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Abstract 

Single Walled Carbon nanotubes (SWCNTs) have attracted substantial attention due to 

their unique properties, such as one-dimensional architecture, excellent electrical 

properties, chemical stability for different modification and the easy integration into 

electronic circuits, which allows for the potential applications in field effect transistors, 

biosensors and optoelectronics. Despite these considerable achievements, it is still 

challenging to fabricate SWCNTs devices with low-cost processability and 

multipurpose capability. Herein, we propose facile, low cost, and solution processable 

strategies for the fabrication of SWCNT devices, which broaden the application of 

SWCNTs in different fields. 

In this work, DNA-wrapped SWCNTs were functionalised with specific and distinct 

aptamer sequences which were used as selective receptors to bio-analytes. These 

distinct SWCNT-aptamer hybrids were immobilised onto pre-patterned electrodes via 

dielectrophoresis (DEP) on the same chip into device configurations, forming 

multiplexed sensing devices. Multiplexed detection of three different analytes was 

successfully performed and real time detection was achieved in serum. 

Moreover, we reported the fabrication of protein-based biosensors, where the -

lactamase binding proteins (BLIP2) were engineered with phenylazide handles at 

defined sites, which allowed us to control the orientations of BLIP attached to SWCNTs. 

Therefore, we can control the local electrostatic surface presented within the Debye 

length when TEM -lactamase was binding to BLIP2, thus modulating the conductance 

gating effect. The devices gave distinct responses depending on TEM presenting either 

negative or positive local charge patches. This indicates that local electrostatic 

properties act as the key driving force for electrostatic gating.  



iv 
 

Due to their nanoscale one dimensional (1D) architecture, we used SWCNTs as vector 

templates to fabricate devices with multiplexed metal wires. Since metal precursors 

were encapsulated inside the SWCNT templates, we were able to precisely control their 

size, shape and orientation via DEP. Multiscale characterization of the different 

fabrication steps revealed details of the structure and charge transfer between the 

material encapsulated and the carbon nanotube. Electrical measurements further 

demonstrated the successful fabrication of metal nanowire devices. 

Finally, we performed the separation of single chirality SWCNTs. By immobilised the 

separated (6,5), (7,5) and metallic tubes on the same chip, we demonstrated the 

fabrication of multiplexed single chirality SWCNT devices. Additionally, mixed 

chirality and single chirality SWCNTs were used to synthesize CdS-SWCNT hybrids 

for photodetection. The results showed that single chirality devices were more sensitive 

to green laser. 

Overall, we immobilised SWCNTs to fabricate nanoscale devices via a solution 

processable method. This makes the fabrication of devices processing multipurpose 

capability and easy processing possible, which is of importance for broadening the 

application of SWCNTs. We also demonstrated the applications of SWCNTs in 

electronics and biosensors. I hope our work can inspire others to develop SWCNT 

devices from theoretical research to practical applications. 
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Chapter 1 Introduction 

 

Nanomaterials, in general, refer to materials of which the size of a single unit is in the 

range of 1-100 nm in at least one dimension.1,2 The ultra-small dimensional size imparts 

unique properties to nanomaterials: due to quantum mechanical effects and quantum 

confinement effects, nanomaterials exhibit superior optical and electronic properties 

compared to bulk materials;1,3 moreover, the large specific surface area of 

nanomaterials enables immobilisation of more functional units on their surface, 

resulting in high sensitivity to changes in the surrounding environment.4 

Nanomaterials have found important applications in the semiconductor industry. To 

achieve devices with superior performance, increased density and energy efficiency, 

integrated circuit technologies have been developing and the node size of electronic 

devices have shrunk dramatically.5,6 However, the conventional techniques for the 

fabrication of silicon-based electronics have nearly reached their miniaturization 

limitation.7–9 In this regard, nanomaterials, such as graphene, nanowires and nanotubes, 

have emerged as promising candidates to replace silicon in nanoelectronics due to their 

nanoscale architecture and outstanding electronic properties.10–16 Integrating 

nanomaterials into electronic circuits paves the way for the fabrication of functional 

electronics. 

Nanomaterials have also attracted tremendous interest in the field of biological sensing. 

The high surface to volume ratio offers nanomaterials high sensitivity to the 

surrounding environment, and since the size scale of nanomaterials is comparable to 

that of biomolecules, biomolecules can be seamlessly interfaced with 
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nanomaterials.4,12,17–19 Furthermore, biomolecules are natural nanomachines and many 

biological processes occur at the nanoscale. Monitoring these processes at the scale at 

which they occur allows scientists to better understand the nature of processes and 

fundamental biology.20–22 Therefore, the integration of biomolecules with 

nanomaterials opens up new opportunities and frontiers for the next generation 

biosensors. 

Various techniques have been presented to precisely manipulate the assembly of 

nanomaterials for functional devices; these can be mainly divided into two categories: 

top-down and bottom-up approaches.23,24 In top-down approaches, bulk materials are 

broken down and the components are externally controlled to direct their morphology. 

Lithography (e-beam and photo) is a typical example of top-down approach for the 

fabrication of nanoscale devices. In contrast, bottom-up approaches take advantage of 

the chemical properties of molecules to cause single molecules to (self-)assemble into 

functional configurations. A common example of bottom-up methods is chemical vapor 

deposition (CVD). However, practical application of lithography and CVD are still 

limited since these strategies are time-consuming, expensive and require skilled 

operators.24 

In particular, solution processable assembly of nanomaterials is an attractive bottom-

up method for the fabrication of nanoscale devices in which nanomaterials are directly 

assembled from solution into defined configurations. This strategy have many 

advantages over general lithography and CVD, such as its ease of processability, low 

cost of fabrication and biocompatibility.25 This thesis will focus on the assembly of a 

class of one-dimensional (1D) carbon nanomaterials, namely single walled carbon 

nanotubes (SWCNTs), into functional electronic devices via solution processable 

strategies. SWCNTs are 1D hollow cylinders of rolled up graphene sheets,26 and have 
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been recognised as next generation building blocks for ultra-sensitive biosensing 

systems.27,28 Compared with other nanostructured materials, such as graphene, silicon 

nanowires, SWCNTs not only exhibit excellent mechanical, electronic and optical 

properties and high specific surface area,29 but also have comparable size to that of 

biomolecules which makes SWCNTs suitable for biosensing.27 Additionally, SWCNTs 

are ideal templates for the encapsulation of nanomaterials as well as for the 

investigation of new material phases caused by 1D confinement since they are 1D 

hollow and chemically stable.30  

Although tremendous achievements have been obtained in SWCNT devices fabricated 

via a combination of photolithography (or e-beam lithography) and CVD strategies,31–

34 challenges still remain in terms of fabrication and power costs, as well as complexity 

of processability.35,36 In this regard, we immobilised SWCNTs from solution into 

device configurations via a solution-processable strategy, namely dielectrophoresis, 

which shows potential application for fabrication of SWCNTs devices with low cost 

processability and multipurpose analysis capability. Furthermore, we controlled the 

interfacing of SWCNTs with either biomolecules, like DNA and proteins, or metal 

precursors. These SWCNT hybrids were then assembled between prepatterned 

electrodes, into field effect transistor configuration. We demonstrated the potential 

applications of these nanoscale devices in various fields, such as biosensing and 

photodetection. 
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1.1 Carbon Nanotubes 

1.1.1 Properties of Carbon Nanotubes 

Carbon atoms can form many allotropes due to their specific atomic valency, including 

fullerene, nanotube, graphene, graphite and diamond37 (Figure 1.1). Carbon nanotubes 

(CNTs) are one dimensional allotropes of carbon, which can have an aspect ratio as 

large as 132,000,000.38 They can be regarded as hollow cylinders of rolled-up graphene 

sheets with dimeters in range of 1-100 nm. Depending on the layers of graphene sheets, 

CNTs can be divided into two types: single walled CNTs (SWCNTs) containing a 

single graphene layer and multi-walled CNTs (MWCNTs) consisting of multi-layers of 

graphene sheets.39 The diameters of SWCNTs are in the range of 1-2 nm, while 

MWCNTs have diameters up to 100 nm with an interlayer spacing. This thesis will 

focus on the investigation and application of SWCNTs due to their 1D architecture and 

excellent electronic properties. 

 

 

Figure 1.1 Allotropes of Carbon (a) 3D Graphite (b) 3D Dimond (c) 0D 

buckminsterfullerene (d) 1D nanotube (e) 2D graphene.37 

 

Depending on the angles at which graphene sheets are rolled up, SWCNTs can present 
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distinct structures and properties. Therefore, a chirality vector, 𝐶ℎ
⃗⃗⃗⃗ , is introduced to 

define the atomic structure of SWCNTs, which is given by: 

𝐶ℎ
⃗⃗⃗⃗ = 𝑛 × 𝑎1⃗⃗⃗⃗ + 𝑚 × 𝑎2⃗⃗⃗⃗                                                (1) 

The integers (n,m) describe the chirality of SWCNTs, which correspond to the number 

of steps along the unit vectors (𝑎1⃗⃗⃗⃗  and 𝑎2⃗⃗⃗⃗ ) of the hexagonal lattice (Figure 1.2). 

Particularly, if 𝑛 = 𝑚, the tubes are called “armchair”. If  𝑚 = 0, the tubes are called 

“zigzag”. We can estimate the diameter 𝑑 of a SWCNTs, which is given by: 

𝑑 =
|𝐶ℎ⃗⃗⃗⃗  ⃗|

𝜋
=

𝑎

𝜋
√𝑛2 + 𝑛𝑚 + 𝑚2                                       (2) 

where 𝑎 is the lattice constant of the hexagonal structure: 𝑎 ≈ 2.46 �̇�.37 

 

Figure 1.2 Schematic diagram showing how a hexagonal sheet of graphene is rolled to 

form a CNT with different chiralities (A: armchair; B: zigzag; C: chiral).40 

 

SWCNTs possess excellent electronic properties and they can be either semiconducting 

or metallic, depending on their chiralities. Generally, (𝑛, 𝑛) armchair SWCNTs are 

always metallic due to their intrinsic symmetry. The band structure and electronic 

densities of states of CNTs can be studied and calculated resulting from the honeycomb 

graphene structure. Figure 1.3a shows the band structure and the corresponding density 

of states of graphene. Since a CNT is a rolled-up graphene sheet, a periodic boundary 

is imposed onto the system, given by:41 
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𝐶ℎ
⃗⃗⃗⃗ × �⃗� = 2𝜋𝑞 

where 𝐶ℎ
⃗⃗⃗⃗  is the chirality vector and 𝑞 is a nonzero integer. Consequently, wave vector 

�⃗�  is quantized and only certain set of graphene states are allowed. This leads to the 

formation of a series of subbands, which is represented by the yellow lines in Figure 

1.3b and 1.3c. Therefore, the electronic properties of the CNTs are defined by the 

position of the allowed states: for (n,m) tubes, if 𝑛 − 𝑚 = 3𝑞, the electronic states 

passing through a Fermi level point are allowed and hence the nanotubes are metallic; 

on the other hand, if 𝑛 − 𝑚 = 3𝑞 ± 1, there is a gap of forbidden states at the Fermi 

level and hence the nanotube is semiconducting. Similarly, Figure 1.3d shows the 

corresponding density of states for the conduction and valence bands of graphene and 

metallic CNTs. 

 

Figure 1.3 (a-c) Band structures (left) and electronic densities of states (right) of: (a) 

graphene; (b) semiconducting single-wall carbon nanotubes; (c) metallic single-wall 

carbon nanotubes. (d) The density of 5 states (DOS) for the conduction and valence 

bands (graphene (left) and metallic CNT (right)).41,42 

 

1.1.2 Synthesis of Carbon Nanotubes 

Various methods have been reported for the massive production of CNTs. The first 

reported method is based on arc-discharge technique, in which carbon atoms are 
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evaporated though applying a high voltage between two graphite electrodes.43,44 Metal 

catalysts, e.g. Fe or Co, are required in the process for the production of SWCNTs, 

otherwise fullerenes and MWCNTs will be synthesized.44 This method yields around 

30% by weight and produces both SWCNTs and MWCNTs with few structural defects. 

However, it is difficult to control the size and orientation of CNTs in this method.45  

Laser ablation is another well-studied method.46,47 In a laser ablation process, a laser 

beam vaporizes a graphite-metal target which is placed in a tube-furnace at 1200 oC 

while an insert gas is bled into the chamber, resulting in the formation of CNTs on the 

cooler surfaces of the furnace. The yield of this method is up to 70% and produces 

primarily SWCNTs with a controllable diameter. However, due to the expensive lasers, 

this method is more costly than other methods.45 

Chemical vapour deposition (CVD) is a popular strategy for the bulk production of 

CNTs. In a CVD process, a substrate embedded with metal catalyst nanoparticles is 

heated to 600-700 oC, while a gaseous carbon source is bled into the chamber to initiate 

the growth of CNTs. CNTs are grown directly on the substrate since the growth of 

CNTs are determined by the sites of the metal catalysts.48,49 This methods can produce 

large quantities of nanotubes with controlled diameter and orientation.50–53 The growth 

of ultralong SWCNTs over 18 cm has been reported by Wang et al. in which they used 

ethanol or methane as the feed gas, Fe-Mo as the catalyst, and a CNT film as the catalyst 

supporting frame.38 CNTs grown via CVD method can also be transferred onto 

transparent and flexible plastic substrates. The formed devices not only showed 

excellent electrical properties, but also possessed optical transparency and mechanical 

bendability.54,55  

Particularly, high-pressure carbon monoxide disproportionation (HiPCO) is a more 

advanced CVD strategy since it allows for continuous growth of CNTs. In a HiPCO 
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process, carbon monoxide (CO) is used as the gaseous carbon source while iron serves 

as the catalyst in the condition of high pressure (30-50 bar) and high temperature (900-

1100 oC). The formation of Fe(CO)5 starts when Fe is added to CO gas flow. 

Subsequently, large Fe clusters are formed due to the thermal decomposition of 

Fe(CO)5 caused by the high temperature, which catalyse the disproportionation of CO 

and thus induce the nucleation and growth of SWCNTs.56 HiPCO strategy can produce 

high purity SWCNTs (no more than 7% iron impurities) in high quantity (up to 450 

mg/h), which makes CNTs more commercially available. However, the major issue of 

CVD method is that different types of CNTs (different chirality) are simultaneously 

grown on the same substrate, which requires further purification.57,58 

Considerable efforts have been dedicated to control the growth of CNT through 

optimising the composition or shape of the catalyst particles used in the CVD process, 

which have significant influence on CNT nucleation and growth.59–63 Zhang et al 

demonstrated CVD growth of high quality semiconducting CNTs with a narrow band 

gap distribution.64 Partially carbon-coated cobalt nanoparticles with a uniform size and 

structure were used as the catalyst for CNT growth, in which the inner cobalt 

nanoparticle acted as active catalytic phase for carbon nanotube growth, while the outer 

carbon layer prevented the aggregation of cobalt nanoparticles and ensures a 

perpendicular growth mode. The grown CNTs have a very narrow diameter distribution, 

as well as a small band gap difference of 0.08V. Yang et al demonstrated the direct 

growth of single chirality CNTs, (12,6), where tungsten-based bimetallic alloy 

nanocrystals were used as the catalyst.65 The selective growth of (12,6) tubes was 

attributed to the high melting points and unique atomic arrangements of tungsten-based 

bimetallic alloy nanoparticles.65 Another example is the application of molecular 

precursors for controlled growth of single chirality (6,6) tubes.66 The molecular 



Chapter 1 Introduction 

9 
 

precursors can be easily converted into (6,6) tube seeds via cyclodehydrogenation, 

which would facilitate the growth of (6,6) tubes via epitaxial elongation.66 

Although the purity and quantity of synthesised CNTs have been dramatically 

improved owing to the efforts made by researchers,60-62 chemical impurity and 

structural defects still exist in the CNTs synthesised via the aforementioned methods. 

General chemical impurities include residues of primary materials used for the CNT 

production, such as graphite from arc discharge or catalyst particles from CVD, as well 

as by products like amorphous carbon or fullerenes.58,67–69 Vacancies and interstitials 

are the main structural defects in CNTs, which have significant effects on the helicity 

and the electronic structure of CNTs.70–73 Therefore, purification is essential in the 

production process, hence obtaining CNTs with better mechanical and electronic 

properties. Acid treatment using HCl, HNO3 and/or H2SO4 is the most used method to 

dissolve chemical residues, i.e. metal catalysts, and carbon materials, i.e. amorphous 

carbon and graphite.68,74,75  

Furthermore, various approaches have been developed to obtain CNTs with uniform 

lengths, diameters as well as uniform chiralities. Duesberg et al. demonstrated the 

efficient purification of both MWCNTs and SWCNTs via size exclusion 

chromatography (SEC).76,77 They not only successfully removed chemical impurities, 

like metal particles and amorphous carbon, but also obtained length sorted CNTs. Gel 

chromatography is an effective method for single chirality separation of SWCNTs.57,78 

Liu et al. reported the separation of 13 different (n,m) species via gel chromatography.57 

SWCNTs can also be purified and separated into single chirality species via density 

gradient ultracentrifugation.58,79  
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1.1.3 Dispersion of Carbon Nanotubes 

Due to the strong van der Waals attraction which is attributed to their 1D nanostructure 

and high surface area, CNTs tend to assemble and entangle into bundles or ropes.47,80 

Therefore, it is hard to dissolve or disperse pristine CNTs in aqueous solution, which 

limits their practical applications. In the literature, various dispersion approaches have 

been reported to separate CNT bundles into homogeneous dispersions, including 

covalent functionalisation, non-covalent adsorption of surfactants and DNA. 

Ultrasonication is extensively applied to disperse and exfoliate nanoparticles into 

aqueous dispersion. CNTs can be effectively separated into small bundles or even 

individual CNTs by ultrasonication.81,82 However, ultrasonication causes defects in 

CNT structures,83 and with increased energy, CNTs are fragmented into shorter length. 

Moreover, due to the strong van der Waals attraction, the separated CNTs can easily 

agglomerate into big bundles again when ultrasonication is removed, resulting in 

unstable dispersion of CNTs. Therefore, ultrasonication is generally combined with 

other dispersion methods to improve the stability of CNT dispersion. 

Covalent functionalisation is an efficient strategy for stable CNT dispersions, since 

introduction of polar groups onto the carbon scaffold of CNTs can decease the attraction 

between CNTs, hence separating them into small bundles or even individual ones. Polar 

groups can also help CNTs to be dispersed into polar media like water. Hydrophilic 

oxygen-containing groups, e.g. carboxylic and hydroxyl groups, were introduced on the 

surface of MWCNTs via UV/ozone treatment. Results from UV-vis spectroscopy 

confirmed that the dispersion of functionalised MWCNTs was more stable than that of 

pristine MWCNTs in polar solvents.84 Inorganic acids, including HNO3, H2SO4, HCl, 

were also widely used to functionalise CNTs with carboxylic and hydroxyl groups. 85–

87 The acid treated SWCNTs can be individually dispersed in acetone and water since 



Chapter 1 Introduction 

11 
 

the repulsion induced by the charged polar groups overcome the van der Waals 

attraction hence keeping CNTs individually dispersed.86 Functionalisation of CNTs 

with other chemicals, such as iodine-doping88, sodium metal–ammonia89, can also 

improve the stability of the dispersion. 

However, the introduction of functional groups, especially when heavy chemical 

functionalisation is performed, might induce structural defects, which can be  

detrimental to the electronic properties of CNTs.90 Non-covalent strategies take 

advantage of physical adsorption of various of molecules onto the sidewall, hence 

retaining the electronic structure of CNTs. Generally, the molecules consist of two parts: 

one is hydrophobic and the other is hydrophilic. The hydrophobic parts are absorbed 

onto the surface of CNTs via van der Waals forces, π-π staking or CH-π bonding while 

the hydrophilic parts provide aqueous solubility and electrostatic repulsion.89,91  

One of the most used non-covalent strategies is to disperse CNTs with surfactants 

combined with ultrasonication. Ultrasonication provides local shear, especially to the 

ends of CNT bundles, causing spaces and gaps. This induces further adsorption of 

surfactants, eventually separating the bundles into individual CNTs.92 In the literature, 

the most used surfactants for SWCNT dispersion in aqueous solution are sodium 

dodecyl sulphate93 and sodium deoxycholate.94 

Particularly, Deoxyribonucleic acid (DNA) has been demonstrated to be effective 

materials for the dispersion and separation of CNTs.95 Zheng et al. found that by 

sonicating SWCNTs with single strand DNA, SWCNTs can be individually dispersed 

in aqueous solution. Molecular modelling revealed that DNA helically wrapped around 

SWCNTs through π-π stacking between the aromatic bases in DNA and the sidewall of 

SWCNTs (Figure 1.4). Subsequently, they demonstrated the purification of more than 

20 single-chirality semiconducting species via ion exchange chromatography using 
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these DNA wrapped SWCNTs.96 They also demonstrated that specific sequences of 

homochiral DNA can be used to differentiate the handedness and helicity of SWCNTs 

via polymer aqueous two phase separation.97 This is the first comprehensive method 

for simultaneous handedness and helicity enrichment for three electronic types of 

SWCNTs. 

 

Figure 1.4 Binding model of a (10,0) SWCNT wrapped with DNA.95 

 

1.2 Dielectrophoresis 

A variety of applications of SWCNTs have been proposed due to their unique properties. 

For example, due to their 1D hollow structure, SWCNTs can be used as templates for 

synthesis of 1D nanoscale materials.98,99 Since SWCNTs are able to penetrate into cells, 

it is possible to use them for drug delivery.100 Among these, field effect transistors based 

on SWCNTs have been recognised to be a promising platform for the next generation 

of nanoscale electronics due to their outstanding electronic properties. This leads to 

considerable applications of SWCNTs in the field of photodetection101,102 and 

biosensrnsing.103,104 However, the issues of device fabrication inhibits the 

commercialization of CNT devices. The most common methods for the assembly of 

CNTs into device configuration are the strategy combining chemical modification of 

the substrate with spin-coating and direct growth via CVD.29 But these techniques are 
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not suitable for large-scale device fabrication and cannot precisely control the location 

and orientation of CNTs.105 

Dielectrophoresis (DEP) appears to be an ideal strategy for device fabrication. CNTs 

can be precisely positioned between prepatterned metal electrodes via DEP. Therefore, 

these CNTs are directly integrated into electrical circuits at defined location with 

controlled orientation. Moreover, CNTs can be assembled at different locations to 

fabricate many devices simultaneously and reproducibly on a single chip. By 

controlling the DEP parameters, it is possible to control the assembly of CNTs from 

dense arrays to individual CNT devices. 

 

1.2.1 What is Dielectrophoresis? 

Under the influence of an electrical field, charged particles dispersed in a fluid undergo 

an electrical force, of which the phenomenon is called electrophoresis. In contrast, 

dielectrophoresis (DEP) describes a phenomenon in which dielectric particles undergo 

a force when an inhomogeneous electric field is applied. All particles which are charged 

or not exhibit dielectrophoretic activity to some extent in the presence of an electric 

field. The electric field polarizes the particles, inducing dipoles in the particles. The 

dipoles experience either attractive or repulsive force depending on the orientation of 

the dipoles. Due to the non-uniform nature of the electric field, one end of the dipole 

will experience a greater force, hence resulting in the alignment and motion of the 

particles. The relative polarizability of the particles and the fluid medium are the main 

factors determining the polarization and the orientation of the DEP force, i.e. the 

direction of the force depends on field gradient rather than field direction. In a non-

uniform electric field, particles moving in the direction of increasing field experience 

positive DEP, while particles moving towards the direction of decreasing field 

experience negative DEP.106,107  
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1.2.2 Dielectrophoresis Force 

Theoretical models have been built to investigate the DEP force exerted on particles or 

long rods suspended in a fluid medium.108 For homogeneous particles of radius 𝑟 

suspended in a fluid medium, the DEP force (𝐹𝐷𝐸𝑃) they experience is given by108: 

𝐹𝐷𝐸𝑃 = 2𝜋𝑟3ɛ𝑚𝑅𝑒 (
ɛ𝑝
∗ −ɛ𝑚

∗

ɛ𝑝
∗ +2ɛ𝑚

∗ )𝛻𝐸2                                 (3) 

ɛ∗ = ɛ −
𝑖𝜎

𝜔
                                                 (4) 

In the equations, ɛ𝑝
∗  and ɛ𝑚

∗  refer to the complex dielectric constants of the particles and 

the medium. ɛ  and 𝜎  are the corresponding dielectric constant and the electrical 

conductivity. 𝐸 and 𝜔 are the strength and the frequency of the electric field. 𝑖 is the 

imaginary unit. 

For more general field-aligned long rods, e.g. nanowires, carbon nanotubes, of radius 𝑟 

and length 𝑙, the DEP force is given by108:  

𝐹𝐷𝐸𝑃 =
1

8
𝜋𝑟2𝑙ɛ𝑚𝑅𝑒 (

ɛ𝑝
∗ −ɛ𝑚

∗

ɛ𝑚
∗ +(ɛ𝑝

∗ −ɛ𝑚
∗ )𝐿

)𝛻𝐸2                                (5) 

ɛ∗ = ɛ −
𝑖𝜎

𝜔
                                                     (6) 

𝐿 is the depolarization factor of the rods. Therefore, the strength of the DEP force is 

strongly dependent on the electrical properties and the size of particles, and the 

electrical properties of the media, and the strength and the frequency of the electrical 

field. According to Equation (5) and (6), the direction of DEP force acting on particles 

or rods is dependent on the frequency of the electric field. In practical experiments, it 

has also been observed that DEP force acting on some particles or tubes may experience 

a crossover from positive DEP to negative DEP in electric field at a specific frequency. 

109 This specific frequency is termed as crossover frequency (𝜔𝑐). If the frequency 
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applied is higher than the crossover frequency, the particles will experience positive 

DEP force. If the frequency applied is lower than the crossover frequency, the particles 

will experience negative DEP force (Figure 1.5).  

 

Figure 1.5 Schematic cross section of the experimental setup during DEP. The lines 

illustrate the electric field during deposition when a drop of suspended SWCNTs is 

applied to the surface (cyan). Metallic SWCNTs (blue) and semiconducting SWCNTs 

(red) interact with the ac field with positive dielectrophoresis (↑) or negative 

dielectrophoresis (↓) depending on the frequency ω.109 

 

DEP has been applied in the manipulation, transportation, deposition and separation of 

different types of particles. Pommer et al. reported the direct separation of platelets 

from diluted whole blood in microfluidic channels with cell-sorters taking advantage 

of DEP.109 By combined DEP with impedance spectroscopy, Constantinou et al. 

demonstrated simultaneous and direct selection and deposition of semiconducting 

silicon nanowires. This strategy led to the controlled deposition of high quality, 

defectless nanowires between prepatterned electrodes.110 In another experiment, gold 

nanowires have been directly assembled and the electrical transport property of the 

nanowires has been studied.111 
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1.2.3 Dielectrophoresis of Carbon nanotubes  

Since the Nakayama group first reported the immobilisation of CNTs from solution via 

DEP,112 it has been widely applied in the deposition of CNTs due to its striking 

advantages, such as ease of processing at room temperature, selection of electrical 

properties, precisely positioning between predefined electrodes, highly preferential 

orientation, controllable density of CNTs and multiplexed deposition of various types 

of CNTs on the same chip. The scheme of the set-up for DEP is shown in Figure 1.6. 

CNTs dispersed in fluid were drop-cast onto pre-patterned metal electrodes with a gap 

of hundreds nanometers. Alternating current voltage was applied between source and 

drain electrodes, inducing an inhomogeneous electric field between the gap of the 

electrodes. After a duration of a few minutes, CNTs were aligned and deposited 

between the electrodes. In general, four DEP parameters influence the immobilisation 

of CNTs between electrodes: namely, amplitude and frequency of the electric field, 

duration of DEP, concentration of CNT solution.113-116 The amplitude of the electric 

field, the duration of DEP and concentration of CNT solution determine the number of 

CNTs immobilised between electrodes: increases in these parameters would result in 

increases in the number of CNTs immobilised. On the other hand, the frequency of the 

electric field detemines the types of CNTs immobilised between electrodes, for instance, 

both semiconducting and metalic CNTs can be immobilised between electrodes when 

the frequency is on the order of the magnitude of 100KHz, while only metallic tube can 

be immobilised when the frequency is higher than 5MHz.105,113 
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Figure 1.6 Scheme of the set-up for the deposition of CNTs via DEP 

 

Calculation based on Equation (5) was performed to understand how a non-uniform 

electric field influence the motion and deposition of CNTs. Due to the mobile carriers, 

the dielectric constant of metallic nanotubes should be very large. It has been reported 

that the polarizability of metallic CNTs is effectively infinite.114,115 Therefore, positive 

DEP force is exerted on metallic CNTs in water at any frequency. Theoretically, 

semiconducting CNTs should undergo negative DEP in water at any frequency since 

the dielectric constant of semiconducting CNTs ranges from 2 to 5 while that of water 

ranges from 75 to 85.115,116 This led to the separation of metallic CNTs from mixed 

CNTs from solution by Krupke et al..114,117 Furthermore, single bundles of metallic 

CNTs were simultaneously and site-selectively deposited on pre-patterned electrodes, 

which allowed for the investigation of the electrical properties of metallic CNTs.117 

However, they observed a crossover from positive to negative DEP for semiconducting 

CNTs.109 They assembled CNTs via DEP at various electric field frequency and solvent 

conductivities, finding that the deposition of metallic CNTs was independent on the 

frequency and the solvent conductivity, while a crossover frequency for 

semiconducting CNTs did exist. At low frequency ( 𝜔 < 𝜔𝑐 ), both metallic and 
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semiconducting CNTs can be deposited, while only metallic CNTs can be deposited at 

high frequency (𝜔 > 𝜔𝑐) (Figure 1.4). This crossover has been attributed to the surface 

effect that the dielectric properties of semiconducting CNTs are modified by the 

electrical double layer at the solid-liquid interface.109  

A further attempt was to scale up the separation of metallic CNTs at high frequency 

(10MHz) through applying a large electric field. This led to the formation of a thick 

CNTs film, composed of highly aligned metallic CNTs and randomly oriented 

semiconducting CNTs.118 Simulations revealed that metallic CNTs were aligned and 

attracted towards the substrate along the electric field lines both horizontally and 

vertically (Figure 1.7a and b). However, the DEP forces exerted on semiconducting 

CNTs were repulsive in the horizontal direction (Figure 1.7c) but attractive in the 

vertical direction (Figure 1.7d). This was attributed to that at large fields, the transverse 

polarizability of semiconducting CNTs played important roles in the DEP processing, 

resulting in them being attracted towards electrodes vertically. Eventually, these 

semiconducting CNTs would collapse onto the substrate in random orientations. 

 

Figure 1.7 Simulation of the dielectrophoretic force fields exerted on (a and b)  metallic 

CNTs and (c and d) semiconducting CNTs at horizontal and vertical orientations.118 

 



Chapter 1 Introduction 

19 
 

The Nojeh group studied the influence of solution conductivity on the deposition of 

CNTs via DEP, in which the conductivity of the solution was controlled with 

surfactants.119 In their experiment, solution with higher concentration of surfactants had 

higher conductivity. The experimental results showed that without surfactants (hence 

low conductivity), CNTs were deposited well between electrodes. The presence of 

surfactant increased the conductivity of the solution as well as the Joule heating 

effect.120–122 The resulting electrothermal force adversely interfered with the DEP force, 

influencing the motion and deposition of CNTs. Therefore, fewer CNTs were deposited 

between electrodes when the concentration of surfactants was higher (Figure1.8).  

 

Figure 1.8 Scanning electron micrographs of the devices made from solutions with (a) 

0, (b) 0.5 and (c) 1 wt% surfactant, at voltages ranging from 3.5 to 5.5 V.119 

 



Chapter 1 Introduction 

20 
 

When the contacts between metal electrodes and CNTs are made, Schottky barriers 

arise due to the mismatch between the Fermi level of the metal and the valence 

(conduction) band of CNTs.123 Schottky barriers for either holes or electrons 

significantly influence the transport characterisation of the CNT devices: a high 

Schottky barrier not only leads to high contact resistance but also results in low on/off 

ratio. Hence, for transistor applications, a low Schottky barrier is preferable. However, 

Schottky barrier effects are one of the most relevant mechanisms underlying 

biosensing.34,124 Therefore, in this thesis, gold electrodes are chosen since gold 

electrodes are chemically stable and the Schottky barrier between gold and CNTs is 

suitable for biosensing.124 

One of the practical applications of DEP is to fabricate CNTs devices since CNTs can 

be precisely aligned and placed from solution onto predefined electrodes via 

DEP.35,125,126 By optimising the parameters of DEP, such as strength and frequency of 

the electric field, duration of DEP, concentration of CNT solution, Stokes and 

Khondaker were able to control the assembly of CNTs from dense arrays to individual 

devices.113 The electrical properties of both individual metallic and semiconducting 

CNT devices were investigated. Field effect transistors fabricated from semiconducting 

CNTs showed typical p-type transfer characteristics and perfect electrical performance. 

Vijayaraghavan et al. presented a strategy for ultra large scale deposition of individual 

CNT devices.105 In this strategy, AC voltage was applied between the common 

electrode and the underlying silicon gate electrode, while floating electrodes were 

capacitively coupled to the gate electrode, resulting in inhomogeneous electric field 

between the common electrode and the floating electrodes. Since hundreds of floating 

electrodes can be biased by capacitive coupling simultaneously, this strategy allowed 

for the fabrication of numbers of CNT devices with identical conditions. 
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DEP can also be performed to immobilise DNA-wrapped CNTs, which was reported 

by the Lee group.127 Both SDS dispersed CNTs and DNA wrapped CNTs were 

immobilised between electrodes and the electrical properties were studied. They found 

that the presence of water can activate a transition of DNA-CNT devices from metallic 

to semiconducting, while SDS-CNT devices were not sensitive to the presence of water. 

 

1.3 Carbon Nanotubes Biosensors 

Since the discovery of CNTs, they have quickly been applied in different areas due to 

their excellent properties. Researchers found that CNTs are sensitive to the changes in 

the environment surrounding CNTs, which causes measurable electrical or optical 

signals in CNTs. The high specific surface area of CNTs allows for ultrafast detections 

of biological species at very low concentrations. Additionally, the diameters of CNTs 

are comparable to the size of single molecules. Therefore, CNT-based biosensors are 

recognized to be a next generation building block for ultra-sensitive biosensing systems. 

This leads to considerable investigations of using CNTs as sensing elements for 

biosensors.  

In general, biosensors consist of at least two units: receptors which can selectively 

interact with biological targets and transducers which can convert the biological 

recognition events into measurable physical signals, e.g. currents, absorbance, for 

testing and detecting. Due to the semiconducting nature of CNTs, they are be directly 

used as transducing elements in biosensing systems. 

 

1.3.1 Functionalisation of Carbon nanotubes  

In order to use CNTs for biosensing, surface modification and functionalization are 

performed to attach biological receptors to CNTs. In the literature, various methods 
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have been reported, which can generally be divided into two categories: covalent 

modification and noncovalent modification.  

For covalent modification, functional groups, such as carboxylic, hydroxyl, are created 

onto the terminals or the defect sites of CNTs by high concentration acid treatment or 

plasma treatment.128,129 Subsequently, moieties with different functionalities can be 

introduced onto CNTs via covalent reactions (e.g. amidation, esterification, alkylation 

reaction and cycloaddition) to meet specific requirements of different applications.130 

For example, Williams et al. demonstrated covalent coupling of SWCNTs to peptide 

nucleic acid (PNA).131 They performed acid treatment to create carboxylic groups on 

SWCNTs. Subsequently, these SWCNTs were activated in buffer solutions containing 

standard amide coupling and activating agents. This allowed PNA terminated with 

amine groups to be attached onto the SWCNTs.  

Another typical example is reported by our group. Acid treated SWCNTs were wrapped 

with ssDNA, hence soluble in aqueous solution. The ssDNA also protected the sidewall 

of SWCNTs, leaving only carboxylic groups at the ends available for chemical 

reactions. Molecules containing two or more amine groups were used as linkers for the 

formation of end to end SWCNT junctions via amidation reaction.132,133 Taking 

advantage of this strategy, Jingyuan et al. used metallic SWCNTs as nanoelectrodes to 

fabricate molecular transport junctions.132 This strategy also have been employed for 

the covalent formation of SWCNT-protein hybrids134, SWCNT-DNA hybrids135 and 

SWCNT-QDs hybrids.136 

Although covalent attachment of biomolecules is more stable, to a certain extent, it 

impairs the electronic structure of CNTs, hence impairing the performance of CNT 

biosensors. Instead, non-covalent modification can preserve the electronic structure and 

properties of CNTs since moieties with functionalities are introduced via π-π non-
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covalent bonding. Molecules containing π electrons can easily bind onto the sidewall 

of CNTs thanks to the delocalised π electron via sp2 hybridisation.137,138 Among these 

conjugated molecules, ssDNA139–141 and Pyrene derivatives 142–144 are the most used 

linkers for the noncovalent functionalisation of SWCNT devices. 

 

1.3.2 Carbon Nanotube Optical Biosensors 

Semiconducting SWCNTs exhibit fluorescent behaviour in near infrared (NIR, 800-

1600) due to their electronic band-gap between valence and conduction band145 and 

their optical emission is sensitive to molecular adsorption in close proximity.146 This 

offers potential applications of using SWCNTs as transduction units to detect analyte 

adsorption via fluorescent emission.147 Additionally, optical properties of SWCNTs are 

dependent on their electronic structures, i.e. SWCNTs of different (n, m) species exhibit 

distinct optical emission.148 Therefore, mixed (n, m) species can be used for multiplexed 

optical detection as every (n, m) specie can be treated as an individual sensor.149 

Another beneficial property of SWCNTs is that their fluorescence is extremely 

photostable, showing no blinking or photobleaching after long time exposure to 

excitation,150,151 which makes SWCNTs ideal materials for long term sensing 

applications. Since living tissue and biological media are transparent in the NIR 

emission region of SWCNTs17,150 and physical connection is not needed for optical 

sensors, optical sensors based on SWCNTs are more suitable for in-vivo applications. 

152 

The Strano group first demonstrated the fabrication of SWCNT based optical sensors, 

which was used to detect DNA hybridisation through the modulation of SWCNT 

fluorescence with a detection limit of 6 nM.153 Single stranded DNA (probe DNA) was 

assembled on the surface of SWCNTs and subsequently exposed to its complementary 
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DNA, which induced an energy shift of 2meV. Modelling suggested that the shift 

resulted from the increased coverage of DNA from 25% to 50% on the SWCNT surface 

due to DNA hybridisation. This was further confirmed by Forster resonance energy 

transfer assay.  

They also exposed these SWCNTs decorated with probe DNA to single nucleotide 

polymorphism DNA (SNP, complementary DNA with one base mismatched).154 They 

monitored the fluorescence energy every 3 minutes for 8 hours and also found an energy 

increase of 0.8meV. In contrast, under same conditions, adding the complementary 

DNA (cDNA) to the samples can induce an energy increase of 1.2meV. This suggested 

that SWCNT based optical sensors were sensitive enough to detect and differentiate 

hybridisation of probe DNA to SNP DNA or full complement through energy shift.  

Studies of the hybridisation kinetics of these samples showed that the hybridisation 

kinetics of free DNA in solution were faster than that of DNA adsorbed to SWCNTs, 

while the kinetics for SNP DNA were lower than that of complementary DNA.155 

(Figure 1.9)  

 

 

Figure 1.9 The presence of SNP in the complement results in incomplete hybridization 

on the nanotube surface and a smaller surface coverage. (a) Energy shifts of the 

transient detection for cDNA and SNP were fitted with a two-step model of adsorption 

followed by hybridization of the cDNA or SNP. While the equilibrium constants are 

the same, the partial hybridization of SNP comes to steady state slower than cDNA 
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hybridization. b) Diagram showing the different nanotube coverage that can result from 

cDNA and cDNA containing a SNP.154 

 

Optical biosensors based on DNA wrapped SWCNTs can be used to detect miRNA 

hybridisation transiently and in vivo (Figure 1.10).139 The ssDNA used to wrap 

SWCNTs consists of two domains: one to wrap around SWCNTs and a second one 

complementary to target miRNA. Photoluminescence spectroscopy (PL) measurement 

showed that the addition of target oligonucleotide induced blue shift in both the 

emission peak and the excitation peak (E22) of SWCNTs. Experiments and simulations 

revealed that the mechanism resulted from competitive effects of displacement of 

oligonucleotide charged groups and water. These sensors also allowed for multiplexed 

detection by using different nanotube chiralities. Moreover, the authors demonstrated 

in vivo optical detection of target DNA and miRNA by implanting the sensors into live 

mice. 

 

 
Figure 1.10 Carbon nanotube sensor for the detection of miRNA hybridization events. 

(a) Construction scheme of the miRNA sensor complex, consisting of a single DNA 

oligonucleotide containing a nanotube-binding sequence (blue) and a miRNA capture 

sequence (orange) that is non-covalently bound to the carbon nanotube surface. (b) 

Response of the sensor to analyte DNA or RNA or a control sequence for each nanotube 

chirality (n,m). (c) AFM images of the sensor complex on incubation with non-

complementary or complementary hairpin DNA.139 

 

 

These SWCNT devices based on near-infrared photoluminescence (NIR PL) also have 

been extended for protein detection.140,141 Williams et al. demonstrated the detection of 



Chapter 1 Introduction 

26 
 

protein-protein interaction by using fluorescent SWCNT sensors.141 The SWCNTs 

were wrapped with ssDNA terminated with amine groups which was conjugated to 

antibodies. Thus, these SWCNT-protein hybrids can selectively bind to the target 

antigens. NIR PL emission measurement showed that the binding of the antigens 

induced a red shifting in fluorescence emission and SWCNTs of different (n, m) species 

gave different red shifting: (9,4) chirality up to 1.6 nm, (8,6) up to 4.2 nm and (8,7) up 

to 3.1 nm. This red shifting was attributed to the increase in local electrostatic charge 

density on SWCNTs caused by the binding of the antigens.  

Since SWCNTs possess specific spectral features and high Raman scattering cross 

sections, they are ideal materials for Raman labels for protein detection. Compared with 

conventional fluorescence methods, Raman detection provides ultra-sensitive detection 

with high signal-to-noise ratios thanks to the sharp scattering peaks of SWCNTs. Chen 

et al. demonstrated the highly sensitive, multiplexed protein detection using 

functionalised SWCNTs as Raman labels.156 Antibodies were conjugated to SWCNTs 

functionalised with PEGylated phospholipids, which were used as multi-color Raman 

labels to detect proteins. Combined with Raman enhancing surfaces, this platform 

provided sensitive and reproducible protein detection down to 1fM of the target. They 

further applied this strategy to the clinically relevant detection of an autoimmune 

disease biomarker, aPR3 in native serum. In all cases, the detection based on SWCNT 

Raman presented better results than conventional fluorescence assays.  

Although SWCNT based optical sensors provide sensitive and reliable detections of 

biomolecules, challenges still remain due to the complexity of optical detection. Firstly, 

preparative steps and multiple reagents are required for optical measurements. 

Secondly, SWCNTs have different chiralities, length and impurities, which might 

influence the sensitivity and selectivity of the detections. Additionally, the data analysis 
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of optical detection is quite complicated.157 Therefore, electrical detection is a more 

promising alternative for the direct detection of biomolecules since most biological 

processes involve electrostatic interactions and charge transfer,  which can be directly 

detect by electronic circuits.158,159 

 

1.3.3 Carbon Nanotube Field Effect Transistors Biosensors  

In a CNT FET sensor, metal electrodes are generally deposited on the surface of silicon 

substrate coated with silicon dioxide layer, serving as the source and drain electrode. 

SWCNTs (single or bundles) are connected between metal electrodes to act as 

conductive channel, forming field effect transistors. A liquid gate or back gate electrode 

is created to import gate voltage to control the conduction of the FET.160 (Figure 1.11) 

 
Figure 1.11 (a) Exhibiting a structural model, CNTs is acted as conductive channel 

between the two electrodes to absorb biomolecules. (b) A schematic illustrates the 

working principle of CNTFET.160 

 

Among nanoscale devices for electrical detection, SWCNT based devices offer many 

advantages. Due to the intrinsic 1D structure, the diameter of SWCNTs is around 1 nm, 

which is exactly comparable to the size of biomolecules and to the electronic screening 

length.161 The large surface area of SWCNTs allows for the conjugation of 

biomolecules and every single carbon atom in SWCNT surface can directly contact 
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with the environment, optically interacting with nearby biomolecules.124 Additionally, 

SWCNTs have a rather low charge carrier density, which is comparable to that of 

proteins.124 These unique advantages make SWCNT FETs suitable for electronic 

detection dependent on electrostatic interaction. 

Various SWCNT FETs have been developed for detections in different areas. For 

example, Zhao et al. decorated SWCNT devices with cyclodextrins, which can capture 

small organic molecules into their cavity. This enabled the modified devices to detect 

small organic molecules.162 Ordinario et al. covalently modified metallic SWCNTs 

with amino-substituted phenyl radicals, which functioned as pH-dependent carrier 

scattering sites.161 Thus, they demonstrated a novel pH sensor, in which the 

conductance of the modified SWCNTs varied as a function of pH. 

SWCNT FETs are popular in the field of DNA detection. Martínez et al. used 

streptavidin as a linker to attach probe DNA to SWCNT FETs for the electronic 

detection of DNA hybridisation.163 The streptavidin also prevented nonspecific 

adsorption of biomolecules onto SWCNTs, thus reducing noise in electrical detection. 

The devices showed high sensitivity and specificity of DNA hybridisation. In another 

experiment, Ordinario et al. showed the electrical monitoring of protein-DNA 

interactions using SWCNT FETs.164 Pyrene modified DNA Duplexes were self-

assembled on the devices, which would be cut by the restriction enzyme at specific sites. 

The DNA duplexes acted as sensitive recognition elements to transduce the biochemical 

events into electrical signals. Taking advantage of the sensitivity of SWCNTs to the 

electrostatic environment, the devices showed sequence specific detection of the 

enzyme. 

Protein detection based on SWCNT FETs is one of the major focuses of research 

towards biosensing. Studies shows that many proteins can strongly adsorb onto the 
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exterior surface of SWCNTs via non-specific adsorption. The early work on electrical 

detection of proteins takes advantage of the non-specific adsorption, which results in a 

decrease in the conductance of the devices.124,165,166 However, the selectivity of these 

devices is limited since proteins adsorb onto the SWCNT surface without any 

preference.167 Moreover, impurities in solutions can also be adsorbed via nonspecific 

adsorption, which will cause electrical noise in the detection.13,168 Therefore, 

passivation and specific receptors are required for electrical detections with high 

selectivity. Therefore, antibodies, aptamers have been widely used as receptors for 

protein detections.104,142,168,169  

 

1.3.4 Sensing Mechanism of Electrical Detection 

Since carbon nanotube transistors are a promising platform for the next generation of 

biosensors, tremendous efforts have been made to understand the nature of the 

interaction between SWCNTs and biomolecules, which facilitate to fully explore 

potential applications of these biosensors. Depending on analytes and the 

corresponding receptors, various mechanisms have been proposed to explain how 

SWCNTs transduce biological events into measurable electronic signals. 

In a typical process of electrical detection, adding analytes to the devices causes 

changes or shifts in current since the analyte molecules approaching the surface of 

SWCNTs may change their charge carrier density, thereby effecting their conductance. 

Charge transfer is a common mechanism which can be used to explain the interaction 

of SWCNTs with analytes. Bradley et al. reported the detection of ammonia in aqueous 

solution and attributed the shift of current to charge transfer from ammonia to 

SWCNTs.170 The study of interactions of aromatic compounds with SWCNTs also 

revealed that the gate voltage shift was the result of charge transfer between the 
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SWCNTs and the aromatic molecules adsorbed.171 SWCNTs with zinc porphyrin 

derivatives were used to directly investigate photoinduced electron transfer, in which 

SWCNTs acted as the electron donor and the porphyrin molecules as the electron 

acceptor.172  

Electrostatic gating is another reason why charged molecules can also induce changes 

in the conductance of SWCNTs. Upon binding of analytes, their charges modulate the 

surface potential of the nanotubes, causing accumulation or depletion of carriers in the 

FET channel. Therefore, the current through the FETs is affected by the binding of 

analytes. Artyukhin et al. assembled either positively or negatively charged polymers 

onto SWCNT devices and found that the regular oscillations of the transistor threshold 

voltage were dependent on the polarity of the outer polymer layer in the multilayer film. 

This phenomenon was addressed with a simple electrostatic model in which the 

potential change at the tubes caused by the alternating oppositely charged layers was 

taken into account.173   

Schottky barrier effects may also account for the current changes in SWCNT devices. 

To investigate where proteins were adsorbed can induce conductance change, Chen et 

al. designed devices of which selected parts were blocked for protein adsorption, self-

assembled monolayers (SAMs) of methoxy(poly(ethylene glycol))thiol (mPEG-SH) on 

the metal electrodes and PEG-containing surfactants on the nanotubes.165 The results 

showed that the conductance change caused by protein adsorption originated from the 

metal-tube contact region, i.e. Schottky barrier modulation is likely dominant in the 

conductance change. Similar experiment was reported in which DNA hybridisation was 

detected. In this case, the conductance change was mainly induced by DNA 

hybridisation on gold electrodes, instead of on SWCNT sidewalls, since the formation 

of double stranded DNA lowered the work function of gold, inducing energy level 
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alignment between SWCNT and gold contact.174  

In general, the mechanism in most electrical sensing is a combination of electrostatic 

gating and Schottky barrier effects. However, electrostatic gating is more consistent 

and more reproducible than the Schottky barrier effect at the contact. Therefore, devices 

with passivation of metal-SWCNT contacts can produce more reliable results for 

biosensing, since passivation of contacts inhibits signals caused by metal work function 

modulation.124 

In aqueous solution, due to electrostatic interactions, charged biomolecules would be 

surrounded by dissolved solution counterions. On a certain length scale, the number of 

net positive charges would equal the number of net negative charges.175 The screening 

effect is that the electrostatic potential caused by charged biomolecules decays 

exponentially toward zero with distance.176 This length is termed Debye length (λD), 

which is given by: 

𝜆𝐷 =
1

√4𝜋𝑙𝐵 ∑ 𝜌𝑖𝑧𝑖
2

𝑖

                                                    (7) 

in which 𝑙𝐵 is the Bjerrum length (0.7 nm), and  𝜌𝑖 and 𝑧𝑖 are the density and the valent 

of ion species 𝑖.176 Therefore, Debye length is dependent on the ionic solution (ionic 

strength): higher ionic strength results in shorter Debye length. In a biosensor, Debye 

length determines how close biomolecules to the biosensor can modulate the 

conductance of the biosensor. If biomolecules are far away from the devices (>λD), the 

effects of charged biomolecules on the conductance of SWCNTs are negligible, since 

the charges on biomolecules are screened; if biomolecules enter in the region of 

SWCNTs within Debye length (<λD), the charges can effectively modulate the 

conductance of the devices. 

The influence of Debye length on biomolecule detection was first demonstrated using 
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silicon nanowire-based devices for specific detection of an avidin ligand.175 The devices 

were functionalised with biotin molecules as receptors, which can selectively bind to 

streptavidin. Electrical detection of streptavidin was performed in three buffer solutions 

with different salt concentration, corresponding to Debye length of 0.7 nm, 2.3 nm, 7.3 

nm, respectively. The results showed that a significant increase in current was observed 

when the Debye length was 7.3 nm, while the change in current was negligible when 

the Debye length was 0.7 nm since the charges on streptavidin were screened. This 

suggested that increasing buffer salt concentration resulted in decreasing device 

sensitivity for recognition. (Figure 1.12)  

 
Figure 1.12 Impact of Debye screening on streptavidin sensing. (a) Schematic showing 

Debye length from the device surface. (b) Biotin-functionalized sensor response to 

varying buffer ionic concentrations with (red) and without (black) streptavidin addition 

at time = 0.175 

 

In another experiment, antibodies were attached onto silicon nanowires by different 

termini as receptors, resulting in antibodies either “standing” or “lying” on the 

biosensor with different distances of sensor to antigen binding site (Figure 1.13). The 

influence of charge screening on biosensing was studied through electrical detection of 

the corresponding antigen in different buffer solution. The results showed that the 

sensitivity of biosensors was dependent on the orientation of receptors.177 The influence 

of Debye length on biosensing have been also observed in SWCNT devices.144,178  
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Figure 1.13 Debye length modulation. Time domain device response after antigen 

injection, followed by a buffer exchange (top) “standing” or (bottom) “lying”. Insets 

show nonlinear fit of device signal change versus the Debye length.177 

 

In the literature, both “increasing” and “decreasing” signals are experimentally 

observed in response to the binding of bio-analytes.103,104,179–181 The explanation is 

based on a single charge model: the direction of the signal is dependent on the net 

charge of the analyte, taking into account whether the FETs are p-type or n-type. Since 

semiconducting SWCNTs are intrinsically p-type, negatively charged biomolecules 

will induce an increase in conductance103,104, while positively charged biomolecules 

will induce a decrease in conductance169,181. This assumption works satisfactorily in 

many simple cases, especially for small biomolecules and large Debye length.  

However, the practical situation is more complicated as most proteins have an 

inhomogeneous charge distribution. The charged groups distributed throughout the 

protein may be subject to different screening effects. Screening modelling was 

performed mimicking a negatively charged proteins possessing a positively charged 

region.182 The results suggested that the partial positive charges closer to the biosensor 

were dominant in the conductance modulation of the biosensor when the Debye length 

was limited (0-1.8 nm). When the Debye length was large enough (>1.8 nm), opposite 

signal would be observed since the negative charges dominated the biosensing. (Figure 
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1.14)  

 

Figure 1.14 Dependence of the conductance sensitivity of a p-type doped nano-BioFET 

on the Debye length: a negatively charged proteins possessing a positive region and its 

predicted signal.182 

 

1.4 Thesis aims 

In this thesis, we controlled the interfacing of SWCNTs with either biomolecules, like 

DNA and proteins, or metal precursors and assembled them between prepatterned 

electrodes, into field effect transistor configuration. We demonstrated the potential 

applications of these nanoscale devices in various fields, such as biosensing and 

photodetection.  

In chapter 2, we summarise all the techniques applied in this thesis. In the next four 

chapters, we present our research results in the application of SWCNTs for biosensing 

(Chapter 3 and 4), for the fabrication of metal nanowire devices (Chapter 5), and in 

photo-responsive devices (Chapter 6).  

In detail, in chapter 3, we will demonstrate the fabrication of multiplexed sensing 

devices based on DNA wrapped CNTs. We functionalised DNA-wrapped CNTs with 

specific and distinct aptamer sequences which were used as selective receptors to bio-
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analytes. These distinct CNTs were immobilised from solution onto pre-patterned 

electrodes via DEP on the same chip. Multiplexed detection of three different analytes 

was successfully performed and real time detection was achieved in serum. This 

strategy can be applied to develop the next generation portable diagnostic assays for 

the simultaneous monitoring of different health parameters. 

In chapter 4, we discuss how to control the orientation of proteins attached onto 

SWCNTs via click reaction. -lactamase binding proteins (BLIP2) were engineered 

with phenylazide handles at defined sites, which allowed us to control the orientations 

of BLIP attached to CNTs. Hence, we could control the local electrostatic surface 

presented within the Debye length when TEM -lactamase was binding to BLIP2, 

modulating the conductance gating effect. The devices gave distinct responses 

depending on TEM presenting either negative or positive local charge patches. This 

indicates that local electrostatic properties act as the key driving force for electrostatic 

gating. This in turn can improve our ability to build label-free directly gated electrical 

biosensors. 

In chapter 5, we show the assembly of SWCNTs encapsulated with metal precursors 

between electrodes. Since metal precursors were encapsulated inside the CNT 

templates, we were able to precisely control their size, shape and orientation via DEP. 

Multiscale characterization of the different fabrication steps revealed details of the 

structure and charge transfer between the material encapsulated and the carbon 

nanotube. Electrical measurements further demonstrated the successful fabrication of 

metal nanowire devices. The strategy presented allows facile, low-cost and direct 

synthesis of multiplexed metal nanowire devices for nanoelectronic applications. 

In Chapter 6, we show how individual SWCNTs of single chirality can be immobilised 

between electrodes. Additionally, we demonstrate the directed assembly of CdS-
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SWCNT hybrids for photodetection. Moreover, we successfully sorted single chirality 

SWCNTs, following a published protocol; this allowed us to then fabricate individual 

CNT devices of single chirality via DEP. Subsequently, the electrical properties of these 

devices were studied, including multiplexed devices containing semiconducting and 

metal CNTs. The sorted CNTs were used as templates to fabricate photodetectors, 

which exhibited photo response. This study shows the potential application of single 

chirality CNT in nanoscale photodetectors. Finally, in the last chapter, the thesis is 

summarised and concluded, and future challenges and outlook are discussed. 
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Chapter 2 Experimental Techniques 

 

2.1 Materials  

2-[Methoxy(polyethyleneoxy)6-9propyl]trimethoxysilane (PEG-silane) was purchased 

from Fluorochem. Ltd. Steroid free serum was purchased from MP Biomedicals, Inc. 

Dulbecco’s phosphate buffered saline (DPBS) was purchased from Thermo Scientific. 

All DNA sequences were obtained from Integrated DNA Technologies. Cortisol 

binding aptamer, Neuropeptide Y (NPY) binding aptamer and dehydroepiandrosterone 

sulfate (DHEAS) binding aptamer were already functionalized with an azide group on 

the 5’ terminal position (via N-hydroxysuccinimide ester reaction). The final sequences 

of the three aptamers are: 

Cortisol aptamer: 5’-azide-GGA ATG GAT CCA CAT CCA TGG ATG GGC AAT 

GCG GGG TGG AGA ATG GTT GCC GCA CTT CGG CTT CAC TGC AGA CTT 

GAC GAA GCT T-3’  

NPY aptamer: 5'-azide-AGC AGC ACA GAG GTC AGA TGC AAA CCA CAG CCT 

GAG TGG TTA GCG TAT GTC ATT TAC GGA CCT ATG CGT GCT ACC GTG 

AA-3'  

DHEAS aptamer: 5’-azide-CTG CTC TCG GGA CGT GGA TTT TCC GCA TAC 

GAA GTT GTC CCG AG-3’ 

The sequence of the DNA complementary to cortisol aptamer is 5’-AAG CTT CGT 

CAA GTC TGC AGT GAA GCC GAA GTG CGG CAA CCA TTC TCC ACC CCG 

CAT TGC CCA TCC ATG GAT GTG GAT CCA TTC C-3’.  

For the non-complementary control experiment, the sequence of the non-
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complementary DNA is 5’-GAT TCA GCA ATT AAG CTC TAA GCG ATC CGC 

AAC ACT GAC CTC TTA TCA AAA GGA GCA ATT AAA GGT ACT CTC TAA 

TCC TGA CGG G -3’. 

Metallic SWCNTs and 95% semiconducting SWNCTs were purchased from 

NanoIntegris. Dextran (DX), polyethylene glycol (PEG), and poly-vinylpyrrolidone 

(PVP) were purchased from Alfa Aesar. Qdot 585 Streptavidin Conjugates 

(streptavidin-wrapped QDs) were obtained from Thermo Scientific. Au/Cr 

Nanoelectrodes on silicon wafers, patterned with via electron beam lithography, were 

purchased from Con-Science. HiPco SWCNTs, CoMoCAT SWCNT, (7,6), (6,5) 

enriched SWCNTs and other chemicals were purchased from Sigma-Aldrich. 

 

2.2 Spectroscopic Techniques 

2.2.1 Ultraviolet-visible Spectroscopy  

Ultraviolet-visible Spectroscopy was performed using an Agilent Cary 100 UV-Vis. 

Generally, 50 µL solution samples were placed in a Hellma quartz cuvette with a light 

path of 3×3mm. 

 

2.2.2 High Performance Liquid Chromatography 

High performance liquid chromatography was performed using an Agilent 1100 series. 

Modified DNA (in Chapter 3) was purified with a Water XBrige Oligonucleotide BEH 

C18 Column in triethylammonium acetate buffer and acetonitrile. 

 

2.3 Chemical Techniques 

2.3.1 Carbon Nanotube Dispersion  

To prepare SWCNT devices via solution processable methods, I needed to prepare 
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SWCNT solutions first. In Chapter 3 and 6, DNA-wrapped SWCNTs were used. In 

Chapter 4 and 5, SWCNTs were dispersed in SDS solution. All the SWCNTs I used in 

this thesis are commercially available, hence reducing the costs of the experiments. 

Wrapping SWCNT with DNA, hence making them water-soluble, is an established 

procedure1. Briefly, 1mg of (7,6) enriched ((6,5) enriched) SWCNT was suspended in 

1mL of 1mg/mL aqueous DNA solution (the DNA sequence is (GTT)3G, (GTT)3G 

terminated with amine groups ((GTT)3G-amine) or (GT)20, 0.1M NaCl). The mixture 

was sonicated in an ice water bath for 60 minutes at a power of 3W (Sonics, VC130PB). 

Subsequently, the solution was centrifuged for 60 minutes at 13K rpm (Eppendorf 

5415C) to precipitate undispersed SWCNTs. The supernatant was collected and stored 

as the stock SWCNT solution (labelled with DNA-(7,6) CNT). 

SDS is an optimal surfactant which helps disperse SWCNTs in water. Generally, 0.1 

mg of 95% semiconducting SWCNT was suspended in 0.5 mL of 1wt% SDS solution. 

The mixture was sonicated for 60 minutes in an ice water bath. After sonication, the 

mixture was centrifuged for 60 minutes to remove undispersed SWCNTs. The 

supernatant was collected and stored as the stock SWCNT solution (labelled with SDS-

95S). 

 

2.3.2 Carbon nanotube-aptamer Hybrids Formation 

In chapter 3, I prepared SWCNT-aptamer hybrids. In detail, 1.0 mg (1R,8S,9s)-

Bicyclo[6.1.0]non-4-yn-9-ylmethyl N-succinimidyl carbonate (BCN-NHS) was 

dissolved in 42 µL dimethyl sulfoxide (DMSO), then diluted with 225 µL phosphate 

buffer (0.1 M, pH 9). 12 µL of 25 mg/mL of (GTT)3G-amine was added to the solution, 

and additional water (MilliQ) was added to get the total volume of 300 µL. After 

overnight incubation at room temperature, ethanol precipitation was used to remove 
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free BCN-NHS. 30 µL NaCl (3 M) and 825 µL ethanol (95%) were added to the mixture, 

kept in the freezer for 2 h and then centrifuged at 13 K rpm for 30 mins. The 

precipitation was washed with 70% cold ethanol (-20 ℃). After being dried, the 

modified DNA ((GTT)3G-BCN) was re-dissolved in 0.1 M NaCl. Subsequently, 3 KDa 

Amicon filter (Millipore) was used to further remove free BCN-NHS by centrifugation 

at 13K rpm for 10 mins three times. The final solution was diluted with 0.1 M NaCl 

and the volume was kept to 300 µL. 

0.2 mg (7,6) enriched SWCNTs were dispersed into the as prepared (GTT)3G-BCN 

solution (300 µL) by sonication for 30 mins. The mixture was centrifuged at 13K rpm 

for 30 mins to remove unwrapped SWCNTs. 

For the functionalization of SWCNT with aptamers, typically, 6 µL of as prepared 

SWCNT solution was mixed with 2 µL aptamer solution (100 µM) and 12 µL DPBS 

was added to the mixture. Then, the mixture was incubated at 37 ℃ overnight. After 

the reaction, the mixture was dialysed against water using Slide-A-Lyzer™ MINI 

Dialysis Devices with a 20 kDa cut-off (purchased from Thermo Scientific) overnight 

to remove free aptamers. 

 

2.3.3 Attachment of Proteins to Carbon Nanotube Devices 

In chapter 4, proteins were attached to SWCNT devices. In detail, 0.4 mg pyrene-NHS 

and 0.5 mg DBCO-amine were dissolved and mixed in 200 µL DMF to give a solution 

containing 5 mM of pyrene-NHS and 9mM of DBCO-amine. The mixture was placed 

on a shaker overnight at room temperature to form DBCO-pyrene. Subsequently, 10 

µL ethanol-amine was added to the mixture to block unreacted NHS groups.  

The prepared devices were immersed in the mixture solution for 1h. DBCO-pyrene 

would be immobilised onto the sidewall of SWCNT bundles via π-π stacking between 
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pyrene and SWCNTs. The devices were rinsed with iso-propanol and DPBS buffer after 

incubation. Subsequently, 20 µL azide modified BLIP variants (200 nM, in DPBS) 

were cast on the devices. After overnight incubation, the devices were rinsed with water 

and blown dried with nitrogen gas for atomic force microscopy (AFM) imaging. 

 

2.3.4 Synthesis of Metal Precursor Filled SWCNTs  

Our collaborator, the Thomas group, synthesized the metal precursor filled SWCNTs 

(M(acac)2@SWCNT) for this experiment. In a general method, metal precursor 

(M(acac)2, 90 mg, where M = Pt, Cu or a mixture of Pt:Cu in a 1:1 ratio of atomic %) 

and freshly opened SWCNTs (25 mg) were sealed together under vacuum (10-3 mbar) 

in a Pyrex ampoule and heated at 150 oC for 3 days to ensure penetration of the 

SWCNTs by the M(acac)2. The ampoule was cooled rapidly in ice-water and repetitive 

washing with dichloromethane (4×25 mL) was performed, followed by filtration to 

remove any excess material from the exterior of the SWCNT, forming 

M(acac)2@SWCNT. Under an atmosphere of argon, M(acac)2@SWCNT (10 mg) was 

heated at 500 oC for 1 h and allowed to cool down slowly forming M@SWCNT. 

 

2.3.5 Separation of Single Chirality SWCNTs 

My colleagues, Zamaan and Giuseppe performed the separation of single chirality 

SWCNTs following a previously published strategy.2 SWCNT mixture wrapped with 

DNA sequence ((CCG)2CC) was added to a polyethylene glycol/dextran (PEG/DX) 

ATP system. After vortex and centrifuge, (6,5) species was enriched in the DX-rich 

bottom phase. The DX-rich bottom phase and SWCNTs residing in it were collected as 

the starting materials for further purification. A blank PEG/DX was added to the bottom 

phase, forming a new ATP system. Poly(vinylpyrrolidone) (PVP) serving as a 
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modulating agent was added to the ATP system to further facilitate the separation. After 

repeating the purification process, highly enriched (6,5) species was obtained. 

(7,5) species was separated and purified via a similar process. Briefly, the SWCNT 

mixture was initially wrapped with DNA sequence (ATT)4. Subsequently, the DNA 

wrapped SWCNT mixture was subsequently added to a (PEG + poly(ethylene glycol) 

diamine (PEG-DA))/DX system. After vortex and centrifuge, DX-rich bottom phase, 

in which (7,5) species was enriched, was collected as the starting materials for further 

purification. By repeating the purification process, highly enriched (7,5) species was 

obtained. 

 

2.4 Sample deposition  

2.4.1 Deposition of Carbon Nanotubes 

To deposit samples on a mica substrate, a mica disc was freshly cleaved three to five 

times with sticky tape and 50 µL of 1M MgSO4 was cast on the substrate. After a few 

minutes incubation, the mica was blown dried with compressed air. Subsequently, 20 

µL of the SWCNT solution was cast on the mica and incubated for 20 minutes. The 

substrate was then rinsed with water and dried with compressed air. 

For deposition on a silicon substrate, a silicon wafer was diced into 1×1 cm2 chips. 

These chips were immersed in acetone and sonicated for 10 minutes, followed by 

rinsing with ethanol and water and blown dried with compressed air. Subsequently, 

these chips were exposed to oxygen plasma for 5 minutes on high power. 20 µL of the 

SWCNT solution was cast on the chips and incubated for 20 minutes. The substrate 

was then rinsed with water and dried with compressed air. 
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2.4.2 Immobilisation of Carbon Nanotubes Between Electrodes 

Dielectrophoresis (DEP) was performed to immobilise SWCNTs between prepatterned 

gold electrodes by applying an alternating current (AC) voltage between the electrode 

pairs after having cast the SWCNT solution on the electrodes. Gold is chosen since it 

is chemically stable, hence I can perform chemical reactions on these electrodes. Cr is 

the adhesion layer to increase the affinity between gold and the silicon substrate. 

 By tuning the parameters of DEP, such as the amplitude and frequency of the AC 

voltage, the duration of DEP and the concertation of the SWCNT solution, I can control 

the immobilization between one to few tens of CNTs bridging the electrodes. The 

frequency of the AC voltage mainly determines the type of CNTs (semiconducting or 

metallic) immobilised between electrodes. Therefore, AC voltage of f = 400 or 500 KHz 

was used to immobilise a mixture of semiconducting and metallic tubes while AC 

voltage of f = 5 MHz was used to immobilise metallic tubes. To simplify the process of 

DEP optimisation, the AC voltage was set in the range of 2-6 V, and the duration of 

DEP was set in the range of 20-60 s. AFM was used to check the results of DEP 

(whether CNTs were immobilised or how large the CNT bundles are). Therefore, to 

optimise DEP parameters is to control the concentration of CNT solution: if there are 

no CNTs immobilised (the number of CNTs are not enough), I would increase the 

concentration of CNT solution; if there are big bundles of CNTs, I would decrease the 

concentration of CNT solution. Similarly, I can also increase the AC voltage or duration 

of DEP to immobilise more CNTs.  

In Chapter 3, I used DNA wrapped SWCNTs and I preferred semiconducting SWCNTs 

bridging the gap. Therefore, the frequency of the generator was switched onto typically 

Vp-p = 3V at f = 400 KHz; a drop of CNT-aptamer hybrids solution (5 µL, ~100 ng/mL) 

was cast to the chip with a pipette. After a delay of typically 30 seconds, the substrate 
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was washed with water and blown gently with nitrogen gas. 

In chapter 4, 95% semiconducting SWCNTs were dispersed in SDS aqueous solution. 

To immobilise a small bundle of SWCNTs between electrodes, DEP was performed by 

applying an AC voltage between electrodes after SDS-dispersed SWCNT solution was 

cast on the electrodes. Typically, the frequency of the generator was switched onto Vp-

p = 3 V at f = 400 KHz. The as prepared CNT solution was diluted by 100-fold and cast 

onto the chip with a pipette (5 µL). After a delay of 10 seconds, the substrate was 

washed carefully with water to remove SDS and blown gently with nitrogen gas. 

Electrical measurement was performed to confirm the immobilisation of SWCNTs 

between electrodes. 

In Chapter 5, the copper precursor filled SWCNTs (Cu(acac)2@SWCNT) were 

dispersed in aqueous SDS solution (1wt%). To immobilise an individual 

Cu(acac)2@SWCNT via DEP, the stock solution was diluted 40-fold and cast on 

electrodes with a pipette. The frequency of the AC voltage was switched to typically 

Vp-p = 3 V at f = 500 KHz. After 20 seconds duration, the chip was washed with water 

and blown gently with nitrogen gas. To immobilize a bundle of Cu(acac)2@SWCNT 

via DEP, the stock solution was diluted 15-fold and cast onto the electrodes. The 

frequency of the generator was switched onto typically Vp-p = 3 V at f = 500 KHz. After 

a delay of typically 25 seconds, the substrate was washed with water and blown gently 

with nitrogen gas.  

The method to prepare platinum precursor-filled CNT (Pt(acac)2@SWCNT) (and 

[Pt(acac)2 + Cu(acac)2]@SWCNT) solution is similar to the method above. However, 

the final concentration of this SWCNT solution was lower than that of the 

Cu(acac)2@SWCNT solution after centrifugation. The original solution of 

Pt(acac)2@SWCNT was diluted 20-fold and cast on electrodes with a pipette to 
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immobilize an individual SWCNT. The frequency of the generator was switched onto 

typically Vp-p = 3 V at f = 500 KHz. After a delay of typically 15 seconds, the substrate 

was washed with water and blown gently with nitrogen gas. To immobilize a bundle of 

CNT filled with platinum precursor via DEP, the original solution was diluted 10-fold 

and cast onto electrodes. After a delay of typically 20 seconds, the substrate was washed 

with water and blown gently with nitrogen gas.  

In chapter 6, I demonstrated the immobilisation of individual SWCNTs. My colleagues, 

Zamaan and Giuseppe, performed the separation of single chirality semiconducting (6, 

5) and (7, 5) species from a mixture. Subsequently, these (6, 5) and (7, 5) were 

centrifuged against a filter with a 100 KDa cut-off to remove organic polymers 

dissolved in the solutions. 

To immobilise an individual (6, 5) species, the AC voltage of the generator was 

switched onto typically Vp-p = 2 V at f = 400 KHz. The as-prepared solution was diluted 

100-fold and drop-cast onto the prepatterned electrode pairs with a pipette. After a 

duration of 15 seconds, the samples were rinsed with water and blow-dried gently with 

nitrogen gas. 

To immobilise an individual (7, 5) species, the AC voltage of the generator was 

switched onto typically Vp-p = 2 V at f = 400 KHz. The as-prepared solution was diluted 

10-fold and drop-cast onto the prepatterned electrode pairs with a pipette. After a 

duration of 10 seconds, the samples were rinsed with water and blow-dried gently with 

nitrogen gas.  

To immobilise a metallic SWCNTs, the AC voltage of the generator was switched onto 

typically Vp-p = 2.5 V at f = 5 MHz. The as-prepared solution was diluted 80-fold and 

drop-cast onto the prepatterned electrode pairs with a pipette. After a duration of 10 

seconds, the samples were rinsed with water and blow-dried gently with nitrogen gas.  
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AFM was used to check the diameters of the immobilised SWCNT. If the diameter was 

in the range of 1-2 nm, we considered this as an individual SWCNT. 

Generally, the resistance of the devices containing individual DNA wrapped SWCNTs 

is very high and we cannot measure the current through these devices. Therefore, to 

measure the conductance, annealing treatment is required. 

I also immobilised metal sulfide-SWCNT (CdS-SWCNT and PbS-SWCNT) hybrids 

between electrodes for photodetection, which were prepared by my colleague, Qingyu. 

The hybrids solution was dialysed against water against water using Slide-A-Lyzer™ 

MINI Dialysis Devices with a 20kDa cut-off to remove ions in solution. Subsequently, 

the solution was diluted for 5-fold and drop-cast onto the electrodes. AC voltage of Vp-

p = 5 V at f = 400 KHz was applied to the electrodes. After a delay of typically 20 

seconds, the substrate was washed with water and blown gently with nitrogen gas. 

Electrical measurement was performed to confirm the deposition of the hybrids. 

 

2.4.3 Annealing Treatment 

Annealing treatment was performed in a tube furnace under the protection of nitrogen 

gas at a flow rate of 500 mL/min. The temperature was set to be 200 ℃ with an increase 

rate of 10 ℃ per minute. After a duration of 1h at 200 ℃, the samples were cooled 

down to room temperature under the protection of nitrogen gas. 

 

2.4.4 Oxygen Plasma Treatment  

Oxygen plasma treatment was performed to remove SWCNTs in the samples with a 

Harrick oxygen plasma cleaner (PDC-32G-2, 18 W).  

In chapter 5, I exposed the devices to oxygen plasma to remove SWCNT templates. In 

detail, I exposed these samples for 10 seconds, and checked their conductivities 
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afterwards, and repeated this process until the source-drain current (Isd) was 

independent on the gate voltage (Vg) (generally, I repeated this process 5-6 times, and 

the final resistance of the devices was around 10 MΩ). I also immobilized SWCNT 

bundles (without any precursors) between electrodes as a control experiment. The 

nanotubes can be easily removed in 20-30 seconds when they were exposed to oxygen 

plasma. 

To reuse the chips patterned with electrodes where SWCNTs had been deposited, I 

employed sonication combined with oxygen plasma. The chips were immersed in 

acetone and experienced sonication for 2 mins. This can remove the majority of 

SWCNTs, but a few residues remained in the gaps. Subsequently, the chips were 

exposed to oxygen plasma to remove the remaining residues. 

 

2.5 Atomic Force Microscopy Techniques 

Atomic force microscopy (AFM) is a high-resolution type of scanning probe 

microscopy (SPM). Using a mechanical probe, AFM allows the scanning of the 

morphology of surfaces and interfaces with high resolution: vertical resolution on the 

order of fractions of a nanometer and lateral resolution of a few nanometers.3 

A typical AFM configuration is shown in Figure 2.1. AFM scans the specimen surface 

by using a cantilever with a sharp tip (probe) of which the tip radius is usually on the 

order of nanometers.4 The cantilever is flexible with a sensitive spring constant. When 

the tip is approaching the surface, forces between the tip and the sample occur and lead 

to a deflection of the cantilever, according to Hooke’s law.5 This deflection is monitored 

by the laser beam, which causes measurable signals in the photodetector. Thus, the 

deflection of the cantilever can be measured and in turn the force between the tip and 

the surface. By measuring the force, AFM can provide a 3D profile of the surface at 
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nanoscale. 

 

Figure 2.1 Typical AFM configuration: (1) stage, (2) sample to be measured, (3) 

cantilever, (4) tip, (5) piezoelectric element (to oscillate cantilever at its frequency), (6) 

laser beam and (7) photodetector of the deflection and motion of the cantilever.  

 

Different types of forces can be measured in AFM, including mechanical contact force, 

van der Waals forces, electrostatic forces, magnetic forces and chemical bonding: hence 

AFM can provide information about various properties of the samples. Herein, we only 

focus on the measurement based on van der Waals forces.  

Generally, the tip-surface interaction is described by the Lennard-Jones potential6: 

 

𝑈𝐿𝐽 = 𝑈0 [(
𝑟0

𝑟
)12 − 2(

𝑟0

𝑟
)6]                                            (1) 

where 𝑟 is the tip-surface distance, 𝑟0 is the tip-surface distance at which the potential 

reaches its minimum, and 𝑈0  is the minimal value of the potential. Based on the 

equation, the tip-surface force as a function of distance is shown in Figure 2.2. (
𝑟0

𝑟
)12 

can be attributed to the short range repulsive forces, while (
𝑟0

𝑟
)6 can be attributed to the 

long range attractive forces. When the tip is in very close proximity to the surface (a 

few angstrom), a strong repulsive force occurs, which is attributed to the exchange 

interactions caused by the overlap of the electronic orbitals at atomic distances. When 
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the tip is moving away from the surface, an attractive force occurs mainly due to van 

der Waals force.  

 

Figure 2.2 Tip-surface force as a function of distance.7 

 

Based on the nature of the tip motion, the AFM working modes can be classified into 

three types: contact mode, non-contact mode and tapping mode. In contact mode, the 

tip is kept constant on the surface in the repulsive zone and the contours of the surface 

are commonly measured using the feedback signal required to keep the cantilever at a 

constant position. In non-contact mode, the tip does not contact the surface, but instead 

oscillates at the resonant frequency in the attractive zone. When the tip is approaching 

the surface, the van der Waals forces cause decrease in the resonance frequency of the 

cantilever. This decrease combined with the feedback loop system maintains the 

constant oscillation amplitude by adjusting the tip-to-sample distance. Thus, 

topographic images of the sample surface can be constructed by measuring the tip-to-

sample distance. 
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Tapping mode is the most frequently used AFM mode. In tapping mode, the cantilever 

is driven to oscillate up and down at or near its resonance frequency. The frequency 

and amplitude of the driving signal are kept constant, resulting in a constant amplitude 

of the cantilever oscillation as long as there is no interaction between the tip and surface. 

When the tip is approaching the surface, the force between the tip and surface cause 

decreases in the oscillation amplitude. This amplitude is used as the parameter to 

control the distance of the cantilever to the surface to maintain the cantilever oscillation 

amplitude. Therefore, an AFM image can be produced by imaging the force of the 

intermittent contacts between the tip and the surface. Thanks to the oscillating contact, 

tapping mode can achieve a higher lateral resolution compared to non-contact mode, 

and does not damage “soft” surfaces which may occur in contact mode.  

Figure 2.3 shows a typically graph of tip-surface force as a function of time at a pixel.8 

When the tip is approaching the surface, attractive force dominates and reaches the peak 

at point B. As the tip continues approaching, attractive force decreases while repulsive 

force starts to dominate and reaches the peak at point C. Similar phenomena can be 

observed when the tip is withdrawing from the surface. The force at point D is larger 

than that at point B due to the adhesion of the tip to the surface before being withdrawn. 
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Figure 2.3 Tip-surface force as a function of time of An AFM tip approaching and 

withdrawing from the surface: A and E refer to the force at approach and withdraw, B 

represents the initial contact with the surface, C denotes the peak force and D denotes 

the adhesion of the tip to the surface before being withdrawn.8 

 

In this work, Peak Force Tapping was the main approach to image AFM samples, in 

which the peak force for each measurement is used as the feedback signal to create the 

AFM image. A “setpoint” is defined to tell the feedback loop what amplitude to 

maintain during scanning. Peak Force Tapping is particularly useful since the force can 

be precisely controlled which allows lower forces to be used compared to standard 

tapping mode, hence allowing the higher resolution scanning of more delicate samples. 

In this work, the topographic analysis of the electrodes and the SWCNT samples was 

performed with a Bruker Dimension Icon atomic force microscope (AFM) (Figure 2.4). 

For measurements in air, silicon nitride ScanAsyst probes with a spring constant of 0.4 

N/m from Bruker were used. Generally, the frequency of the sample scanning was 

around 1 Hz per line with a setpoint of 0.03 V.  
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Figure 2.4 Image of the Bruker Dimension Icon AFM system 

 

2.6 Electrical Measurements 

Electrical measurements were performed using a probe station (PS-100, Lakeshore) 

equipped with a semiconducting parameter analyser (Keithley, 4200SCS) at room 

temperature (Figure 2.5). The semiconductor parameter analyser can measure and 

analyse electrical characteristic of different types of semiconductors, electronic devices 

and materials since it integrates multiple measurement and analysis capabilities. In this 

work, I used the analyser to perform the current-voltage (I-V) measurement, transfer 

characteristics (source-drain current versus gate voltage, Isd-Vg) measurement, and 

Current-time (Isd-t) measurement. 
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Figure 2.5 Image of (a) the semiconducting parameter analyser and (b) the probe 

station. 

 

2.6.1 Current versus Voltage Measurement 

To measure the current through CNT devices as a function of voltage, two terminals 

mode was chosen. Devices were placed in the chamber of the probe station and linked 

to the analyser though cables. Generally, Probe 1 was linked to the separate electrode 

of the devices while Probe 4 was linked the common electrode of the devices. Probe 1 

was set to bias sweeping mode (-1V to 1V) at a step of 0.05 V while Probe 4 was 

grounded. 

 

2.6.2 Transfer Characteristics Measurement 

To measure the transfer characteristic of CNT devices, three terminals mode was 
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chosen. Similarly, devices were placed in the chamber of the probe station and linked 

to the analyser though cables. I scratched a small area of the surface of the devices to 

remove the layer of SiO2, which would be used as the backgate electrode. Generally, 

Probe 1 was set as the source electrode where a fixed voltage was applied (0.1V) and 

Probe 4 was grounded. Probe 3 was linked to the backgate electrode with a bias 

sweeping mode from -15V to 15V. 

 

2.6.3 Current as a Function of Time Measurement  

To measure the I-t trace of CNT devices, three terminals mode was chosen. I linked 

Probe 1 to the separate electrode and Probe 4 to the common electrode. Probe 1 was set 

as source electrode where a fixed voltage was applied (0.1V) and Probe 4 was grounded. 

Probe 2 was linked to the backgate of the substrate and grounded. 

In the real time detections in chapter 3 and 4, analyte solutions were added to the 

devices when the analyser was recording the current through the devices. In the 

photodetection in chapter 6, lasers of different wavelength (typically, red, green and 

blue) were shined to the devices when the analyser was recording the current through 

the devices. 
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Chapter 3 Reconfigurable Carbon Nanotube Multiplexed 

Sensing Devices 

 

3.1 Introduction 

In this chapter, we present a facile strategy for the fabrication of reconfigurable and 

solution processable nanoscale biosensors for the detection of biomarkers with multi-

sensing capability. Biomarkers play important roles in the early detection of disease 

and physiological dysfunction.1–4 In this context, miniaturized/portable sensing 

apparatuses for biomarkers allow for continuous functionality in diagnostic or 

treatment.5 Developing a platform for achieving this is of importance to both 

fundamental biology and practical point of care and home diagnosis, where low-cost 

processability and multipurpose analysis capability are among the most sort-out 

features that sensing devices would need to possess. 

Many detection methods have been employed so far, from the use of enzymes, to 

nanoparticles, nanopores, as well as electrochemical and mechanical strategies.6–13 

Notably, biosensing platforms that allow for the simultaneous detection of several types 

of biotargets on a single platform have been fabricated;14–17 while these results are 

promising, challenges still remain in terms of fabrication and power costs, as well as 

biochip size, mainly due to the top-down fabrication methods employed.  

In this regard, electrical detection methodologies based on nanomaterials can offer 

unique advantages, such as simplicity, low-cost fabrication, and label-free real-time 

electrical detection in a non-destructive manner,18,19 as well as the ability to be 
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effectively merged with miniaturized hardware.20–24 In particular, there has been great 

interest in the use of one-dimensional nanostructured materials,25–28 and single walled 

carbon nanotubes (SWCNTs) emerged as strong candidates.29–36 It has been 

demonstrated that target biomolecules in close proximity to SWCNTs can alter their 

electronic properties via various mechanisms;37–45 additionally, the application of 

SWCNTs ensures appropriate size compatibility with biological analytes.19,31 

The application of nucleic acid aptamers as the sensing moieties on SWCNT electrical 

platforms has emerged of particular interest due to: i) aptamers’ high affinity and 

specificity (comparable with those of antibodies); ii) little or no batch-to-batch variation 

in their production (unlike antibodies); and iii) the easiness in their design and 

engineering.46,47,56,48–55 Nevertheless, the fabrication of these sensing platforms is still 

costly and time-consuming, typically involving numerous fabrication steps, from 

chemical vapor deposition of the CNTs, to lithographic patterning. Moreover, and most 

importantly, the SWCNT-aptamer biosensing devices so far presented do not allow for 

multi-sensing capability nor low-cost processability (ideally from solution). 

Here we present a strategy for the facile fabrication of reconfigurable and solution 

processable nanoscale multiplexed biosensors, based on SWCNTs. DNA-wrapped 

(hence water-soluble) SWCNTs57 functionalized with specific nucleotide sequences 

were employed as selective recognition elements. Distinct SWCNT-aptamer hybrids 

were then immobilized on the same chip from solution onto pre-patterned electrodes 

via dielectrophoresis (DEP). This allowed us to fabricate a multisensing platform for 

the simultaneous electrical detection of different biomarkers. As a proof-of-concept, we 

employed our devices for both the selective detection of ss-DNA (i.e. hybridization 

events) and, most notably, the label-free multiplexed sensing of cortisol,58,59 

neuropeptide Y (NPY),60,61 and dehydroepiandrosterone-sulfate (DHEAS),62,63 due to 
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the roles of these biomarkers in various physiological processes such as energy 

metabolism, blood pressure regulation, cognitive function, post-traumatic stress 

disorder and traumatic brain injury.59,61 We demonstrate the real-time detection of these 

hormones at their physiological relevant concentrations, from pM to µM; additionally, 

we show how the platform developed is reconfigurable and reusable via a simple 

cleaning procedure.  

 

3.2 Formation of SWCNT-aptamer hybrids 

In order to tether aptamers to SWCNTs, and form SWCNT-aptamer hybrids, we 

modified wrapping DNA sequences ((GTT)3G-amine) with (1R,8S,9s)-

Bicyclo[6.1.0]non-4-yn-9-ylmethyl (BCN) groups (see section 2.2.1 and 2.2.2). N-

hydroxysuccinimide esters (NHS) can easily react with amine groups. This allowed us 

to covalently functionalise DNA with BCN groups (see Figure 3.1). 

 

Figure 3.1 Scheme for the modification of (GTT)3G-amine with BCN groups. 

 

To demonstrate the successful modification of (GTT)3G-amine with BCN group, we 

analysed (GTT)3G-BCN and (GTT)3G-amine samples with HPLC (High Performance 

Liquid Chromatography, Agilent LC 1100, XBridge Column Reversed-Phase 2.5 µm, 

4.6 mm × 50 mm) (see section 2.1.2). As shown in Figure 3.2, HPLC analysis of the 
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BCN-ssDNA compared to the amine-ssDNA shows a shift in the retention time of the 

more hydrophobic BCN-ssDNA, suggesting the successful BCN functionalization of 

the DNA following the BCN-NHS chemistry on the amine-terminated DNA. 

 

Figure 3.2 HPLC analysis of the chemical modification of (GTT)3G-amine to 

(GTT)3G-BCN. 

 

Subsequently, BCN-functionalised DNA was used to wrap (7,6) enriched SWCNTs 

(BCN-SWCNT) (see section 2.2.1). Single-stranded DNA would tightly bind onto the 

sidewall of CNTs via π-π stacking, making SWCNTs soluble in aqueous solution, while 

BCN groups were still available for chemical reaction. Aptamers terminated with azide 

groups were then used to react with BCN-SWCNT via a simple copper-free 

cycloaddition (click reaction), directly in solution and without altering the electronic 

properties of the nanotubes by covalent attachment, forming SWCNT-aptamer hybrids 

(see Figure 3.3).64 The yield of the click reaction is more than 70%. 
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Figure 3.3 Scheme for the tethering of SWCNTs with aptamers on the sidewall. 

 

Notably, the reaction of different azide-terminated aptamers to separate solutions of 

BCN-SWCNT permits the preparation of distinct aptamer-functionalized SWCNTs 

solutions. We employed this strategy to produce three different solutions of SWCNTs, 

each functionalized with a distinct aptamer selective to a specific biomarker, namely 

cortisol, NPY, and DHEAS: the schematic in Figure 3.4 outlines this approach. 

 

Figure 3.4 DNA-wrapping of the SWCNTs and tethering of different aptamers: cortisol 

(orange), NPY (green) and DHEAS (red) binding aptamers. 
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In order to verify the successful functionalization of DNA wrapped SWCNTs with the 

employed aptamers, we hybridized cortisol aptamer-functionalized nanotubes with 

complementary ss-DNA directly in solution, then cast these on muscovite mica 

substrates and imaged them with AFM (see section 2.3.1 and 2.4). Figure 3.5 shows 

representative AFM images of the SWCNT-aptamer hybrids before and after 

hybridisation with the complementary strands. Before DNA hybridisation (Figure 

3.5a), ss-DNA (cortisol aptamers) around SWCNTs are not visible in the AFM image 

since ss-DNA are flexible and not rigid enough, hence randomly distributed. After 

hybridisation (Figure 3.5b), the double stranded (ds) DNA portion protruding out of the 

nanotubes is clearly visible in the samples that were exposed to the aptamer’s 

complementary sequence, demonstrating that the functionalization strategy was 

successful. These AFM images also demonstrate that the nucleic acid aptamers are 

present on the SWCNTs and are accessible to other biomolecules, ss-DNA in this case 

(an important feature for the subsequent use of these hybrids as selective recognition 

elements in a device). From the analysis of AFM images of multiple nanotubes in 

different samples, we determined the height of the ds-DNA was about 1nm and the 

length of ds-DNA was about 20 nm. We also determined that each SWCNT exhibited 

on average 4 ± 2 aptamers per 100 nm, and that these are available for hybridization. 

Additionally, it is reasonable to assume that the tens of nm distance between the 

aptamers on each nanotube will prevent potential detrimental crowding effects on the 

biosensing properties of these hybrids once immobilized in a device.    
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Figure 3.5 AFM images, and cartoon insets, of aptamer-functionalized SWCNTs (a) 

without and (b) with hybridized ss-DNA sequences. The yellow arrows show the 

hybridized aptamers along the nanotubes. Z-scales = 2.5 nm 

 

To further demonstrate the successful functionalisation, we labelled aptamers with 

quantum dots (QDs, Qdot 585 streptavidin conjugate, with a diameter of about 10 nm). 

As shown in Figure 3.6, complementary ss-DNA terminated with biotin groups was 

used to hybridise the aptamer sequence in the SWCNT-aptamer heterostructures. As a 

control experiment, we also hybridised complementary ss-DNA without biotin groups 

with the SWCNT-aptamer hybrids. Subsequently, streptavidin functionalised QDs were 

added to these samples since streptavidin can easily bind to biotin groups. After 

incubation, the samples were deposited on a mica substrate and scanned with AFM. 

 

Figure 3.6 Scheme for the formation of SWCNT-QDs hybrids. 
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It can be clearly seen that in Figure 3.7a, when the complementary ss-DNA is 

terminated with biotin groups, QDs are attached onto the sidewall of SWCNTs. Due to 

the large difference in the height between QDs (c.a.10nm) and ds-DNA (c.a. 1nm), we 

can observe QDs attached on the sidewall of SWCNTs in AFM images. In the control 

experiment in which complementary ss-DNA without biotin groups (Figure 3.7b), QDs 

and SWCNTs are randomly distributed on the mica substrate. This demonstrates that 

the attachment of QDs to SWCNTs results from biotin-streptavidin interaction, further 

confirming the successful hybridisation between aptamers and the complementary 

DNA sequences. 

 

Figure 3.7 AFM images of the formation of SWCNT-QDs hybrids (a) with biotin 

groups and (b) without biotin groups. 

 

3.3 Fabrication of SWCNT-aptamer devices and electrical detection of DNA 

hybridisation 

The CNT-aptamer hybrids prepared as described in the previous section (3.2), were 

immobilised between pre-patterned gold electrodes via DEP. With optimised 

parameters, we were able to immobilise a small bundle of CNT-aptamer hybrids 

between electrodes (see section 2.3.2). Figure 3.8 shows the schematic of the strategy 
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utilised, as well as a representative AFM image of CNT-aptamer hybrids aligned 

between two pre-patterned electrodes. As DEP strategy is a well-developed technique, 

the yield of CNT-aptamer devices is more than 90%. 

 

Figure 3.8 DEP of SWCNT-aptamer hybrids with the corresponding AFM picture. S, 

D and G indicate respectively the source, drain and gate (electrodes). Z scales = 10 nm. 

  

To confirm the accessibility of the nucleotide recognition element within the SWCNT-

aptamer hybrids immobilized in the device configuration, we performed in-situ DNA 

hybridization experiments exposing the chip to the cortisol aptamer’s complementary 

ss-DNA, and recording the electrical response of the device in dry condition (in air) 

when the ds-DNA (double-stranded) was formed (see section 2.5). Figure 3.9 shows a 

representative electrical response of the SWCNT-aptamer field effect transistor (FET), 

before and after DNA hybridization. After the first formation of ds-DNA (red curve), 

the source-drain current through the FET increased significantly, while after 

denaturation (blue curve), the current recovered to the initial level. This suggests that 

the CNT-aptamer devices can be used to detect DNA hybridisation. Moreover, we were 
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able to use the same chip to perform a second detection of DNA hybridisation (green 

curve), suggesting that the devices are reusable, which is an ideal feature of biosensors. 

 
Figure 3.9 Electrical response of the SWCNT-aptamer field effect transistor, before 

(black) and after DNA hybridization (red) and DNA denaturation (blue), and an 

additional cycle of DNA hybridization (green) and DNA denaturation (purple). Vsd = 

100 mV. 

 

Control experiments were carried out to further demonstrate that the change in current 

comes from the occurred recognition of the complementary ss-DNA to the aptamer in 

the SWCNT-based devices. Another CNT device where DNA wrapped SWCNTs 

(without aptamers) were immobilised were exposed to the complementary ss-DNA and 

the electrical response was recorded, as shown in Figure 3.10. Obviously, there is no 

significant change in current in these devices, confirming that only devices 

functionalised with aptamers can give a response to complementary ss-DNA. 



Chapter 3 Reconfigurable Carbon Nanotube Multiplexed Sensing Devices 

92 
 

 
Figure 3.10 Isd vs Vg characterization of the non-functionalized device before and after 

exposure to the ssDNA, Vsd = 100 mV. 

 

We also performed experiments to demonstrate the selectivity of the SWCNT-aptamer 

devices. Figure 3.11 shows a representative electrical response of a CNT-aptamer 

device when it was exposed to complementary and non-complementary ss-DNA. As 

shown in the figure, there was no significant change in current when the device was 

exposed non-complementary ss-DNA (red curve). However, subsequent exposure of 

the device to complementary ss-DNA induced an increase in current (blue), 

demonstrating that the device is selective to specific DNA sequences.  We also 

denatured the formed ds-DNA using formamide solution, without affecting the 

electrical properties of the SWCNT-aptamer hybrids,65 which induced a recovery of the 

current to initial state (green curve). Second hybridisation was performed by exposing 

the same device to complementary ss-DNA, which induced an increase in current as 

shown in purple curve. This further demonstrates that the device is reconfigurable and 

reusable. The observed change in current can be attributed to a potential scattering 
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mechanism occurring upon the rearrangement of the aptamer’s conformation due to 

DNA hybridization.66 

 
Figure 3.11 Isd vs Vg characterization of the device functionalized with cortisol aptamer 

before (black) and after exposure to non-complementary DNA (red), after exposure to 

complementary DNA (blue), after DNA denaturation (green) and a second 

hybridization with the complementary DNA (purple). Vsd = 100 mV. 

 

3.4 Multiplexed detection of three analytes 

In order to use the devices for multipurpose analysis, we assembled SWCNT-aptamer 

hybrids exhibiting distinct bio-recognition elements at different locations on the same 

chip. One of the attractive features of DEP strategy is that CNT-aptamer hybrids can 

only be immobilised between electrodes where voltage is applied. Therefore, by 

separately addressing distinct electrodes pairs it is possible to immobilise, via DEP, n 

aptamer-functionalised SWCNTs between n different electrode pairs. The organisation 

of distinct SWCNT-aptamer hybrids from solution to surfaces in parallel 2D device 

configurations on the same chip can then allow for the fabrication of multifunctional, 

high-throughput bio-electronic devices with parallel multi-purpose sensing capability 
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(see Figure 3.12). The electronic devices prepared in this way should indeed withstand 

and respond to various environmental changes on the same substrates, depending on 

the different aptamers employed: upon recognition of an analyte, the specific aptamer 

will undergo a structural rearrangement and induce a change in the electrical response 

(resistance) of the CNT embedded in the device.67,68 

 
Figure 3.12 Schematic of the DEP strategy employed for the fabrication of multi-

sensing devices. 

 

we immobilized two distinct SWCNT-aptamer hybrids on separate electrode pairs on 

the same chip. The aptamers target the aforementioned biomarkers indicative of stress 

and neuro-trauma conditions, namely, cortisol and NPY. This step is marked as “after 

DEP” in the curves shown in Figure 3.13. We performed subsequent detection 

experiments on the same chip, employing different solutions containing either one, two 

biomarkers and recorded the electrical response of the device in dry condition (in air). 

As shown in Figure 3.13, after immersing the devices into a solution only containing 

cortisol solution, only devices with cortisol aptamers (cortisol sensor) gave a significant 

response in current, while there was no change in current in devices with NPY aptamers 

(NPY sensor). The devices can be easily cleaned with urea solution,69 and the current 
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recovered to the initial state (see the curves in black after cleaning). An opposite 

response was observed when the devices were immersed in a solution only containing 

NPY. After being cleaning with urea, the devices were immersed in a solution 

containing both cortisol and NPY, which induced a significant decrease in current in 

both cortisol and NPY sensors. This suggests that we are able to perform multiple 

detection tests on the same chip, without any crosstalk between the different devices 

selective to the other analytes, nor any false-positive signals. 

 
Figure 3.13 Electrical responses of Cortisol and NPY biosensors on the same chip (Vsd 

=100 mV): the + sign indicates the addition/presence of the analyte of interest; the 

“cleaning step” indicates the addition of 8M of urea in order to regenerate the sensor 

after each detection; “after cleaning” indicates the measurements performed after this 

step. 



Chapter 3 Reconfigurable Carbon Nanotube Multiplexed Sensing Devices 

96 
 

 

Similarly, three distinct SWCNT-aptamer hybrids (i.e. cortisol, NPY and DHEAS) 

were immobilised between separate electrode pairs, on the same chip. We also 

performed subsequent detection experiments on the same chip, employing different 

solutions containing either one, two or all three biomarkers. Similarly, upon selective 

binding of a analyte to the specific aptamer tethered to the SWCNTs, we observed a 

reduction in the current response only for the corresponding device on the chip, again 

without any crosstalk between the different devices selective to the other analytes, nor 

any false-positive signals (see Figure 3.14). Notably, each distinct nanoscale device on 

the chip could be reversed to its initial state by removing the analyte bound to the 

aptamer by immersing the devices into a urea solution (“cleaning” in Figure 3.14). We 

performed multiple detection tests on the same chip, and successfully demonstrated the 

multiplexed electrical detection of the three biomarkers of interest. 

 
Figure 3.14 Multiplexed sensing: electrical responses of the different biosensors on the 

same chip(Vsd =100 mV): the + sign indicates the addition/presence of the analyte of 

interest; the “cleaning step” indicates the addition of 8M of urea in order to regenerate 
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the sensor after each detection; “after cleaning” indicates the measurements performed 

after this step. 

 

We further investigated the real-time detection of cortisol, DHEAS, and NPY, at their 

relevant physiological concentrations in serum, i.e. from 100 pM to 1 µM. The devices 

were first immersed in serum and the electrical response was recorded simultaneously; 

subsequently, different concentrations of each biomarker were added to the devices at 

different time intervals, which induced decease in current (see Figure 3.15). This is in 

line with previous electrical detection (see Figure 3.14). The electrical response 

increased with the change in concentration; we detected in real-time concentrations of 

cortisol, DHEAS and NPY down to ca 50 nM, 10 nM and 500 pM respectively (Figure 

3.15). The drop in Isd-Vg is likely due to a screening charge in the CNTs induced by the 

change in conformation of the aptamer upon analyte binding, as previously observed 

for ss-DNA folding in CNT-DNA devices. Figure 3.15 shows that CNT devices 

functionalised with different aptamers exhibit different sensitivities to their 

corresponding analytes, which might result from their specific configurations caused 

by the binding between aptamers and their corresponding analytes. 

 
Figure 3.15 Real time detection of (a) cortisol (from 50 nM to 1 µM), (b) DHEAS 

(from 10 nM to 1 µM) and (c) NPY (from 500 pM to 1 µM) at various concentrations, 

in serum (Vsd = 100 mV, Vg = –2V). 

 

To demonstrate that the change in current comes from the binding of aptamer to its 

corresponding analyte, control experiment was performed. Devices, where the 
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nanotubes were not functionalized with any aptamers, did not exhibit any change in 

their electrical reponse upon the additon of the aformentioned biomarkers (see Figure 

3.16), suggesting that only devices functionalised with apatamers can give a response 

in current to the corresponding analytes. This also confirms the selectivity and 

biosensing nature of the devices presented here. 

 
Figure 3.16 Real time response of a non-functionalized CNT-device upon addition of 

DHEAS at different concentrations (from 10 nM to 1 µM). 

 

  To further demonstrate the selectivity of the fabricated multiplexed platform also for 

real-time measurements, we tested the DHEAS-sensitive sensor with a molecule 

possessing similar molar mass and chemical structure to DHEAS (Sodium 

deoxycholate, SDC). As shown in Figure 3.17a, SDC was added at a concentration of 

1 µM and no changes were observed in the current of the DHEAS-sensitive sensor. The 

sample was then cleaned with DI water and exposed to a 1 µM DHEAS solution. A 

sharp decrease in the conductance was at this point observed as expected (Figure 3.17b), 

in line with the results shown in Figure 3.15. Additionally, the source-drain versus gate 
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voltage measurements further confirmed the high selectivity of the platform (see Figure 

3.17c). 

 

 
Figure 3.17 Real time detection of (a) 1 µM SDC and (b) 1 µM DHEAS on the same 

device and (c) Isd vs Vg characterization of the device before detection and after SDC 

and DHEAS. 

 

3.5 Conclusions  

In conclusion, we presented a novel solution-processable method of general 

applicability for the fabrication of label-free nanoscale biosensing devices, that permits 

the real-time and simultaneous detection of multiple analytes on the same chip. We 

assembled hybrids of SWCNTs and aptamers from solution to surfaces in nanoscale 

device configurations, where the nanotubes could act as the transducer elements, and 

the aptamers as the recognition components, of an electrical biosensing platform. As 
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proof of concept, we demonstrated the selective recognition of different biomarkers 

indicative of stress and neuro-trauma conditions, at various physiologically relevant 

concentrations, from pM to µM. The devices exhibited high selectivity and sensitivity, 

as well as multiplexing ability thanks to the immobilization of CNT-aptamer hybrids 

with distinct biorecognition elements on the same nanoscale chip via a DEP-based 

strategy; this grants low cost processability and low power consumption. Additionally, 

the devices are reconfigurable and reusable via a simple cleaning procedure. To the best 

of our knowledge, these results represent the first example of solution-processable and 

reconfigurable nanoscale multiplexing sensing devices based on the use of carbon 

nanostructures. Despite these promising features, issues related to electrical noise 

occurring during the detection remain to be solved. Although we can conclude from our 

experiments results that this solution-processible strategy is feasible for the fabrication 

of CNT devices with low cost processability and multiplexing sensing capability, it is 

still hard for us to provide reliable data to investigate the relationship between electrical 

response and analyte concentration due to the influence of electrical noise. Future work 

will focus on the minimisation of the influence of electrical noise through, for example, 

using microfluidic systems, increasing the structural purity of CNTs (even single 

chirality CNTs). Eventually, statistical data will be collected to fully investigate the 

efficiency of these devices in the field of biosensing. 

By and large, the general applicability of the strategy developed, and the solution 

processability of the nanoscale multiplexing biosensing devices we fabricated, hold 

great potential for the development of the next generation of portable, point of care and 

home diagnostic assays for the continuous and simultaneous monitoring of different 

health parameters. 
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Chapter 4 Tuning Electrostatic Gating of Semi-conducting 

Carbon Nanotubes by Controlling Protein Orientation in 

Biosensing Devices  

 

4.1 Introduction 

The construction of nanoscale field effect transistors (FETs) for sensing, whereby the 

gating voltage is replaced by a biomolecular event, offers huge potential for building 

high sensitivity, target-specific, miniaturized, and label-free biosensing devices.1–7 

Proteins are decorated with charged residues, whose distribution and area varies within 

a protein, so generating a specific electrostatic signature. Therefore, there is great 

interest in developing systems that can sense and importantly differentiate these 

surfaces. Moreover, protein-protein interactions are widespread in nature driving many 

important biological processes; these highly specific interactions can be used to 

electrostatically gate conductance so forming the basis of electrical-based 

biosensors.4,5,8–10  

While various semiconducting materials have been used in FET sensing devices, one-

dimensional (1D) materials offer advantages in terms of high surface area and restricted 

conduction pathways.4,6 Among 1D nanomaterials for sensing, single walled carbon 

nanotubes (SWCNTs) have emerged as excellent candidates, due to their high aspect 

ratios, appropriate size compatibility with biological analytes, the different strategies 

available for their functionalization, and the ease of integrating them into electronic 

circuits.6,9,11–17 CNTs have been  interfaced to different biomolecules4,6, with a 



Chapter 4 Tuning Electrostatic Gating of Semi-conducting Carbon Nanotubes by 

Controlling Protein Orientation in Biosensing Devices  

 

112 
 

particular focus on nucleic acids 18–20 (e.g. DNA/aptamers) and proteins 8,21–27(e.g. 

antibodies); this allowed biomolecular events to be transduced into measurable changes 

in CNT conductance,4,6,18,28–31 even down to the single biomolecule level.20,27,32–34  

Despite the vast literature on FET biosensors, including CNT-based ones, the 

approaches developed so far for the assembly of protein hybrids in device 

configurations have typically been non-specific in terms of protein attachment sites, 

and hence lack control over protein orientation. This is particularly critical, as it does 

not allow us to fully take advantage of the unique surface distribution of electrostatic 

features of a protein, nor optimize communication between the protein(s) and the CNT. 

Furthermore, non-specific attachment can result in function and thus sensing capability 

being compromised through, for example, sterically blocking access to a binding site. 

The lack of geometric control is particularly important for nanoscale sensors where 

proteins constitute the sensing element and individual protein attachment variations can 

lead to major functional differences between devices. It is therefore of paramount 

importance to control the protein’s site/residue that interfaces with the FET in order to 

define the unique surface electrostatic signature driving gating upon sensing protein 

targets. 

Herein, we present the fabrication of CNT-protein FET biosensors with control over 

protein orientation in device configuration, focusing on the detection of a major cause 

of antimicrobial resistance, class A -lactamases (BL).35,36 We employed the BL 

inhibitory protein (BLIP2) that acts as a “universal antibody” specific for a wide range 

of class A BLs.37–40 By placing the non-canonical amino acid (ncAA) p-azido-L-

phenylalanine (AzF)41,42 at three different positions in BLIP2, we defined the single-

site attachment of BLIP2 to the CNTs, in order to sample different electrostatic surfaces 

of an incoming BL (TEM-1). We show that the device response (the electrostatic-
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surface gating of SWCNTs conductance upon binding of BLs) is dependent on the 

defined orientation of the protein-protein complex with respect to the nanotubes. In 

particular, the device conductance increased or decreased depending on the selected 

BLIP2 orientation; this behavior is interpreted as due to changes of the local 

electrostatic surface presented within the Debye length upon binding, 3,29,43–45 and  can 

support the identification of preferred proteins orientations for optimal sensing. 

 

4.2  BLIP and TEM-1 

4.2.1 Protein engineering and production  

Figure 4.1 shows the strategy we proposed to control the orientation of BLIP2 attached 

to the sidewall of SWCNTs (see section 2.2.3). Pyrene-NHS was reacted with DBCO-

amine in DMF to form pyrene-DBCO, which was used as linkers to attach BLIP2 to 

SWCNTs. Pyrene groups would bind to the sidewall of SWCNTs via π-π stacking, 

while DBCO groups would specifically react with phenol-azide (AzF) groups 

introduced in proteins via biocompatible strain-promoted azide-alkyne cycloaddition 

(SPAAC). We can introduce AzF groups at defined sites/residues in BLIP2 via protein 

engineering, thus controlling the orientation of BLIP2 attached to SWCNTs. 
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Figure 4.1 Outline of approach for attachment of proteins to SWCNTs. 

 

Our collaborator, the Jones group, engineered BLIP2 variants to introduce the AzF 

handles to BLIP2 via a reprogrammed genetic code approach. As shown in Figure 4.2, 

the noncanonical amino acid (ncAA) azF (p-azido-L-phenylalanine) can be 

incorporated at defined sites/residues in a protein of interest in response to the TAG 

amber stop codon (see Figure 4.2). 

 

Figure 4.2 Engineering of proteins with the noncanonical amino acid (ncAA) azF (p-

azido-L-phenylalanine) at defined sites/residues via a reprogrammed genetic code 

approach. 

 

Our collaborator also performed electrostatic modelling to analyse the molecular 

structure of BLIP2 variants and TEM-1. Based on the structural analysis, they 

introduced AzF handles at 4 different residues in BLIP2 to investigate different facets 

of the protein-interface to gate SWCNT conductance in response to the BL, TEM-1: 

Ala41, Ser43, Gly49 and Thr213 (Figure 6.3a). Residues 41 and 43 lie on one side of 

the cone-like structure, opposite to that of residue 213. Electrostatic surface modelling 

of BLIP2 complexed to the BL TEM-1 demonstrates that by placing AzF at residues 

41/43 or 213, very distinct surface charge profiles should be sampled (Figure 4.3b). 

Gly49 lies at the BL binding interface so introduction of AzF and subsequent SWCNT 
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binding should abolish any BL-dependent conductance.  

 

Figure 4.3 Selected residues for replacement with AzF. (b) BLIP2-BL interaction 

(PDB code 1jtd). BLIP2 is shown in green with interfacing residue 41 and 213 shown 

as orange spheres. The electrostatic surface (calculated using APBS electrostatic 

software) of the BL TEM-1 is shown with a sliding scale of charge distribution. The 

AzF models were built as described previously. 

 

4.2.2 Enzyme inhibition assay 

Our collaborator performed the enzyme inhibition assay to investigate the interaction 

between TEM-1 and the four BLIP2 variants. The assay measured the initial rate of 

nitrocefin hydrolysis by TEM-1, by recording the absorbance increase on hydrolysis of 

the -lactam ring amide bond. Initial rates were recorded using 0.3 nM TEM-1 with 

increasing concentrations of BLIP2 until full inhibition had been achieved for all BLIP2 
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variants. The initial rates were plotted and fitted to the Morrison Equation using 

GraphPad Prism software to estimate the Kiapp for each interaction. As shown in 

Figure 4.4, the assays revealed that BLIP241AzF and BLIP2213AzF retained near wild type, 

picomolar binding affinity, while BLIP243AzF and BLIP249AzF had attenuated affinity in 

the low nanomolar range. 

 
Figure 4.4 Inhibition of TEM-1WT by BLIP2 variants. In order of binding affinity, left 

to right: Blue: BLIP2WT. Orange: BLIP241AzF. Green: BLIP2213AzF. Purple: BLIP243AzF. 

Red: BLIP249AzF. Values were fitted to the Morrison tight binding equation to calculate 

Kiapp. Efree/E0 is the proportion of free enzyme remaining. Calculated inhibitory 

constant for each variant: BLIP2WT 32 ± 4 pM, BLIP241AzF 78 ± 12 pM, BLIP243AzF 

1724 ± 378 pM, BLIP249AzF 2839 ± 406 pM, BLIP2213AzF 157 ± 20 pM. 

 

4.3 Attachment of BLIP to SWCNT devices 

SWCNTs were immobilised between pre-patterned gold electrodes via DEP (Figure 

4.5), which was confirmed by atomic force microscopy (AFM). With optimal 

parameters, we were able to control the assembly of SWCNTs (see section 2.3.2). 

Figure 4.6a shows a representative AFM image in which a small bundle of SWCNTs 

was immobilized between electrodes, forming FET configuration.  
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Figure 4.5 Schematic of the fabrication of SWCNT-BLIP2 devices. 

 

We tested the electrical properties of these devices, as shown in Figure 4.6b and 

Figure4.6c. The current through the devices is dependent on the gate voltage and 

decreases as the gate voltage increases, demonstrating the p-type nature of these 

SWCNT-based FETs. 

 

Figure 4.6 (a)Representative AFM image of a SWCNT device and (b) representative 

(b) I-V curves and (c) transfer characteristics of the device (Vsd= 0.1V). 

 

Subsequently, these devices were immersed into a mixture solution containing a 3:1 
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mixture of pyrene-butanol (PB) and pyrene-DBCO. PB acted as a spacer, which 

reduced BLIP2 density and minimized non-specific adsorption. Ethanol-amine was 

added to the devices to block the unreacted NHS residue to rule out the potential 

reaction between pyrene-NHS and proteins. On the other hand, the DBCO groups 

allowed attachment of BLIP2 via biocompatible strain-promoted azide-alkyne 

cycloaddition (SPAAC) (Figure 4.1 and Figure 4.7a) when these devices were 

incubated with BLIP2 variants, without altering the electronic properties of the 

nanotubes by direct covalent attachment. AFM was used to monitor the topographical 

changes before and after protein attachment. Figure 4.7b shows a representative 

topographical profile of the device before and after BLIP241AzF attachment: the 

transverse height profile of the same tube sector increased by ~3-4 nm, in line with the 

structure of BLIP2. 
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Figure 4.7 Attachment of BLIP2 to SWCNTs. BLIP241AzF is shown as a representative 

example. (a) Model of the BLIP241AzF-SWCNT interface, with a close-up of the pyrene-

protein conjugation site. (b) AFM images of SWCNT devices before and after 

attachment of BLIP241AzF and their corresponding height profile analysis. 

 

Other BLIP2 variants (BLIP243AzF, BLIP249AzF and BLIP2213AzF) were also attached to 

the SWCNT devices, which were imaged by AFM. Figure 4.8 shows the analysis of the 

height profile of these devices. We observed nanotube transverse increases of 3-6 nm 

upon protein attachment, again in line with what was expected based on the structure 

of BLIP2. The height of the SWCNT bundles was controlled in the range of 10-15 nm 

before functionalisation, hence the SWCNT surface available for functionalisation was 

also limited. AFM topographical analysis allowed us to estimate the average number of 

proteins attached to the tubes in each device to be c.a. 40-80 proteins. 
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Figure 4.8 Functionalisation of SWCNT devices with BLIP2 AzF proteins. Transverse 

height profiles across DBCO-pyrene functionalised SWCNT bundles before (left AFM 

images) and after (right AFM images) protein functionalisation. Average bundle 

heights increased between 3-6 nm for all variants after incubation with proteins (plots: 

red – before; blue – after). 

 

Control experiments were performed to confirm the attachment of BLIP2 variants onto 

SWCNTs. We did not observe changes in height after SWCNT devices were immersed 

PB solution, suggesting that pyrene groups cannot induces changes in height (Figure 
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4.9a and 4.9b). The devices were subsequently incubated with BLIP2 variants. No 

binding of proteins was observed (Figure 4.9c), indicating that non-specific adsorption 

has been suppressed and that DBCO groups are essential for the protein attachment. 

 
Figure 4.9 AFM images of devices (a) before incubation with PB (12-13nm) (b) after 

incubation with PB (12-13nm) (c) after incubation with BLIP T213 (12-13nm) and (d) 

their corresponding height profile. (scale bar:400 nm) 

 

We also incubated devices (coated with pyrene-DBCO and PB) with wild type BLIP2 

(BLIP2 without AzF handles, BLIP2WT). As shown in Figure 4.10, we did not observe 

changes in the height of the SWCNT bundles after incubation. These results suggest 

that proteins can only be attached to SWCNT devices when DBCO groups and AzF 

groups are available and that our AzF-containing BLIP2 variants attached to SWCNT-

FETs as designed. 
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Figure 4.10 Control experiment with BLIPWT. AFM images of devices (a) before 

incubation with BLIPWT and (b) after incubation with BLIPWT and (c) their 

corresponding height profiles. (scale bar: 400nm) 

 

4.4 Electrical monitoring the binding of TEM-1 to BLIP with defined orientation 

We performed real-time conductance measurements by using devices functionalised 

with the four BLIP2 variants (and hence different protein’s orientations), monitoring 

current dependent changes upon addition of the BL enzyme TEM-1. Dulbecco’s 

phosphate buffered saline (DPBS) was used as the test buffer due to its high ionic 

strength, mainly containing 137mM sodium chloride (NaCl) and 8 mM sodium 

phosphate (Na2HPO4). According to Formula (1), the ionic strength (I) of DPBS is: 

Ionic Strength:                                 𝐼 =
1

2
∑𝑐𝑖 𝑧𝑖

2                                                      (1) 

where ci is the molar concentration of ion i (M, mol/L), zi is the charge number of that 
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ion, and the sum is taken over all ions in the solution. Therefore, the ionic strength of 

1×DPBS is: 

I = 0.5 × (0.14 × 12 + 0.14 × 12 + 0.03 × 12 + 0.01 × 32) M 

I = 0.20 M 

Based on Formula (2), the Debye Length (λD) is: 

Debye Length:                                              𝜆𝐷 ≈ 0.32
√𝐼

⁄                                                                (2) 

Therefore, the Debye Length of 1×DPBS is: 

λD ≈ 0.7 nm 

Therefore, the high ionic strength of DPBS restricts the Debye length (λD) to circa 0.7 

nm, which is smaller than the size of TEM-1 (~2×4 nm). This indicates that only limited 

surfaces of TEM-1 enter the screening layer of the device, influencing the conductance 

of the SWCNTs.  

Figure 4.11a and c shows the real time detection of TEM-1 in DPBS buffer with devices 

functionalised with BLIP241AzF. The current measured across the devices increased 

stepwise when TEM-1 was added at increasing concentrations. Similar results were 

observed when we did the detection in serum (Figure 4.11b). 
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Figure 4.11 Real-time detection of TEM-1 in (a) DPBS and (b) serum and (c) 

calibration curve of the detection of TEM-1 in DPBS using devices functionalised with 

BLIP241AzF. Addition of TEM-1 at different concentrations is shown on each 

conductance trace. 

 

Control experiments with non-functionalised devices (i.e. without any BLIP2 variants) 

were performed to rule out the influence of non-specific adsorption. As shown in Figure 

4.12, we did not observe any significant changes in current upon addition of DPBS 

buffer or TEM-1 of different concentrations. This indicates that non-specific adsorption 

was effectively suppressed in the SWCNT devices and that only devices functionalised 

with BLIP2s give an electrical response upon addition of TEM-1.  
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Figure 4.12 Real time detection of TEM-1 with non-functionalised devices. 

 

To explain the experimental results, our collaborator performed electrostatic modelling 

of the BLIP variants and TEM-1 (Figure 4.13). As shown in Figure 4.13a, molecular 

modelling of the BLIP41AzF-pyrene adduct docked onto the surface of the SWCNT 

suggests that TEM-1 binding will present a negative acidic patch, comprised 

predominantly of residues E28, D35 and D38 within the Debye length. The observed 

increase in current in our p-type SWCNT-FET can therefore be rationalized as due to 

the higher negative charge density induced by TEM-1 binding near the nanotube 

surface, that stabilizes a higher concentration of positive charges in the active channel, 

hence acting as an additional gating mechanism. 

 

Figure 4.13 Models of TEM-1 electrostatic surface presentation on binding (a) 

BLIP241AzF and (b) BLIP2213AzF. Top is a side-on view of the complex with the Debye 

length shown as a dashed line. The pyrene adduct is coloured orange and SWCNT grey. 

Bottom is the bottom up view of complex with the SWCNT in the foreground. 

 

Devices functionalised with BLIP243AzF exhibit a similar trend with increased 

conductance observed upon addition of TEM-1. However, the step changes on 

0.7 nm

a b

41

213

-5.0 +5.0
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increasing TEM-1 concentration are significantly different (Figure 4.14b and c): current 

increases were smaller than the those observed for BLIP241AzF, with little change 

observed at lower TEM-1 concentrations (10-50 nM). It is reasonable to assume that is 

due to the lower affinity of BLIP243AzF for TEM-1 (Figure 4.4) making the bound state 

less populated compared to the BLIP241AzF case. This may be impacted further by the 

positioning of the BL binding site of BLIP243AzF relative to the nanotube surface. While 

BLIP243AzF presents the same negative patch of TEM-1 as BLIP241AzF, relativity small 

changes in the orientation of BLIP2 on the nanotube can increase the distance between 

TEM-1 and the tube surface to beyond the Debye length. Thus, even small apparent 

changes in residue coupling position can have major impacts on biosensing capability. 

 
Figure 4.14 Real-time detection of TEM-1 in DPBS using devices functionalised with 

(a) BLIP243AzF and (b) BLIP2213AzF; (c) Calibration curve of the detection of TEM-1 in 

DPBS using devices functionalised with BLIP2213AzF. Addition of TEM-1 at different 

concentrations is shown on each conductance trace. 

 

However, devices functionalised with BLIP49AzF did not exhibit significant changes in 

current response on addition of TEM-1 at various concentrations (Figure 4.15). This 
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behaviour was expected, and BLIP2AzF49 acts as a secondary control: its attachment to 

the SWCNT prevents BL binding, with the SWCNT and the pyrene adduct blocking 

access to the protein’s TEM-1 binding site (Figure 4.14b).  

 

Figure 4.15 (a) Conductance across SWCNTs electrodes functionalised with 

BLIP249AzF. The red arrows indicate the time points when TEM-1 at the stated 

concentration was added. (b) Model of the BLIP249AzF-SWCNT complex. The binding 

site for incoming TEM-1 will be occluded by both the SWCNT and the pyrene adduct. 

 

To test how the presentation of different electrostatic surfaces affect conductance across 

our devices, we assessed the behaviour of BLIP2213AzF functionalised FETs to TEM-1 

binding. As shown in Figure 4.14b, the current through these devices decreased 

stepwise as the concentration of the added TEM-1 was increased, i.e. an opposite 

response if compared to devices functionalized with BLIP241AzF. Structural Modelling 

suggests that TEM-1 presents a positively charged basic patch (Figure 4.13b) 

comprised of residues R93, R94, H96 within the Debye length of BLIP2213AzF 

functionalised SWCNTs.  Due to the p-type nature of our SWCNT-FETs, the positive 

charge of the protein complex within the Debye length of the SWCNTs increases charge 

carrier repulsion decreasing transconductance. The observed differences in the 

conductance behaviour of the SWCNT-FET devices presenting distinct protein’s 

variants, can be interpreted as due to changes in the local electrostatic surface accessible 

within the Debye length upon binding, and can support the identification of preferred 
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proteins orientations toward optimized sensing. 

 

4.5 Conclusions 

In summary, we fabricated SWCNT-FETs to investigate the influence of a protein’s 

electrostatic surface features in the electrical sensing of a -lactamase enzyme involved 

in AMR. Four distinct BLIP2 variants were engineered bioorthogonal reaction handles 

at specific residues allowing proteins to be tethered to SWCNTs in defined orientations. 

Devices functionalised with different BLIP2 variants successfully detected the -

lactamase TEM-1 through changes in conductance, with device performance dependent 

on BLIP2 attachment site, and hence orientation. Presentation of different TEM-1 

electrostatic surfaces within the Debye length led either to increase or decrease in 

conductance. This allowed biosensing through electrostatic surface profiling of distinct 

protein-protein interactions rather than just basic on/off binding events, whereby one 

protein may bind several different proteins. With regards to AMR detection this has 

significant potential as BLIP2 binds a range of BL enzymes, each with their own 

specific electrostatic profile. This may in turn open up new approaches for AMR-related 

diagnostic devices. 
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Chapter 5 Direct Synthesis of Multiplexed Metal-

Nanowire Based Devices Using Carbon Nanotubes as 

Vector Templates  

 

5.1 Introduction  

The ability to control the arrangement of materials into highly oriented structures with 

nanoscale accuracy is of great importance, for a variety of applications including 

nanoelectronics, energy storage and nanomedicine. Strategies have been proposed, 

from top-down methods, such as lithography or reactive ion etching,1–4 to bottom-up 

approaches, including wet-chemistry and chemical vapor deposition.5–8 While 

successful, these methodologies suffer from various limitations: top-down strategies 

are typically costly and time consuming, while the most common bottom-up approaches 

require high temperatures and employ a metal catalyst, inducing enlarged grain size and 

contamination, respectively. Notably, these drawbacks have been partially overcome 

with the use of templates that allow the formation of low-dimensionality nanostructures 

of a wide range of materials.9–12  

In this regard, SWCNTs, due to the confinement effects enabled by their nanoscopic 

tubular design, have been employed as 1D templates to control the position and 

orientation of molecules or atoms for the construction of nanoscale 1D architectures. 

Successful examples include the liquid and gas-phase encapsulation of molecules with 

subsequent nanocrystal growth,13–17 and the use of nanotubes as nanoreactors and 
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templates, via solution and gas-phase chemical approaches.18–26 Additionally, coupling 

between the material grown and the nanotube was demonstrated, with evidence of 

electron and/or energy transfer.27–34 However, a combination of sonication and density 

gradient ultracentrifugation is the only approach to have successfully removed newly 

formed 1D nanostructures from nanotube templates, and most importantly no examples 

are reported which subsequently use the extracted material for nanoelectronics: it can 

indeed be desirable to exploit solely metal species in device configurations, for example 

for sensing applications.35–37 

Here we present a strategy for the formation of metal and metal alloy nanowire-based 

devices employing SWCNTs as templates, where a solution processable methodology 

is employed for the fabrication of distinct (multiplexed) electronic devices on the same 

chip. Vapors of metal precursors are used to fill the SWCNTs that are then dispersed in 

separate aqueous solutions. Different filled SWCNTs are immobilized between distinct 

electrode pairs on the same substrate, via dielectrophoresis (DEP); thermal annealing is 

performed to grow the metal/alloy inside the tube. The nanotubes are then removed by 

oxygen plasma treatment, leaving only the metal nanowires on the substrate, for their 

electrical characterizations to be performed. This route represents a facile, scalable and 

environmentally friendly method for the fabrication of arrays of distinct 1D metals in 

device configurations and on the same chip. 

 

5.2 Formation of metal-precursor filled SWCNT  

Metal-precursor filled SWCNTs (M(acac)2@SWCNTs) were synthesised by our 

collaborate, the Thomas group (see section 2.2.4). Briefly, M(acac)2 (where M = Pt, Cu 

or a mixture of Pt:Cu in a 1:1 ratio of atomic %) was mixed with freshly opened 

SWCNTs, followed by incubation under vacuum at 150 °C for 3 days to ensure the 
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penetration of the SWCNTs by the M(acac)2. After cooling down rapidly, the mixture 

was washed with dichloromethane and was filtrated to remove any excess material from 

the exterior of SWCNT. The dimensions of the internal cavity of SWCNTs is shown in 

Figure 5.1, which enables effective encapsulation of metal precursor into SWCNTs. 

Although the melting point of M(acac)2 is more than 200 °C at ambient pressure,38 it 

was found that M(acac)2 would sublime without decomposition at 110 °C under 

vacuum. Therefore, gaseous metal complex would penetrate the internal channels of 

the nanotube when the mixture of SWCNTs and M(acac)2 was heated at 150 °C under 

vacuum. Subsequent rapid cooling down resulted in condensation of gaseous metal 

complex inside the channel of SWCNT, thus forming M(acac)2@SWCNT. In this 

method, SWCNTs act as containers for the metal precursors and vector templates 

imposing strict control on the confinement of the metal precursors. This is a universal 

sublimation method which has been reported for many transition metal complexes.39–41 

 

Figure 5.1 (a) Molecular structure (top) and ball and stick (bottom) models of metal 

complex precursors used, (b) space filling molecular model of an empty (7,6) SWCNT, 

and (c) ball and stick (left) and space filling (right) molecular models of 

Cu(acac)2@(7,6)SWCNT showing that significant distortion of the nanotube shape 

needs to occur to enable the Cu complex to fit. 
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On the other hand, M(acac)2 can be easily decomposed into metal when it was heated 

at high temperature under vacuum. Fluorescence detected X-ray absorption 

spectroscopy (FD-XAS) was performed by our collaborator to confirm the 

decomposition of M(acac)2. As shown in Figure 5.2a, the spectra show that the shape 

of the Cu K edge of the Cu(acac)2@SWCNT (orange) is very similar to that of free 

Cu(acac)2 powder (blue). This suggests that the Cu(acac)2 remains intact during the 

filling process and that there is little electronic interaction between the Cu atoms and 

the nanotube interior after encapsulation.  

Subsequently, we annealed the Cu(acac)2@SWCNT at 200 °C for 1h to decompose the 

Cu precursor to form Cu@SWCNT. The shape of the Cu K edge of Cu@SWCNT 

(green) is significantly different from that of Cu(acac)2@SWCNT, suggesting the 

decomposition of Cu(acac)2@SWCNT. We also measured the spectra of Cu foil (red) 

as a control experiment, which is similar to that of Cu@SWCNT. This demonstrates 

the formation of Cu species in the internal channel of the nanotube. Similar results were 

observed in the spectra of [Pt(acac)2 + Cu(acac)2]@SWCNT before and after thermal 

treatment (Figure 5.2b). Therefore, results from FD-XAS confirm the decomposition 

of metal precurosr into metal inside the SWCNT channels. 
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Figure 5.2 FD-XAS spectra of the Cu K edge of (a) Cu(acac)2 (blue), 

Cu(acac)2@SWCNT (orange), Cu@SWCNT (green) and Cu foil (red); (b) Cu(acac)2 

(blue), [Pt(acac)2 + Cu(acac)2]@SWCNT (orange), Pt-Cu@SWCNT (green) and Cu 

foil (red). The raw data is shown in black, and the smoothed data is overlaid in colour 

in each case. 

 

Our collaborator also performed time-resolved FD-XAS measurements of Cu(acac)2 

and Cu(acac)2@SWCNT during the heating experiment. As shown in Figure 5.3 and 

Figure 5.4, a gradual change in the Cu K edge was observed overtime. Arrows in Figure 

5.3 and Figure 5.4 show the changes in the spectra during the process, indicating the 

decomposition of Cu(acac)2. We observed similar changes in the spectra of both 

Cu(acac)2 and Cu(acac)2@SWCNT, which indicate the decomposition of Cu(acac)2 to 

form Cu species, further confirming the change in oxidation state after thermal 

treatment. 
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Figure 5.3 (a) Full and (b) zoomed in region of the FD-XAS spectra of Cu(acac)2 heated 

from 20-250 °C (red/brown) at a rate of 0.0097 °C /s, showing a gradual change in the 

Cu K edge overtime, indicating metal complex decomposition to form a Cu species. 

 

 

Figure 5.4 (a) Full and (b) zoomed in region of the FD-XAS spectra of 

Cu(acac)2@SWCNT heated from 20-250 °C (red/brown) at a rate of 0.0097 °C/s, 

showing a gradual change in the Cu K edge overtime, indicating metal complex 

decomposition and Cu@SWCNT formation. 

 

Transmission electron microscopy (TEM) and local energy-dispersive X-ray (EDX) 

spectroscopy were used by our collaborator to confirm the formation of metal species 

inside SWCNT channels after annealing treatment i.e. metal precursors encapsulated in 

SWCNTs would decompose to form Cu, Pt-Cu alloy and Pt respectively. TEM images 
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show the presence of metal species inside the SWCNT cavity, which is further 

confirmed by the EDX spectra (Figure 5.5). The observed Ni peaks in (a) and (b) and 

the Cu peaks in c) are from the TEM grid. Additionally, we determined that the filling 

yields for all samples were more than 85%. 

 

Figure 5.5 EDX spectra recorded at 100 keV primary electron energy and integrated 

over a small bundle of nanotubes confirms the presence of Cu and/or Pt inside the 

nanotubes for; (a) Cu@SWCNT, (b) PtCu@SWCNT, and (c) Pt@SWCNT. TEM 

images (inset) of each material confirm the presence of the metal species inside the 

SWCNT cavity in each case with black arrows highlighting the diagnostic 0.3 nm van 

der Waals gap between the encapsulated metal species and the nanotube wall. Scale 

bars are 2 nm (white) and 1 nm (black) in all cases. The observed Ni peaks in (a) and 

(b) and the Cu peaks in c) are from the TEM grid. 

 

5.3 Immobilisation of individual filled SWCNT devices  

The metal-precursor filled SWCNTs were immobilised between pre-patterned 

electrode pairs in a device configuration to explore the potential application of 

nanotubes as vector templates for the fabrication of metal nanowire devices. 

Cu(acac)2@SWCNT, Pt(acac)2@SWCNT, and [Pt(acac)2 + Cu(acac)2]@SWCNT were 
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dispersed in SDS solutions and were immobilised between electrode pairs in a field effect 

transistor configuration via DEP, as shown in Figure 5.6 (see section 2.3.2). Since the filled 

SWCNT can only be immobilised between the electrodes where alternating current (AC) 

voltage is applied, we were able to immobilise SWCNTs encapsulated with distinct metal 

precursors (M(acac)2, where M = Cu and/or Pt) between different electrode pairs on the 

same substrate surface by repeating the process of DEP with different M(acac)2@SWCNT 

solutions. The devices were subsequently rinsed with water to remove the SDS and blow-

dried with nitrogen gas for further investigation. 

 

Figure 5.6 Schematic representation of the deposition of M(acac)2@SWCNT by DEP 

(beige for Cu(acac)2, blue for Pt(acac)2 and both colors for the Pt-Cu alloy), followed 

by decomposition of the precursor after annealing. The chip is presented in the FET 

configuration, where S, D and G are the source, drain and gate electrodes, respectively. 

 

Our initial attempt was to utilise an individual metal-precursor filled SWCNT as a 

vector template to fabricate metal nanowire devices. With optimal parameters, we were 

able to immobilise a single M(acac)2@SWCNT (M=Cu and/or Pt) between electrode 

pairs, which was confirmed via Atomic Force Microscopy (AFM) as shown in Figure 

5.7a. We further investigated the electrical properties of these devices before and after 
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annealing treatment under nitrogen gas at 200 °C (at which temperature the precursors 

have been observed to decompose to form metal species), as shown in Figure 5.7b-d. 

We observed a significant decrease in the conductance of all devices after annealing 

treatment. This can be attributed to changes in the electronic structure of the nanotube 

caused by the formation of metal species since encapsulated guest species cannot 

provide a viable conduction pathway. We propose that changes in the interactions 

between guest and nanotubes due to the decomposition of the metal precursors (M2+) 

to form nanowires (M0) influence the charge density of states of the nanotube, resulting 

in reduction of the conductance of the nanotubes. 

 

Figure 5.7 (a) AFM topographical image of a single filled SWCNT immobilized 

between two electrodes; ISD-VSD curve characterization of (b) Cu(acac)2@SWCNT, (c) 

Pt(acac)2@SWCNT and (d) [Pt(acac)2 + Cu(acac)2]SWCNT hybrids after deposition 

by DEP (black) and after annealing at 200 °C (red). 

 

As a control experiment, we also measured the conductance of devices only containing 

a single pristine empty SWCNT before and after annealing treatment. In this case we 
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observed an increase in the conductivity after annealing, likely due to the improved 

electrical contact between the nanotube and the gold electrodes (Figure 5.8).42 This 

further confirms that the decomposition of metal precursors influences the conductance 

of SWCNTs. 

 

Figure 5.8 ISD-VSD curve (VG=0 mV) characterization of an individual empty SWCNT. 

 

However, as reported previously,43 the metal does not grow uniformly inside the 

nanotubes during the annealing treatment as there are insufficient metal atoms to form 

a continuous metal wire inside an individual SWCNT (Figure 5.5). After removal of 

the SWCNT shell by oxygen plasma treatment,44 we observed the formation of 

nanoparticles and non-continuous nanowires between the electrodes (Figure 5.9). 

Therefore, in order to fabricate devices with continuous metal nanowires, we need to 

immobilise a bundle of M(acac)2@SWCNT between the electrodes, instead of an 

individual filled SWCNT.  
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Figure 5.9 AFM image of a single Cu(acac)2@SWCNT immobilized between 

electrode pairs a) before and b) after oxygen plasma treatment. 

 

5.4 Immobilisation of bundle SWCNT devices  

In order to immobilise a bundle of M(acac)2@SWCNT, we optimised the parameters 

of DEP, i.e. increasing the concentration of the filled SWCNT solution and the DEP 

time (see section 2.3.2). Figure 5.10a shows a representative AFM image of a small 

bundle (c.a. 100 nm in height) of Cu(acac)2@SWCNT immobilized between an 

electrode pair. The samples were annealed at 200 °C for 1h for the formation of metal 

nanoparticles inside SWCNT channels. Subsequently, the devices were exposed to 

oxygen plasma for 60 s (see section 2.3.4), resulting in the removal of SWCNT shell 

while the metal remaining between electrodes (Figure 5.11). 

 

Figure 5.10 Representative AFM images of a small bundle (c.a. 100 nm in height) of 

Cu(acac)2@SWCNT immobilized between an electrode pair (a) before annealing 

treatment (b) after oxygen plasma treatment and their corresponding height profile. 
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Figure 5.10b shows the AFM image of the device after oxygen plasma treatment, where 

the height of the bundle is c.a. 70 nm. The change in height (Figure 5.10c) can be 

attributed to the removal of SWCNT shell caused by oxygen plasma. However, the 

SWCNT shell cannot be fully removed and the metal nanoparticles can be partially 

oxidised. Therefore, the composition of the nanoscale bundles might include metal 

nanoparticles, intercalated carbon fragments and metal oxide nanoparticles.  

 

Figure 5.11 Scheme showing the removal of the SWCNTs leaving the material grown 

on the substrate. 

 

We also recorded the current as a function of voltage (ISD vs VSD) curves of devices 

before and after annealing treatment, and after oxygen plasma treatment, as shown in 

Figure 5.12. A decrease in the conductivity of the device was observed after annealing, 

while in the control experiment with a bundle of pristine SWCNTs we observed an 

increase in the conductivity after annealing (Figure 5.13). Moreover, when the 

SWCNTs were removed via oxygen plasma, a sharp decrease in the conductivity was 

observed. The inhomogeneity of the metal wires, the non-optimal contact of these with 

the macroscopic electrode once the SWCNT is removed, and the potential presence of 

intercalated carbon fragments, might be reasons for the observed decrease in 

conductivity. 
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Figure 5.12 ISD -VSD characterization of bundles of (left to right) Cu(acac)2@SWCNT, 

Pt(acac)2@SWCNT and [Pt(acac)2 + Cu(acac)2]@SWCNT hybrids after deposition by 

DEP (black), annealing at 200 °C (red) and plasma treatment (blue). 

 

 

Figure 5.13 ISD -VSD curve (VG=0 mV) characterization of a bundle of SWCNTs. 

 

To additionally demonstrate the removal of the SWCNT shell, we also performed 

measurements of the transfer characteristics of these devices (ISD vs VG). With the 

presence of the p-type SWCNT, the device had a gate dependence for the 

M(acac)2@SWCNT and M@SWCNT; nevertheless, this was not observed for Cu, Pt 

and Pt-Cu nanowires when the SWCNTs were removed (Figure 5.14). 
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Figure 5.14 ISD -VG characterization (VSD=100 mV) with gate dependence of SWCNT 

hybrids after deposition by (left to right): DEP (black), annealing at 200 °C (red) and 

plasma treatment (green) for: a) Cu(acac)2@SWCNT; b) Pt(acac)2@SWCNT; and c) 

PtCu(acac)2@SWCNT. 

 

5.5 Conclusions  

In summary, we presented a solution-processable method of general applicability for 

the direct synthesis of multiple metal nanowires on the same chip. Various 

M(acac)2@SWCNTs were immobilized from solution onto surfaces in nanoscale 

device configurations, where the SWCNTs were used as reactors and vector templates. 

By simple annealing, metal nanowires were grown in the cavity of the nanotubes. 

Subsequently, SWCNT shell was removed by oxygen plasma. Distinct Cu, Pt and PtCu 

nanowires were successfully synthesized between different electrode pairs on the same 

chip as indicated by the I-V curves recorded: no gate dependence was observed upon 

removal of the SWCNT shell. This strategy represents a viable route to the large-scale 
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fabrication and detailed exploration of materials properties in controlled 1D 

architectures. The universal nature of the SWCNT filling method allows a broad range 

of individual metals and an almost infinite number of metal combinations in alloy form 

to be incorporated; this in turn means that our approach has the potential to impact upon 

a broad range of fields, from nanoelectronics applications with low power consumption 

such as chemical sensors or quantum information processing, to lab-on-a-chip based 

tunable electrocatalytic arrays.  
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Chapter 6 Directed Assembly of Single Chirality Carbon 

Nanotubes: from Individual Devices to Photodetectors 

 

6.1 Introduction 

The use of single-walled carbon nanotubes (SWCNTs) as components in next 

generation nanoelectronic devices has been a major focus in the nanomaterials field for 

the past few decades, owing to their outstanding electrical properties.1–6 In particular, 

SWCNT-based field effect transistors (FETs) can be used for many applications, and a 

variety of FETs, ranging from dense arrays to individual SWCNTs devices, have been 

made to investigate the electrical properties of SWCNTs.7–15  

SWCNTs can be metallic or semiconducting based on their structure. These discrete 

structures can be defined by the chirality index (n,m) which corresponds to the direction 

and magnitude of the rolling vector along the hexagonal carbon lattice.16 The chirality 

of a SWCNT has direct implications on its electrical and optical properties; moreover, 

the bandgap of semiconducting SWCNTs is inversely proportional to the tube 

diameter.17–20 Consequently, it is desirable to control the chirality and hence electronic 

properties of SWCNTs to tailor their use for specific applications.21–23 

Various techniques have been proposed to produce SWCNTs with highly enriched 

single-chirality species, through either direct controlled growth24–32 or by separation 

post-synthesis.33–38 Although SWCNTs with defined chiralities can be achieved via 

chemical vapor deposition,18,25,27,39 different in-solution strategies have been developed 

for chirality enrichment such as chromotography,40–42 density differentiation,43,44 DNA 
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recognition,45,46 and polymer systems.47–51 

In particular, approaches based on polymer aqueous two-phase (ATP) systems have 

been demonstrated to be efficient for SWCNT separation.48,52–54 ATP systems work on 

the principle that each chirality of SWCNT will vary in solvation energy due to 

differences in surfactant or DNA interactions with the sidewall. Consequently, 

SWCNTs are unevenly distributed in the two phases, resulting in spontaneous 

separation of SWCNTs.48,53 By tuning the surfactants or DNA, and using modulating 

agents to push SWCNTs between phases, ATP systems allow the simultaneous 

separation of many individual species in a single experiment.55 This strategy is 

advantageous as it shows potential for large scale separation of SWCNTs due to its ease 

of processing.48,53 

Additionally, the electrical properties also make SWCNTs promising building blocks 

for optoelectronic devices. It has been demonstrated that interfacing SWCNTs with 

inorganic nanoparticles can achieve highly sensitive optoelectronic devices, since the 

presence of SWCNTs greatly improves the charge mobility and facilitates the charge 

transfer at the heterointerface.56  

In this contribution, we performed the separation of single chirality SWCNTs via ATP 

extraction and obtained two different species with high purity: (6,5) and (7,5) species. 

Dielectrophoresis (DEP), which allows for precise assembly of SWCNTs from solution 

onto the substrate using alternating current (AC) electrical field, was used to immobilise 

an individual (6,5) and (7,5) between prepatterned electrodes. Furthermore, since 

SWCNTs can be only immobilised between electrodes where AC voltage is applied, 

we extended the idea and immobilised individual (6,5), (7,5) and metallic species on 

the same chip, forming multiplexed single chirality SWCNT devices. We also 

synthesised CdS-SWCNT hybrids in solution using both mixed chirality and single 
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chirality SWCNTs. After immobilisation of these hybrids into device configuration, we 

investigated the photoinduced electrical response of these devices at different 

wavelengths.  

 

6.2 Separation of single chirality carbon nanotubes 

My colleagues, Zamaan Mukadam and Giuseppe Amoroso (respectively Msci and PhD 

student in the Palma group) , performed the separation of DNA-wrapped SWCNTs in 

several polymer aqueous two-phase (ATP) systems, following a previously published 

strategy (see section 2.2.5).57 Briefly, SWCNT mixture wrapped with DNA sequence 

((CCG)2CC) was added to a polyethylene glycol/dextran (PEG/DX) ATP system. After 

vortex and centrifuge, (6,5) species was enriched in the DX-rich bottom phase. the DX-

rich bottom phase and SWCNTs residing in it were collected as the starting materials 

for further purification. A blank PEG/DX was added to the bottom phase, forming a 

new ATP system. Poly(vinylpyrrolidone) (PVP) serving as a modulating agent was 

added to the ATP system to further facilitate the separation. After repeating the 

purification process, highly enriched (6,5) species was obtained. The absorption 

spectrum of the separated (6,5) species shows the E11 transition at 1000 nm and the E22 

transition at 590 nm, demonstrating the high enrichment of (6,5) tubes (Figure 6.1a).48 

(7,5) species was separated and purified via a similar process (see section 2.2.5). Figure 

6.1b shows the shows the absorption spectrum of the separated (7,5) species, in which 

the E11 transition peaks at 1050 nm and the E22 transition at 650 nm, demonstrating the 

high purity of the (7,5) species.48 
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Figure 6.1 Absorbance spectra of highly enriched (a) (6,5) and (b) (7,5) species 

 

AFM was used to characterise the morphology of the separated (6,5) tubes (Figure 6.2). 

The average diameter of these SWCNTs was found to be 2.1 ± 0.3 nm, larger than the 

expected 0.76 nm diameter due to the presence of DNA.58 

 
Figure 6.2 Representative AFM image of the separated (6, 5) species 

 

6.3 Fabrication of individual carbon nanotube devices 

6.3.1 Immobilisation of individual SWCNT 

To remove the polymers dissolved in aqueous solution for the separation of single 

chirality SWCNTs, the SWCNT solutions were centrifuged against a filter with a 100 

KDa cut-off. Subsequently, dielectrophoresis (DEP) was performed to immobilise 

individual SWCNTs between electrodes. With optimised parameters of DEP, we were 

able to immobilise individual SWCNTs between electrodes. Additionally, as SWCNTs 
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can only be immobilised between electrodes where AC voltage is applied, we were able 

to immobilise individual SWCNTs of different chiralities on the same chip: in this case, 

we immobilised (6,5), (7,5) and metallic SWCNTs forming multiplexed single chirality 

devices (Figure 6.3).  

 

Figure 6.3 Schematic of the fabrication of multiplexed single chirality devices 

 

AFM was used to confirm the immobilisation of individual SWCNTs. Figure 6.4 shows 

representative AFM images of individual SWCNTs of different chiralities immobilised 

between electrodes on a single chip. The channel length of the devices is 300 nm. The 

diameter of the SWCNTs immobilised between electrodes is measured to be 2.5 ± 0.7 

nm, in good agreement with the measured diameter of the separated SWCNTs (Figure 

6.4).  
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Figure 6.4 Representative AFM images of individual single chirality SWCNTs 

immobilised between electrodes. Scale bar:100 nm 

 

6.3.2 Electrical measurements  

The conductance of these SWCNT devices cannot be measured directly after 

immobilisation, mainly due to the influence of DNA. Therefore, these devices were 

annealed at 200 oC for 2h under nitrogen gas to minimize the presence of DNA between 

the SWCNTs and the metallic electrodes : annealing treatment is known to improve 

electrical contact between carbon nanotube and gold electrodes.8,59 

Figure 6.5 shows I-V curves through these individual SWCNT devices in which various 

gate voltages were applied. The devices containing individual (6,5) and (7,5) show 

typically semiconducting behaviour since the current decreases as the gate voltage 

increases, suggesting the p-type nature of these devices (Figure 6.5a and 6.5b). The 

current-voltage characteristics of metallic SWCNT devices are shown in Figure 6.5c: 

gate voltage cannot induce changes in the current in these devices made from metallic 

SWCNTs. 
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Figure 6.5 Current-voltage characteristics of the (a) (6,5) (b) (7,5) and (c) metallic 

SWCNT devices at different values of gate voltage. 

 

To further confirm the electrical properties of these devices, we measured the transfer 

characteristics of these devices (Figure 6.6). Figure 6.6a and 6.6b shows the transfer 

characteristics of (6,5) and (7,5) devices. These devices show typically p-type transport 

characteristics. The Ion/Ioff ratio of the devices is more than 103, indicating good FET 

behaviour.7,60 

Figure 6.6c shows the current through the devices made with metallic SWCNTs as a 

function of gate voltage. As expected, the current is independent on the gate voltage 

applied, demonstrating the metallic nature of these devices. However, the average 

contact resistance is on the order of magnitude of 10 MΩ, which is higher than the 

reported results.7,8 This can be attributed to the remaining residues from the degraded 

DNA. 
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Figure 6.6 Transfer characteristics of the (a) (6,5), (b) (7,5) and (c) metallic devices.  

 

6.4 Fabrication of metal sulfide-SWCNT hybrids for photodetection 

6.4.1 Mixed chirality SWCNT devices  

My colleague, Qingyu Ye (PhD student in the Palma group) prepared metal sulfide-

SWCNT hybrids. Briefly, mixed chirality SWCNTs wrapped with DNA sequences 

were incubated with Cd(NO3)2. Since DNA is negatively charged, Cd2+ ions were 

adsorbed on the DNA. Subsequently, Na2S solution was added to the solution, resulting 

in the formation of nanoscale CdS particles around SWCNTs (see Figure 6.7).  
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Figure 6.7 Schematic of fabrication of CdS-SWCNT hybrids for photodetection. 

 

Representative AFM images of CdS-SWCNT hybrids were shown in Figure 6.8a. 

Subsequently, These CdS-SWCNT hybrids were immobilised between electrodes via 

DEP, which is shown in Figure 6.8b. 

 

Figure 6.8 AFM images of (a) Cd-SWCNT hybrids and (b) after immobilisation. 

 

We investigated the photo response of the CdS-SWCNT devices. A constant voltage 

(1V) was applied to the source electrode while the drain electrode was grounded. 

Meanwhile, we shined lasers of different wavelength (red (650 nm), green (532 nm), 

blue (405 nm), 20 mW/cm2) for 20 seconds on the device and recorded the current 

through it. As shown in Figure 6.9, the illumination of the red laser can barely induce 

change in the current while the green laser can induce a slight decrease in current. The 

current can recover to its initial state when the green laser is turned off. Shining the blue 

laser can induce a dramatic change in current and the device shows reversibility when 

the laser is turned on and off.  

The results can be attributed to the excitation of CdS nanoparticles upon laser 

illumination. The energy of the red laser is not enough to activate CdS nanoparticles 
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considering the bandgap of CdS nanoparticles. The energy of the green laser and the 

blue laser can activate CdS nanoparticles, hence inducing photo response in the devices. 

Moreover, since the energy of the blue laser is larger than that of the green laser, the 

blue laser can activate more CdS nanoparticles, hence inducing larger photo response. 

Another possibility is that due to the diverse chiralities in the mixed SWCNTs, they 

show different response to the limited electron activated by the green laser, hence 

compromising the sensitivity. 

 
Figure 6.9 Photo response of CdS-SWCNT devices to lasers of different wavelength 

(red (650 nm), green (532 nm), blue (405 nm)). The coloured arrows indicate the 

illumination of the lasers of corresponding colour. 

 

Control experiments were performed using devices only containing bare SWCNTs and 

DNA wrapped SWCNTs. As shown in Figure 6.10a, all three lasers can barely induce 

any changes in current in the device containing bare SWCNT, demonstrating that 

SWCNTs are not sensitive to lasers. On the other hand, the device containing DNA 

wrapped SWCNTs showed no response to both the red and the green laser. Interestingly, 

the blue laser can induce a decrease in current. This can be attributed to the interaction 

between SWCNTs and DNA.61 However, compared to CdS-SWCNT devices, the 
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response is smaller and the current takes more time to recover. Therefore, the control 

experiments demonstrate that the sensitivity of CdS-SWCNT devices comes from the 

interaction between CdS and SWCNTs. 

 
Figure 6.10 Photo response of (a) bare SWCNT device (b) DNA wrapped SWCNT 

device to lasers of different wavelength (red (650 nm), green (532 nm), blue (405 nm)). 

The coloured arrows indicate the illumination of the lasers of corresponding colour. 

 

To better understand the interaction between CdS nanoparticles and SWCNTs, we 

measured the transfer characteristics of CdS-SWCNT devices before and after the 

illumination of the blue laser. As shown in Figure 6.11a (black curve), the CdS-

SWCNT device exhibits typical p-type behaviour, demonstrating that semiconducting 

SWCNTs are the main conductive paths. However, when the blue laser is turned on, 

although the device still shows p-type nature (Figure 6.11a, blue curve), the current 

through the device decreases dramatically. This suggests that there is electron transfer 

from CdS nanoparticles to SWCNTs, given the p-type nature of semiconducting 

SWCNTs. This is in line with the energy band structure of SWCNTs and CdS (Figure 

6.11b). Electron transfer from CdS nanoparticles to SWCNTs under illumination leads 

to electron-hole recombination with the tubes. This causes reduction of carrier density, 

hence resulting in a decrease in currents. 
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Figure 6.11 (a) Transfer characteristics of CdS-SWCNT devices with the illumination 

of the blue laser on and off and (b) the energy band structure of SWCNTs and CdS. e- 

represents electron and hv is the energy of absorbed photon. 

 

6.4.2 Single chirality SWCNT devices  

Similarly, single chirality (6,5) tubes were applied to synthesize CdS-(6,5) hybrids by 

Qingyu. The CdS-(6,5) hybrids were then immobilised between electrodes. Figure 6.12 

shows the photo response of CdS-(6,5) devices. The device is not sensitive to the red 

laser, in line with the previous observation in CdS-SWCNT devices. However, the 

current decreases dramatically when the green laser is turned on, which is different from 

the observation in CdS-SWCNT devices. This can be attributed to the uniform 

electronic structure of single chirality SWCNTs, suggesting the higher sensitivity of 

CdS-(6,5) devices. The CdS-(6,5) device is also sensitive to the blue laser, which is line 

in with the observation in CdS-SWCNT devices. 
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Figure 6.12 Photo response of CdS-(6,5) devices to lasers of different wavelength (red 

(650 nm), green (532 nm), blue (405 nm)). The coloured arrows indicate the 

illumination of the lasers of corresponding colour. 

 

Figure 6.13 shows the transfer characteristics of CdS-(6,5) devices before and after 

illumination of lasers of different wavelength. In all cases, the device shows typical p-

type FET behaviour, suggesting that (6,5) tubes are the main conductive paths. As 

expected, shining the red laser cannot induce any changes in the device, while 

illumination of the green and the blue laser induce deceases in current. According to 

the energy band structure of SWCNTs and CdS nanoparticles (Figure 6.11b), laser 

illumination leads to electron excitation in CdS nanoparticles. Subsequently, these 

electrons transfer from CdS into (6,5) tubes, resulting in electron-hole recombination 

within (6,5) tubes. Given the p-type nature of (6,5) tubes, this recombination causes a 

reduction of carrier density and hence a decrease of the current (Figure 6.13). 
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Figure 6.13 Transfer characteristics of CdS-(6,5) devices before and after illumination 

of lasers of different wavelength (red (650 nm), green (532 nm), blue (405 nm)). 

 

6.5 Conclusions 

We demonstrated the separation of single chirality SWCNTs via ATP extraction and 

obtained two different species with high purity: (6,5) and (7,5) species. Since SWCNTs 

can be precisely positioned from solution on to substrate where AC voltage is applied, 

we immobilised individual (6,5), (7,5) and metallic tubes on the same chip, forming 

multiplexed single chirality SWCNT devices. Electrical measurement shows the (6,5) 

and (7,5) devices exhibit good FET behaviour while metallic tube devices show 

metallic behaviour. We also synthesised CdS-SWCNT hybrids in solution using both 

mixed chirality and single chirality SWCNT. After immobilisation of these hybrids into 

device configuration, we investigated the photoinduced electrical response of these 

devices at different wavelengths. The results suggest that CdS-(6,5) devices show 

higher sensitivity compared to mixed chirality devices. Our future work will focus on 

the separation of single chirality SWCNTs and investigation of the photo response of 

CdS-SWCNT devices with different chiralities. 
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Chapter 7 Conclusions and Outlook 

 

Nanomaterials have been promising building blocks for the next generation electronics 

due to the need for high performance electronics and the trend towards miniaturized 

devices. Various nanomaterials with different sizes, shapes and compositions have been 

introduced into electrical circuits to fabricate functional devices. Due to their excellent 

properties, nanomaterials have shown potential applications in a variety of fields, 

including field effect transistors, biosensing electronics and optoelectronics. While 

promising, it is still challenging to fabricate devices with low-cost processability and 

multipurpose capability. 

In this work, we have focused on the fabrication and characterisation of functional 

devices. In particular, we controlled the interfacing of SWCNTs with either 

biomolecules, like DNA and proteins, or metal precursors, or semiconductors. These 

SWCNT hybrids were then assembled from solution onto prepatterned electrodes, into 

field effect transistor configurations. Atomic force microscopy has been applied to 

investigate the morphology of these devices. We demonstrated the potential 

applications of these nanoscale devices in various fields, such as biosensing and 

photodetection. 

Distinct hybrids of SWCNTs and aptamers were synthesized in aqueous solution and 

were subsequently assembled from solution into nanoscale device configurations on the 

same chip, in which the nanotubes could act as the transducer elements, and the 

aptamers as the recognition components, of an electrical biosensing platform. These 

devices allowed the real-time and simultaneous detection of multiple analytes on the 
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same chip. As proof of concept, we demonstrated the selective recognition of different 

biomarkers indicative of stress and neuro-trauma conditions, at various physiologically 

relevant concentrations, from pM to µM. The results showed that these devices 

exhibited high selectivity and sensitivity, as well as multiplexing ability due to the 

immobilization of CNT-aptamer hybrids with distinct biorecognition elements on the 

same nanoscale chip via a DEP-based strategy. Additionally, the devices are 

reconfigurable and reusable via a simple cleaning procedure.  

Similarly, biosensors based on SWCNT FETs were fabricated to investigate the 

influence of a protein’s electrostatic surface features in the electrical sensing of a -

lactamase enzyme. BILP2 variants were attached to SWCNTs in defined orientations 

since the bioorthogonal reaction handles were engineered at specific residues in BLIP2 

variants. Using these devices functionalised with different BILP2 variants, we 

performed electrical detection of -lactamase TEM. The results showed that the 

responses of these devices were dependent on the BLIP2 variants, and hence orientation. 

Presentation of different TEM electrostatic surfaces within the Debye length led either 

to increase or decrease in conductance. This allowed biosensing through electrostatic 

surface profiling of distinct protein-protein interactions. 

Another achievement of this work is the direct synthesis of multiple metal nanowires 

on the same chip. Different M(acac)2@SWCNT were immobilized from solution into 

nanoscale device configurations on the same chip, where the SWCNTs were used as 

vector templates. Metal nanowires were grown in the cavity of the nanotubes after 

annealing treatment, and were exposed to oxygen plasma to remove the nanotube shell. 

Distinct Cu, Pt and PtCu nanowires were successfully synthesized between different 

electrode pairs on the same chip as indicated by the electrical measurement: no gate 

dependence was observed upon removal of the SWCNT shell. This strategy represents 
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a viable route to the large-scale fabrication and detailed exploration of materials 

properties in controlled 1D architectures.  

Additionally, we separated single chirality SWCNT species from the SWCNT mixture 

and demonstrated the fabrication of multiplexed single chirality SWCNT devices. This 

allowed us to investigate the electrical properties of the SWCNTs with defined chirality. 

Subsequently, SWCNT-CdS hybrids were synthesized using both mixed chirality and 

single chirality SWCNTs and were immobilised between electrodes to fabricate 

photodetectors. Real time detection showed that both mixed chirality devices and single 

chirality devices exhibited high sensitivity to blue laser, but single chirality devices 

were more sensitive to green laser. 

While in this thesis we have presented the fabrication and characterisation of a variety 

of functional nanoscale devices, there are still many challenges inhibiting the practical 

applications of these devices. i) Although functional devices can be easily fabricated 

via the techniques developed in this thesis, variation in these devices still exist. This 

will influence the accuracy of the experimental results. It is of importance to develop 

strategies for the fabrication of devices with high reproducibility. ii) The SWCNTs used 

in the thesis are mixed chirality, which may compromise the sensitivity and selectivity 

of the devices. The diversity of SWCNT chiralities may also cause high signal to noise 

ratio in the electrical measurement. Therefore, future work will focus on the separation 

of single chirality SWCNTs, and application of these single chirality SWCNTs. iii) For 

some reasons, most devices in thesis cannot last too long. How to increase the stability 

of these devices is another important research topic. 

Despite these challenges, this work provides promising strategies for the fabrication of 

devices with multipurpose capability, easy processing and low-cost fabrication. This 

will help to develop next generation electronics. 


