0.1 µm). The 

shell thickness is approx. 44.5 ± 5 nm. 

By reducing the thiol bonds between the DNA and the electrode following a DNA 

sandwich assay, the concentration of DNA from the pathogen Staph. Aureus can 

be detected at nanomolar concentrations. The charge generated from this approach 

was found to be 0.5 µC at the highest concentration of target DNA, which is much 

lower than previous methods of DNA detection using catalytic metal nanowires 

and nanoparticles. This charge is larger than expected assuming the probe DNA 

was hybridised only to the bottom of the nanowire, so it is assumed that some 

leakage of the probe DNA occurred, and probe strands are decorating some 

percentage of the outer wall of the nanowire. The sensitivity of the assay was much 

lower than expected, which may be due to a number of factors: 

1. Binding of a nanowire-labelled probe strand blocks a certain percentage of target 

strands in close proximity from hybridisation with a separate nanowire. (Due to 

steric issues with the large surface area of the nanowire, it may be possible that not 

all of the target DNA is being hybridised with probe at all).  

2. The calculations in this work assume that the nanowires are vertically aligned in a 

dense close-packed layer following target-probe hybridisation. As the nanowires 

are so large, they may actually be too heavy to be held upright by the dsDNA, and 

may actually be lying on the surface of the electrode. This may then cause several 
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target strands to be blocked off from hybridisation with the probe DNA, which may 

mean that the concentration of DNA that is being detected is actually much lower 

than the concentration present on the electrode surface.  

This assay has shown to be selective towards ssDNA strands containing a 1 and 3 

base mismatch to the target DNA. However, there appears to be a large background 

charge contributing to the overall measurement in the assay, and it is not known 

where this contribution is coming from.  

Additionally, the reproducibility of the assay is very poor. The deviations within 

the assay may be due to poor control over how many nanowires can be synthesised 

per template, and possible loss of nanowires during the template removal steps. 

There is also the possibility of variations in the numbers of probe strands binding 

to the mismatched DNA from run to run.  

The overlap in charge passed at the lowest (1nM) concentration of target DNA 

between all three assays suggests that this concentration of DNA may be the lower 

limit of detection for this thiol reduction approach. This is a relatively disappointing 

result in terms of low-concentration detection, as DNA is normally present in whole 

blood samples at around fM (10-15) concentrations. 36  

The sacrificial “stripping” of the outer metal shell of the nanowire has been 

identified as an alternative detection strategy for nucleic acid detection, which is 

important for application in a multiplexed assay. Use of this method could allow 

for several types of target DNA to be detected in a single assay just by manipulating 

the properties of different metals. The charge associated with the removal of the 

entire copper shell is ~86000 µC, which represents a massive amplification in 

signal over previous electrocatalysis assays. Unfortunately, a sufficient oxidation 

time could not be identified that allowed just the copper shell of the nanowire to be 

removed. After five hours, the entire nanowire was removed from the surface of 

the electrode. Investigation of the current-time transient and the charge-time 

transient identified an unknown background process that is occurring that is not 

fully understood at this time.  

The ability to produce oxides at a controlled surface coverage on the copper 

nanowires makes them useful for electronics applications where the gold 
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conducting core and semiconducting copper oxide shell open up some interesting 

new possibilities.   
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6. CONCLUSIONS AND 
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6.1 Summary 

This thesis focuses on the synthesis of nanowires and nanotubes via a templated 

electrodeposition approach, and the application of these nanomaterials to the 

detection of ss-DNA associated with the pathogen S. aureus mastitis.  

As the concentrations of biomarkers such as ss-DNA are extremely low at the early 

stages of any disease, an increased sensitivity and lower limits of detection are 

essential for successful detection. Biosensors are promising devices which are 

superior to traditional analytical detection techniques due to their fast response 

time, portability, ease of use, and specificity. It is expected that these devices will 

have a major role in the field of self-care or point-of-care in the near future. Thus, 

this work is focussed on improving the sensitivity of DNA biosensors through the 

use of metal nanomaterials.  

Following chapters that review the current templates and synthesis methods used 

to deposit nanowires and present the experimental strategies employed, Chapter 3 

reported on the synthesis and characterisation of gold nanowires and nanotubes. A 

range of deposition times were investigated, and it was found that the length of the 

nanowires increased with increasing deposition time, confirming that in 

electrodeposition of nanowires and nanotubes, the length is controlled by how long 

the potential is applied for. The standard deviations of the lengths of the deposited 

nanowires were fairly large, which suggests that although the lengths of the wires 

are determined by the deposition time, there may be large variations in the lengths 

of wires deposited from batch to batch; as although the available surface area of 

membrane, solution concentration and volume, and deposition time can be 

controlled, there can be large variations in the charge passed during deposition due 

to factors controlled by the potentiostat, and issues with the electrodes used. The 

lengths of the nanotubes were shown to be shorter than the lengths of the 

nanowires, which correlated with the amount of charge passed during the 

deposition of nanotubes being lower than that passed during deposition of 

nanowires, indicating that less metal had been deposited. 
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SEM characterisation revealed that the wires/tubes were cylindrical in shape, and 

had relatively uniform diameters, 118±20 nm. SEM also revealed that the 

nanowires/tubes retained their characteristic shape even after removal from the 

template.  

The inner wall of the nanotubes was identified as having the potential to create a 

higher electrochemical surface area than the solid nanowires, depending on the rate 

of diffusion of electrolyte inside the hollow tubes.  

 

In Chapter 4, the same template electrodeposition strategy was employed in order 

to synthesise gold:copper core:shell nanowires. Initially, hollow copper nanotubes 

were deposited, then later filled with solid gold nanowires to create a fully solid 

core:shell structure. These nanowires were characterised using a range of 

microscopic and spectroscopic techniques, as well as voltammetrically. The 

core:shell nanowires had relatively uniform diameters of 161±22 nm. The 

core:shell structures also retained their characteristic shape after removal of the 

membrane template. The diameters of the core:shell wires were somewhat larger 

than those of the gold nanowires and nanotubes, which may suggest that pore-

widening occurs during deposition, or that the pores of the membranes have non-

uniform channel diameters throughout their lengths. This non-uniform diameter 

phenomenon has been observed previously. The lengths of the core:shell nanowires 

were relatively constant at 3.0±0.1 μm after both copper and gold deposition, 

suggesting that the gold did not deposit above the copper in the pore channel, but 

rather diffuse down to the bottom of the pore and fill the hollow copper tube 

deposited previously.   

The fact that the diameters of the nanowires/tubes and the core:shell nanowires 

were different may indicate that a polycarbonate membrane may not be the best 

template to use if uniformity in the structure of the nanowire is required. AAO 

templates have been shown to have a uniform diameter throughout the length of 

the channel, however it is much more difficult to remove the nanowires from the 

AAO template following deposition, and structural damage may occur.  
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These discrepancies in the diameters of the nanowires are problematic in terms of 

their application in a sensing assay.  

 

In Chapter 5, the gold nanowires and nanotubes, and the core:shell nanowires were 

applied to the detection of ss-DNA using three different approaches.  

Firstly, the gold nanowires and nanotubes were utilised in an electrocatalytic 

detection strategy, which utilised the ability of the nano gold surface to catalyse 

hydrogen peroxide.  

The current associated with the reduction of H2O2 at the surface of the nanowire is 

directly proportional to the number of nanowires/nanotubes on the surface of the 

electrode, which in turn is proportional to the concentration of target pathogen 

DNA.  The target DNA concentration was determined by measuring the difference 

in the electrocatalytic reduction current at the gold nanowires/tubes, i, before and 

after the addition of 200 µM hydrogen peroxide to a solution of 0.01 M H2SO4. For 

both the gold nanowires and nanotubes, the current was shown to increase linearly 

with increasing DNA concentration, from approximately 1 fM to 10 µM. The Limit 

of Quantitation, LOQ, is 1 fM for both kinds of nanostructure indicating that low 

concentrations of the target can be detected using this electrocatalytic approach. 

Significantly, the sensitivity observed for the nanowires, 15.5 A dec-1, is 

approximately 35% higher than that observed for the nanotubes. Moreover, the 

currents observed are consistently larger for the nanowires.  This result is 

significant since the total area of the nanotube is approximately twice that of the 

nanowire which might be expected to lead to an enhanced current for the nanotube.  

However, the nanotube is uniformly functionalised with capture strand DNA which 

most likely impedes access of the peroxide to the nanotube surface.  The higher 

current suggests that the regioselectively modified nanowires are more catalytically 

active, i.e., physically separating the molecular recognition and electrocatalytic 

detection functions produces a more sensitive assay. 

The results of the assay were produced using the average and standard deviations 

of independently synthesised batches of nanowires, rather than the results of 

repeated assays using a single batch of wires. An investigation into the inter-batch 
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variation was carried out. The calibration curves are linear for -15<log [DNA] <-9 

with acceptable correlation coefficients, R2 = 0.9973, 0.9947 and 0.9917.  

However, the absolute calibration sensitivities (slopes) vary between nanowire 

batches, with values of 25.0 ± 0.6, 22.9 ± 0.8 and 13.7 ± 0.7 μA dec-1 being 

observed.  Therefore, while the calibration sensitivity is reproducible within a 

single batch of nanowires (<5%), achieving a good reproducibility between batches 

has proven challenging. This is generally due to the use of polycarbonate 

membranes as templates, issues with the reproducibility of the available surface 

area for deposition, batch-to-batch variations of pore density, pore diameter, and 

pore thickness between membranes, and other instrumental issues. The template 

issues could be removed with the development of a reusable template with defined 

channel heights and diameters, however, the template would have to be robust 

enough to allow the nanowires to be removed without deformation of either the 

wires, or the template itself.  

 

The gold:copper core:shell nanowires were also used to detect the ss-DNA of the 

pathogen S. aureus. In this case, there were two detection strategies identified:  

1. Reduction of the thiol bonds between the capture and electrode, and 

between the probe and nanowire. By measuring the charge associated with 

the number of nanowires present on the electrode surface, the 

concentration of target DNA on the electrode surface could be measured. 

The greater the target DNA concentration, the greater the number of wires 

on the surface, and the larger the charge generated.  

2. Oxidisation of the outer copper layer of the nanowire. The advantage of 

the core shell structure is that because the gold is not oxidised, it is 

possible for the nanowire to remain on the surface of the electrode 

throughout the amplified detection step which would not be possible with 

a pure copper nanowire. 

Both of these strategies were expected to yield theoretical maximum charges of 

0.26 μC and 0.01 C respectively, in comparison to an expected maximum charge 

of 8×10-5 C for an electrocatalysis assay in a ten second response time.  
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The thiol reduction assay produced an acceptably linear response for the target 

DNA sequence for concentrations from 1 nM to 100 μM. This is a dynamic range 

of 5 orders of magnitude which is impressive, however the lower limit of detection 

of 1 nM is not quite sensitive enough to be able to detect DNA at the low 

concentrations that would be present at the early stages of disease, (normally pM 

concentrations in whole blood).  

The maximum charge produced during the thiol reduction assay was 0.5 μC at a 

target DNA concentration of 100 μM, a value that is 48% larger than the theoretical 

maximum calculated assuming thiol bonds were present at the ends of the nanowire 

only. It was assumed that “leakage” of the probe DNA during nanowire 

functionalisation could have led to the walls of the nanowire having probe strands 

attached as well as the ends of the wire, which would lead to there being more thiol 

bonds reduced. Despite the extra charge being produced in this assay, the charge 

produced was not as large as the electrocatalysis assay, and the dynamic range was 

not as wide. The limit of detection was also lower, which is problematic in terms 

of sensitivity. This assay proved to have good selectivity towards the target DNA 

as compared to variations of the target sequence containing a 1 and 3 base 

mismatch.  

 

The copper oxidation strategy proved to be unsuccessful, as a potential could not 

be identified that removed the copper only. After five hours the nanowires were 

completely removed from the nanowire surface, which was unexpected as there are 

no known faradaic processes for gold occurring at this potential.  

 

Overall this thesis has identified that template electrodeposition is a successful 

strategy for fabrication of nanowires and nanotubes, however some challenges still 

remain with regards to the control of the dimensions of these structures, and the 

reproducibility of these properties from batch to batch.  
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Gold nanowires and nanotubes used in an electrocatalytic detection system are 

highly sensitive over a wide range of target DNA concentrations, and offer a large 

signal enhancement over that of a planar gold electrode. Again, issues with inter 

batch variations make these nanostructures less attractive for incorporation into a 

biosensor device than perhaps nanoparticles, which can be uniformly synthesised.  

Future work on the development of a biosensor using nanowires could include 

development of a reusable template for nanowire synthesis, and comparison with 

commercially available nanowires. Additionally, more repeats of the assay using 

the 1 base mismatch target DNA should be carried out, as well as an investigation 

of the performance using the 3 base mismatch DNA. Following identification of 

the best performing nanowires, (template deposited or commercially available), 

interference studies should be carried out, in order to determine the effects of 

common interferences found in blood or other bio fluids on the performance of the 

assay. These could include molecules such as ascorbic acid, acetaminophen, and 

proteins. Further study could be done on the hybridisation times of the DNA 

strands, in order to see if they can be reduced, which would reduce the turnaround 

time of this assay.    

The core:shell nanowires have proved to be less sensitive than the gold nanowires, 

and present their own set of challenges in terms of identification of an oxidising 

potential for the outer shell, and the large background that is present in the 

mismatch selectivity assays. These core:shell nanowires also suffer from the same 

inter batch variation issues as the gold nanowires and nanotubes, so perhaps future 

work could include fabrication of a robust, reusable template, which would greatly 

reduce these inter batch variations in length and diameter.  

The core:shell nanowires would be a lot more difficult to incorporate into a 

biosensor in their current from. As the aim of this work was to produce an assay 

capable of detecting target DNA at very low concentrations, it would be more 

prudent to pursue the incorporation of the gold nanostructures into a functioning 

biosensor. The dynamic range of the core:shell assay was much narrower than that 

of the gold nanostructures, and the LOD was 1 nM, which is unfortunately not 

sensitive enough to detect the pM concentrations of DNA that would normally be 
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present in blood. In addition, gold nanowires are available commercially, and these 

should be relatively uniform in length and diameter. If a suitable reusable and 

reproducible template is not identified, the use of these uniform commercially 

available nanowires is one possible solution.  

The systems described in this work do not lend themselves to incorporation into a 

multiplexed approach at this stage, but with further study, it may be possible to 

detect a second target DNA strand on the same nanowire by another means, such 

as incorporation of a fluorescent labelled enzyme or dye.  


