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Abstract  

Carbon nanomaterials, including carbon nanotubes and graphene, with various unique 

physical and chemical properties are emerging as extraordinary materials for biomedical 

applications.  The aim of this thesis was to functionalise single walled carbon nanotubes 

and reduced graphene oxide with range of biomolecules including, peptides, peptoids, 

and ribonucleosides.  

The first study investigated the noncovalent interaction between single walled carbon 

nanotubes and fluoro tagged nano-1 peptide with 
19

F NMR.  

In the second study single walled carbon nanotubes were noncovalently functionalised 

with a series of antibacterial, chiral, amphiphilic peptoids. The peptoids varied in the 

number of aromatic residues on the hydrophobic surface of the helix. It was found that 

peptoid’s ability to individually disperse single walled carbon nanotubes increased with 

increasing the number of aromatic residues.  

The third study presented the first experimental noncovalent interaction of 

ribonucleosides, nucleobases, and ribose with purified and oxidised single walled 

carbon nanotubes. It was found that cyclic and aromatic ribonucleosides and 

nucleobases are too small to disperse the hydrophobic nanotube surface by π-π stacking. 

Furthermore, results showed that the ribonucleosides dispersion ability towards 

nanotubes depends on the number of oxygen-containing functional groups on the 

nanotube surface.  

In the final research it was found that the flat rigid surface of reduced graphene oxide 

has a critical role in its noncovalent interaction with peptides and peptoids. Results 



 

 

showed that biomolecules with higher backbone flexibility can give a higher dispersion 

affinity towards reduced graphene oxide. Also, it was found that ribonucleosides and 

their nucleases, and ribose moieties have very limited dispersion affinity towards 

reduced graphene oxide. Finally, the covalent functionalisation of reduced graphene 

oxide with cell penetrating peptoid, thymidine, and adenosine was investigated. 
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1. THESIS AIMS AND OUTLINE 

 

Many potential applications have been proposed for carbon nanomaterials, carbon 

nanotubes (CNTs) and graphene, in the fields of nanotechnology, biology, and 

medicine. For biomedical and biological purposes, the dispersion of carbon 

nanomaterials in aqueous solvents is a major criteria for their biocompatibility and 

their bioapplications; hence the use of their composites in therapeutic delivery should 

meet this basic prerequisite. However, the difficulty of the solubilisation of pristine 

carbon nanomaterials in aqueous solvents is a potential obstacle to realising their 

application, mainly due to their hydrophobic character which, coupled with the 

strong π–π interactions, causes them to aggregate as bundles. Since the unique 

structure of biomolecules, such as peptide, protein and DNA, endow them with their 

distinctive biological functions, there is increasing interest in the combination of 

biomolecules with CNTs unique properties, such as high aspect ratio, light weight, 

high mechanical strength and electrical and thermal conductivity. However, so far 

the nature of this interaction yet in not well understood. Thus the aim of this thesis is 

to investigate the aqueous covalent and noncovalent functionalisation of single 

walled carbon nanotubes (SWNTs) and graphene based nanomaterials, with a series 

of biomolecules, including peptides, peptoids, and ribonucleosides in water, both to 

improve the carbon nanomaterial dispersibility in water and to gain a better 

understanding of the nature of the interactions. The outline of this thesis is as 

follows: 
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Chapter 2 introduces the CNT and its production methods, properties, purification 

methods, and functionalisation techniques. It further reviews the literature on the 

biomolecules used for the dispersion of SWNTs.  

Chapter 3 summarises the analytical techniques that have been used in this thesis to 

characterise CNTs and biomolecules. A brief background of the techniques is 

provided; but the focus is on how these techniques can be used to analyse CNTs and 

biomolecules. 

Chapter 4 investigates the effect of the N-terminus acetylation of nano-1 peptide on 

its ability to disperse SWNTs. Additionally; this chapter studies the use of 
19

F NMR 

to monitor the binding between a fluorinated nano-1 peptide and the SWNTs surface. 

Finally, the stability of the nano-1 peptide/SWNT complex against enzyme digestion 

is investigated. 

Chapter 5 investigates the synthesis and characterisation of a series of chiral linear 

peptoids and their noncovalent interaction with SWNTs which aid dispersion in 

aqueous medium. 

Chapter 6 investigates the interaction between ribonucleosides and SWNTs in 

aqueous medium. The combined effect of ribonucleoside substituent groups and the 

oxygen-containing functional groups of the SWNT surfaces on adsorption are 

investigated 

Chapter 7 studies the covalent and noncovalent functionalisation of rGO with 

biomolecules, specifically peptide, peptoid, and ribonucleosides. The difference in 

interaction between peptides and peptoids with rGO is explored. The covalent 
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functionalisation sections studies the functionalisation of rGO with cell penetrating 

peptoid and ribonucleosides to improve its solubility in water.  

Chapter 8 summaries the thesis results and future work of the whole thesis. 
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2. INTRODUCTION TO CARBON NANOTUBES 

 

2.1. Background 

After the discovery of fullerenes by Kroto et al,
1
 in 1985, it became evident that sp

2
 

hybridised graphene layers exist not only in planar honeycomb sheets like in 

graphite, but also in spherically curved and closed cages. Later, in 1991, Sumio 

Iijima synthesised and studied a cylindrical form of the buckyball, known as a carbon 

nanotube. Initially double walled carbon nanotubes (DWNTs) and multi walled 

carbon nanotubes (MWNTs) were reported along with their crystal structures.
2
 Two 

years later single walled carbon nanotubes (SWNTs) were independently synthesised 

by Iijima and Ichihashi,
3
 and Bethune et al.

4
 Since then, carbon nanotubes (CNTs) 

have attracted considerable research interest across a range of disciplines, including 

physics, chemistry, materials science, medicine, and engineering, owing to their 

extremely interesting properties and potential for a range of applications.  

 

2.2. Structure of Carbon Nanotubes  

In general, CNTs can be described as a graphene sheet that is rolled into a seamless 

cylinder and capped with half a buckyball at both ends. Similar to graphite, the 

structure of a CNT is the orientation of the six-membered carbon bonds (called 

hexagonal) in the honeycomb periodic lattice along the axis of the nanotube.  
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Although CNTs and graphite are built of the same basic units, hexagons of sp
2
 

hybridised carbon atoms, there is a substantial difference between the physio-

chemical properties of these materials. A CNT can be viewed as a hollow cylinder 

formed by seamlessly rolling a graphene sheet capped at both ends in a hemispherical 

arrangement of carbon networks (Figure 2-1).  

 

Figure  2-1: Rolling up a graphene sheet to form a nanotube. 

 

The closure of the cylinder results from the inclusion of pentagonal and heptagonal 

structures during the growth process. Therefore, the character of C–C bonds in CNTs 

differs from that of graphite as the carbon atoms in a nanotube are pyramidalised due 

to the curvature of the nanotube sidewall. Additionally, their curvature will cause 

quantum confinement and σ–π rehybridisation.
5
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Figure  2-2: Diagram showing the π–orbital in planar graphene and its change when bent to 

from CNTs. Reprinted figure with permission from (6). Copyright (2011) by the American 

Physical Society. 

 

As shown in Figure 2-2, the three σ bonds which lie in the sp
2
 plane are slightly 

shifted out of plane. As a result, the π–orbital is more delocalised outside the 

nanotube. That is a big difference with respect to graphite in which the sp
2
 hybrid 

orbitals form three in-plane σ bonds with an out-of-plane π–orbital. The electron 

cloud distortion induced by the curvature, yields a rich π–electron conjugation 

outside the tube. This can make CNTs more electrochemically active and electrically 

and thermally more conductive than graphite. In addition, the CNTs curvature allows 

topological defects such as pentagons and heptagons to be incorporated into the 

hexagonal network to form capped, bent, toroidal, and helical nanotubes. The 

electrons will be localised in pentagons and heptagons because of redistribution of π 

electrons.  
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2.2.1. Types of Carbon Nanotubes  

The number of cylinders that constitute a CNT can vary from one to several, giving 

rise to different kinds of CNTs, namely single walled carbon nanotubes (SWNTs), 

double walled carbon nanotubes (DWNTs) up to generic multi walled carbon 

nanotubes (MWNTs).
7
 MWNTs were the first to be characterised at atomic 

resolution (1991)
2,8

 followed by their single walled counterparts in 1993
3,4

 (Figure 2-

3). MWNTs generally have a larger outer diameter (2.5-100 nm) than SWNTs (0.6-

2.4 nm) and consist of a varying number of concentric SWNT layers, with an 

interlayer separation of ~ 0.34 nm.
9
 SWNTs have a better defined diameter, while 

MWNTs are more likely to have structural defects, resulting in a less stable 

nanostructure.
10,11

 SWNTs and MWNTs are often seen as straight or elastic bending 

structures individually or in ropes.  

 

Figure  2-3:  High resolution TEM images of CNTs: (Left) MWNTs with varying number of 

graphene layers 5, 2, and 7, Reprinted by permission from Macmillan Publishers Ltd: 

[Nature] [2], copyright (1991), (Right) bundled SWNTs, from [12]. Reprinted with 

permission from AAAS. 
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2.2.2. Chirality of Carbon Nanotubes 

The size and orientation of the rolled graphene layer are essential for the structure of 

the nanotube and therefore its properties.
13

 The angle between C–C bonds and the 

axis of the tube can vary, and the so-called chirality of a SWNT depends on this 

angle. Therefore, the atomic structure of SWNTs may be described by the tube 

chirality, or helicity, which is defined by the chiral vector (Ch) and the chiral angle 

(θ).
14

 The chiral vector can be described in terms of the lattice translational indices 

(n, m) and the unit vectors a1and a2, as shown in equation below: 

Ch 1 2 

Where a1 and a2 are the unit factors and n and m (integers) are the steps along the 

directions. The chiral angle θ, determining the degree of “twisting" of the tube, is 

defined as the angle between the vectors Ch and a1, which varies in the 0° ≤ |θ| ≤ 30° 

range.
15,16

 Thus, according to the rolling angle of the graphene sheet, SWNTs can be 

classified into two groups’ structure wise, achiral and chiral. Achiral carbon 

nanotubes are defined as a SWNT whose mirror image has an identical structure to 

the original one. The achiral tubes are known as armchair (θ = 30°) and zig–zag (θ = 

0°) as shown in Figure 2-4.  
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Figure  2-4: SWNT helicity map and examples of (n, m) chiral vectors that give rise to 

armchair, zig–zag and chiral nanotube structures with metallic or semi-conducting electronic 

character. Reproduced from [17] with permission of The Royal Society of Chemistry. 

 

Despite the structural similarity to a single sheet of graphite (graphene), which is a 

semiconductor with zero bandgap, CNTs may be either metallic or semiconducting.
18

 

In general, SWNTs are a mixture of metallic and semiconducting material, while 

MWNTs are regarded as metallic conductors.
19

 If the difference n - m is non-zero 

and divisible by three, the nanotube is considered semi-metallic with a bandgap of 

the order of meV. If the difference is equal to zero, the nanotube is metallic with a 

bandgap of zero and is referred to as an armchair-type nanotube. In all other cases 

where the difference n – m is non-zero and not divisible by three the nanotube is 

semiconducting with a band gap ranging from approximately 0.5 to 1 eV.
20
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2.3. Synthesis of Carbon Nanotubes 

The unique chemical and physical properties of CNTs are determined by the 

structure of CNTs. Therefore, the synthesis of CNTs with a controlled diameter, 

chirality, number of graphite layers, length and quality has been a crucial part of 

CNT research. Several techniques have been successfully applied for the production 

of CNTs, including electric arc-discharge (EA) method, laser ablation (LA), 

chemical vapour deposition (CVD), and high pressure decomposition of CO (HiPco). 

Each technique has both advantages and challenges.  

 

2.3.1. Electric Arc-Discharge (EA) 

The electric arc-discharge method (EA), initially used for producing C60 fullerenes,
21

 

was the first reported and is still one of the most widely used techniques for the 

production of SWNTs.
2
 Both fullerenes and nanotubes can be produced once the 

synthesis conditions are optimised. In this method, an electric arc is struck between 

two pure graphite electrodes in an inert atmosphere, such as of helium or argon. The 

arc produces temperatures of around 3000 °C, causing the graphite to evaporate. 

CNTs are formed by consuming the positive electrode during the process and 

depositing it on the negative electrode, accompanied by nanoparticles or disordered 

carbon.
3,22

 Figure 2-5 shows a schematic diagram of an arc-discharge system.  
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Figure  2-5: Schematic diagram of an arc-discharge system. Reproduced from [23] with 

permission of John Wiley and Sons. 

 

If both electrodes are graphite and without catalysts, the main product will be 

MWNTs. Typical sizes for MWNTs are an inner diameter of 1 – 3 nm and an outer 

diameter of approximately 10 nm. In order to produce SWNTs, the anode has to be 

doped with a metal catalyst, such as a transition metal.
3,4,24,25

 Usually the diameter of 

SWNTs is in the range of 1.2 to 1.4 nm. The quantity and quality of the nanotubes 

obtained depend on various parameters such as the metal concentration, inert gas 

pressure, kind of gas, the current and system geometry.
26

 By adjusting the pressure 

and catalyst carefully, the diameter of SWNTs and MWNTs can be controlled to a 

certain degree. Compared to other methods, arc discharge is a more common and 

easy way to produce a less defective, large scale product. However, more by-

products such as amorphous carbon, multi-shell graphite particles and catalytic metal 

particles are formed during the process and are typically present in amounts up to 30 

% by weight of the product.
25
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2.3.2. Laser Ablation (LA) 

The laser ablation technique for synthesising CNTs was first reported by Guo et al in 

1995.
27,28

 In this method, a graphite target containing small amount of catalyst 

particles is vaporised by an intense laser beam at a temperature of around 1200 °C in 

an inert atmosphere. The nanotubes formed are then brought away from the high 

temperature region by an inert gas flow and cooled down on a collector.
27

 Figure  2-6 

shows the laser ablation setup. 

 

Figure  2-6: Schematics of a laser ablation setup for production of CNTs.
 
Reproduced [23] 

with permission of John Wiley and Sons. 

 

CNTs produced by laser ablation are purer (up to about 90 % purity) than those 

produced in the arc discharge process.
12

 The average nanotube diameter and diameter 

distribution is found to vary according to the growth temperature, catalyst 

composition and other process parameters. Unfortunately, the laser technique is not 

economically advantageous because the process requires high-purity graphite rods, 

the laser powers required are high, and the amount of SWNTs that can be produced 

per day is not as high as the arc-discharge method.
27
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2.3.3. Chemical Vapour Deposition (CVD) 

Chemical vapour deposition of hydrocarbons over a metal catalyst is a classical 

method that since the 1960s has been used to produce various carbon materials like 

carbon fibers and filaments.
29

 Both SWNTs and MWNTs can be grown using a 

similar approach by decomposing an organic gas over a substrate covered with metal 

catalyst particles.
30

 Figure 2-7 shows CVD setup for nanotube synthesis.  

 

Figure  2-7: Schematics of a CVD deposition oven. Adapted from [31]. 

 

Generally, CVD process includes catalyst assisted decomposition of hydrocarbons in 

a tube reactor at high temperatures. A typical set up for the growth of carbon 

nanotubes includes blowing acetylene over cobalt and iron catalysts supported on 

silica or zeolite.
32,33

 Although this method is very easy to scale up, it results in a 

relatively high density of defects along the nanotube walls,
34

 which is prohibitive for 

commercial uses.  
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2.3.4. High Pressure Decomposition of CO (HiPco) 

The high pressure CO disproportionation process (HiPco) is a technique for catalytic 

production of SWNTs in a continuous-flow gas phase using CO as the carbon 

feedstock.
35,36

 The catalysts used in the HiPco process are formed in the gas phase 

from a volatile organometallic catalyst precursor introduced into the reactor. The 

organometallic species decomposes at high temperature, forming metal clusters on 

which SWNTs nucleate and grow. In this method, SWNTs are produced by flowing 

CO, mixed with a small amount of the catalyst, such as Fe(CO)5 through a heated 

reactor. Figure 2-8 shows the layout of a CO flow-tube reactor.  

 

Figure  2-8: Layout of CO flow-tube reactor, showing water-cooled injector and 

‘showerhead’ mixer. Reprinted from [36], Copyright (1999), with permission from Elsevier. 

 

The average diameter of HiPco SWNTs is approximately 1.1 nm, which is typically 

smaller than SWNTs produced by the laser-oven process, where the average 

diameter is about 1.3 – 1.4 nm. The dominant impurity in HiPco nanotubes is the 

metal catalyst, which is encased in thin carbon shells and distributed throughout the 

sample as 3 – 5 nm size particles.
37

 Compared with other techniques, production by 
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the HiPco method has the advantages of high quality, ease of purification and large 

scale commercial products. 

 

2.4. Purification of Carbon Nanotubes  

Regardless of the method used for their production, CNTs always contain a number 

of impurities that are an impediment to more detailed characterisation of their 

properties and thus their future applications.
13

 The most prominent impurities are 

metallic catalyst particles, amorphous carbon, carbon nanoparticles containing 

metals, fullerenes, and polyaromatic fragments of graphene sheets. The basic 

principle of the purification techniques takes the advantage of difference in aspect 

ratio, oxidation rate between CNTs and carbonaceous impurities, solubility of CNTs, 

size of CNTs. Thus, purification techniques of CNTs can be categorised into two 

main group’s namely chemical and physical methods. Figure 2-9 shows the 

difference between as-synthesised CNTs and chemical and physically purified CNTs. 

 

Figure  2-9: Difference between as-synthesised CNTs, chemically and physically purified 

CNTs. Reproduced from [38] with permission of The Royal Society of Chemistry. 
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The chemical purification techniques separate CNTs as a function of their reactivity. 

Compared with CNTs carbonaceous impurities are easily oxidised due to the 

presence of more dangling bonds and structural defects. The most commonly used 

chemical purification involves the oxidation of as-synthesised CNTs in both wet and 

dry conditions, due to the method’s practicality, relative simplicity, applicability to 

both metal catalysts and amorphous carbons, and capability of purifying large 

quantities of nanotubes. Moreover, oxidation techniques can often introduce 

oxygenated functional groups, such as carboxylic acids, which serve as a good 

starting point for subsequent nanotube surface chemistry.
39

 The wet condition 

generally refers to the oxidation using a solution of concentrated acids or strong 

oxidants; meanwhile the dry condition mainly refers to the oxidation by air, oxygen, 

or other gases at a controlled temperature. Gas phase oxidation is based on the 

principle of a selective oxidative etching process, wherein the other carbonaceous 

species are oxidised at a faster rate than the actual CNTs themselves. After 

destruction of carbonaceous species, such as amorphous carbon and graphitic carbon 

layers, the metal catalysts can be removed using acid treatment (e.g. HCl washing). 

Meanwhile, liquid phase oxidation is most commonly used and typically involves 

reacting CNTs with oxidising agent (HNO3, HCl, KMnO4/H2SO4, etc.) and/or 

refluxing in water or H2O2. The hydrochloric acid, however, can only attack directly 

accessible metal particles, whereas concentrated nitric acid leads to quite an efficient 

removal of metal because the oxidising power of the acid enables it to attack CNTs 

side wall and even to open the closed tips of nanotubes by generating functional 

groups containing oxygen, like COOH, C=O, etc. However, upon prolonged acidic 

action and at high density of defects, the tubes are markedly reduced in length. Thus, 

the main disadvantage of liquid phase treatments is that they tend to destroy not only 
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impurities but also the nanotubes. However, with proper control of the reaction 

conditions, purification of as-synthesised CNTs through the removal of metal 

catalyst particles may result in higher purity as well as the tips opening.  

Besides the removal of foreign material, there is another crucial aspect in the 

purification of CNTs. Any of the procedures presented in Sections 2.3 yields tubes 

with different structure indices (n, m), that vary in diameter and electronic properties. 

In general, the physical purification techniques are used to remove graphitic sheets, 

carbon nanospheres (CNSs), aggregates or separate CNTs with different 

diameter/length ratios. They are based on the differences in diameter, physical size, 

aspect ratio, gravity and magnetic properties etc. Although they are relatively mild 

and do not cause severe damages to the tubes, they are normally more complex and 

less effective compared to the chemical methods, thus leading to a lower purity of 

CNTs.  

 

2.5. Properties of Carbon Nanotubes 

2.5.1. Chemical Properties  

CNTs and graphite are built of the same basic units, hexagons of sp
2
 hybridised 

carbon atoms. However, the curvature-induced pyramidalisation and misalignment of 

the π-orbitals of the carbon atoms in CNTs induces a local strain,
40-42

 thus CNTs are 

expected to be more reactive than a flat graphene sheet (Figure 2-10).  
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Figure  2-10: Diagrams of (a) metallic (5,5) SWNT, (b) pyramidalisation angle (θP), and (c) 

the π-orbital misalignment angles (φ) along the C1-C4 in the (5,5) SWNT and its capping 

fullerene, C60. Reprinted with permission from [43]. Copyright (2002) American Chemical 

Society. 

 

The strain in non-planar conjugated organic molecules arises from two principal 

sources: pyramidalisation of the conjugated carbon atoms, and π-orbital 

misalignment between adjacent pairs of conjugated carbon atoms.
44,45

  

The curvature in CNTs introduces misalignment of π-orbitals within the rolled 

graphene sheet.
43

 Therefore, the π-orbitals of a nanotube are not pointed directly 

towards the central axis of the nanotube, and some adjacent carbon π-orbitals have a 

misalignment angle, ϕ, between them.
46

 The reactivity of CNTs arises due to their 

topology and thus their π-orbital misalignment is likely to be the main source of 

strain in the CNTs. 
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It is conceptually useful to divide the CNTs into two regions: end caps and sidewall. 

The origins of the strain in the end caps and the sidewall of CNTs are somewhat 

different. In the (5,5) SWNT shown in (Figure 2-10, a) which is capped by a 

hemisphere of C60, the pyramidalisation angles are as follows: θP ≈ 11.6° (end cap) 

and θP ≈ 6.0° (side wall).
41,43

 The end cap of a CNT can be regarded as a 

hemispherical fullerene, and the C–C bonds in this region of the carbon nanotube 

therefore experience a similar degree of strain due to pyramidalisation to that of the 

equivalent fullerene. The reactivity of the fullerenes, which is primarily driven by the 

enormous strain engendered by their spherical geometry, is reflected in the 

pyramidalisation angles of the carbon atoms (Figure 2-10, c). All of the carbon 

atoms in fullerenes have a pyramidalisation angle θP of 11.6°.
47

 For a sp
2
 hybridised 

(trigonal) carbon atom, planarity is strongly preferred, and this implies a zero 

pyramidalisation angle θP, whereas a sp
3 

hybridised (tetrahedral) carbon atom 

requires a pyramidalisation angle θP of 19.5 (Figure 2-10, b). As, all of the carbon 

atoms in fullerenes and end cap of CNTs have θP = 11.6°, therefore, it is immediately 

clear that their geometry is more appropriate for tetrahedral than trigonal 

hybridisation. The curvature in the sidewall of a CNT is much less than that in a 

fullerene of equivalent diameter. The curvature and misalignment of the π-orbitals of 

the (5,5) SWNT generates a pyramidalisation angle θP of 6.0° at the side wall, while 

the hemifullerene end-cap is under significantly more curvature-induced strain, with 

a pyramidalisation angle θP of 11.6°. Therefore, the C–C bonds in the sidewall of a 

CNTs are much less reactive than those in the end cap.
17

 There are two types of C–C 

bonds in the sidewall: Those that run parallel to the circumference plane (which is 

perpendicular to the axis of the CNT), and those at an angle to the circumference 

plane. As may be seen in Figure (2-10, c), the first bond is similar to the situation in 
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the fullerenes with perfect alignment of the lobes of the π–orbitals, whereas the 

second bonding geometry requires a twist of the π–bond. In the latter case, the angle 

between the lobes of the π–orbitals of the adjacent carbon atoms is 0° and 21.3°, 

respectively; this source of strain in the CNTs that is absent in the fullerenes.
43

 This 

strain due to orbital misalignment leads to a differentiation between the bonds in the 

CNTs that may be reflected in their relative reactivity. The pyramidalisation angles 

and the π-orbital misalignment angles of CNTs scale inversely with the diameter of 

the nanotubes; a differentiation is expected between the reactivity of carbon 

nanotubes of different diameters. Furthermore, Bonds that are perpendicular to the 

tube axis, present in armchair CNTs (high chiral angle, 30°) are under greater strain, 

making these species more reactive than zig–zag CNTs (low chiral angle, 0°) of the 

same diameter.
48

 

 

2.5.2. Thermal Properties 

With the continually decreasing size of electronic and micromechanical devices, heat 

removal has become a crucial issue for continuing progress in the electronics 

industry owing to increased levels of dissipated power.
49

 Therefore, there is an 

increasing interest in materials that conduct heat efficiently for designing the next 

generations of integrated circuits (ICs) and 3D electronics to prevent structural 

damage.
50

 CNTs occupy a unique place in terms of their thermal conductivity and 

stability that stem from  their unique structure and tiny size.
51

 The thermal 

conductivity of nanotubes along their axis appears superior to that of all materials, 

including diamond, due to the benefits derived from the strength and toughness of the 
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sp
2
 bond and from the 1D character of nanotubes. The thermal conductivity of bulk 

mats of SWNTs has been experimentally found to be as high as 200 W/mK at room 

temperature.
52

 Although it has been theoretically predicted that the thermal 

conductivity of an individual ideal SWNT at room temperature could be as high as 

6.600 W/mK, the practical value is usually less owing to the presence of defects in 

the walls of nanotubes.  

CNTs also exhibit excellent thermal stability. However, modified CNTs in general 

show lower thermal degradation temperatures, as most modification processes 

involve either damage to CNT structure or introduction of organic materials on 

CNTs. The damaged CNTs result in the production of amorphous carbon particles 

that can be burned easily in air flow, and the functional moieties attached on the 

CNT are also easily burned.  

 

2.5.3. Mechanical Properties   

As previously mentioned, CNTs are constructed from sp
2
 hybridised carbon atoms of 

the rolled graphene sheet, which is known to be mechanically stable. Therefore, 

CNTs mechanical properties are closely related to that of graphene. Among the many 

types of measurements to determine mechanical strength, the two that arguably stand 

out the most are Young’s Modulus and the tensile strength. The Young’s Modulus 

describes the ratio of stress applied to the amount of resulting strain on the material. 

The tensile strength describes the maximum amount of stress a material can be 

subjected to before it breaks. The in plane Young’s modulus of graphite is 1.06 

TPa.
53

 However, in graphite, weak interplanar interactions weaken the system via 
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shearing of planes from the three dimensional crystal, even at weak applied forces. In 

contrast to planar graphene, the 1D cylindrical shape provides CNTs with many 

unique mechanical properties,
54

 including a high Young’s modulus and a low 

specific weight. The Young’s modulus of SWNTs has been determined to be higher 

than 1 TPa,
55

 which makes them suitable candidates for reinforcing composites and 

in ultrahigh frequency nano-mechanical resonator applications.  

 

2.6. Functionalisation of Carbon Nanotubes 

The lack of solubility and the difficulty of manipulation in many solvents have 

imposed great limitations to the use of CNTs. As-produced CNTs are insoluble in all 

organic solvents and aqueous solutions. They also have the tendency to aggregate 

into bundles/ropes, due to the substantial van der Waals bonding in the tube–tube 

interactions.
56-58

 The substantial intermolecular cohesive forces of 0.5 eV nm
-1

 that 

exist between the tubes render them insoluble in common organic and aqueous 

solvents.
59

 This lack of solubility is a major disadvantage as it makes them difficult 

to process and handle. Although, CNTs can be dispersed in some solvents by 

sonication, precipitation immediately occurs when this process is interrupted.  

Sonication also damages the sidewalls of the nanotubes.
60,61

 Therefore, several 

approaches for the modification of these quasi one-dimensional structures have been 

developed. These approaches include side wall functionalisation, endohedral 

functionalisation, defective sites functionalisation, and noncovalent functionalisation; 

Figure 2-11 illustrates the possible CNT functionalisation approaches.
62

 CNTs 

biomedical applications depend on their chemical modifications. Carbon itself has 
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good biocompatibility, however, when it forms the CNT nanostructure, it can show 

toxicity.
63,64

 The property of water-insolubility is another factor that confines the use 

of CNTs in the biomedical field. Furthermore, CNTs are considered as ideal carriers 

for drug delivery, which requires proper chemical functionalisation. Accordingly, 

chemistry of CNTs in biomedical fields has multiple purposes, such as water-

solubilisation, enhancement of functions, and lowering the toxicity of CNTs. 

 

Figure  2-11: Schematic representation of different strategies for the functionalisation of 

CNTs. 
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2.6.1. Covalent Functionalisation of Carbon Nanotubes 

Covalent functionalisation is perhaps the most efficient form of obtaining well 

dispersed CNTs in aqueous solution due to the presence of polar functional groups 

on the CNT surfaces.
65

 Dispersion of covalently functionalised CNTs is achieved 

through the disruption of the van der Waals forces between nanotube bundles by the 

introduction of functional groups on the CNT surfaces. The drawbacks of covalent 

functionalisation are that they invariably introduce defects to the sidewalls, thus 

resulting in significant changes in the CNTs physical properties.
66

 Defects in CNTs 

are important as they offer an option for further functionalisation. Defects, therefore 

are a promising starting point for the development of the covalent chemistry of 

CNTs.
62

 The end caps of CNTs tend to be composed of highly curved fullerene-like 

hemispheres, which are therefore highly reactive compared with the side walls. The 

sidewalls themselves contain defect sites such as pentagon-heptagon pairs called 

Stone-Walls defects, sp
3
-hybrideised defects, and vacancies in the nanotube lattice 

(Figure 2-12). 
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Figure  2-12: Typical SWNT defects: (A) bend in structure due to Stone-Wales defects, (B) 

sp
3
 hybridised carbons, (C) holes in the sidewall and (D) SWNT open end terminated with 

COOH groups. Reproduced from [62] with permission of John Wiley and Sons. 

 

CNTs’ direct covalent functionalisation can be performed at either at the end caps of 

nanotubes or at their sidewalls which have many defects. This process can be made 

by reaction of a CNT with molecules of a high chemical reactivity,
67

 such as 

fluorine, nitrenes, carbenes, and radicals. However, this approach is usually 

associated with a change in CNTs’ hybridisation from sp
2
 to sp

3
 and a simultaneous 

loss of conjugation. Table 2-1 summaries the most common covalent 

functionalisation methodologies of CNTs.  
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Methodology Functional 

Group Added 

Degree of 

Functionalisation 

Solubility 

Diazonium
68-71

 Aryl 1 FG in every 10 carbons 

in SDS/water and 1 FG in 

every 25 carbons in 

organic solvent or neat 

0.8 mg mL
-1

 

in DMF 

Fluorination
72

 Fluorine 1 FG in every 2 carbons 1 mg mL
-1

 In                   

2- propanol 

Radical  Chemistry
73

 Alkyl - - 

Nitrene
74

 Aziridene 1 FG in every 50 carbons 1.2 mg mL
-1

 

in DMSO 

Bingel reaction
75

 Cyclopropane 1 FG in every 50 carbons  

Dichlorocarbene
76

 Cyclopropane 1 FG in every 25 carbons - 

Free-radical additions
77

 Perfluorooctyl - - 

Reductive alkylation
78

 Alkyl 1 FG in every 31 carbons  

Table  2-1: Common SWNT Sidewall Functionalisation Methodologies.  

 

The most common direct functionalisation approach is via carboxylation. In addition 

to improving the purity of CNTs, carboxylation increases CNT dispersion by 

reducing the van der Waals forces between nanotubes bundles. However, the 

oxidation by acids introduces defects on the CNT walls, shortens the length of tubes, 

and invariably changes the intrinsic chemistry of the CNT. Generally, CNT oxidation 

affords opened tubes with oxygen-containing functional groups at both the sidewall 

and the tube endings. These groups can then be used as chemical anchors for further 

derivatisation. 

Indirect covalent functionalisation takes advantage of chemical transformations of 

carboxylic groups at the open ends and holes in the sidewalls.
67

 These carboxylic 

groups might have existed on the as-grown CNTs and also be further generated 
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during oxidative purification. These functional groups have a rich chemistry and 

allow the CNTs to be used for further chemical reactions, such as silanation, polymer 

grafting, esterification, thiolation, alkylation and arylation and even some 

biomolecules.
79,80

 The CNTs functionalised in this way are soluble in many organic 

solvents because the addition of a polar group makes the normally hydrophobic tubes 

hydrophilic.
62

  

 

2.6.2. Noncovalent Functionalisation of Carbon Nanotubes 

Functionalisation of CNTs using covalent methods has shown promising results for 

providing useful functional groups on the CNTs surface, thus yielding a very stable 

and effective derivatisation. However, covalent functionalisation process inevitably 

creates a large number of defects on the sidewalls and/or the end tips of CNTs. In 

many extreme cases, CNTs are broken into smaller pieces, resulting in severe 

degradation of the mechanical and electronic properties of the CNTs and disruption 

of their π electron system.
46

  

On the other hand, noncovalent functionalisation of CNTs enhances the dispersibility 

and solubility of pristine CNTs while preserving the sp
2
 structure of the nanotubes 

and, thus, their electronic characteristics. Therefore, noncovalent functionalisation is 

an alternative method to overcome the drawbacks of the covalent functionalisation. 

The term dispersion refers to homogeneously distributed nanotubes in a colloidal 

state also including small bundles, while solution implies that the nanotubes appear 

individualised, e.g. the nanotube bundles are exfoliated. According to the interactions 

between the CNTs and the guest molecules, the noncovalent functionalisation 
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methods can be further classified as the, wrapping,
81

 adsorption,
82

 and endohedral 

methods.
83

 

The large aromatic and hydrophobic character of CNTs make them ideal surfaces for 

noncovalent interaction with molecules via van der Waals, π–π stacking or 

hydrophobic forces. Therefore, long chain molecules such as polymers and peptides, 

and DNA (containing π electrons) which featuring a helical shape are especially apt 

to wind around nanotubes.
84

 The π–π interaction is an electrostatic interaction in 

which the offset and/or orientation of the π orbitals on opposing molecules maximise 

the σ-π attractive interactions while minimising the opposing π-π repulsive 

interactions. Such interactions with CNTs can be surprisingly strong, depending on 

the molecules, and even capable of withstanding temperatures > 400 °C. The 

physical adsorption of molecules such as anionic surfactants onto the SWNTs surface 

is designed to lower the surface tension of SWNTs, effectively preventing the 

formation of aggregates. The surfactant-treated SWNTs overcome the van der Waals 

attraction by electrostatic/steric repulsive forces.
85

 The efficiency of this method 

depends strongly on the type of surfactants used and chemistry of the medium. 

Another approach for the noncovalent modification of SWNTs is the filling of their 

inner cavity; in this method, guest atoms, molecules, inorganic nanoparticles, such as 

C60, Ag, Au, and Pt, or biomolecules, such as proteins, are stored in the inner cavity 

of SWNTs through the capillary effect.
46, 65

 Comparison of the catalytic activities of 

immobilised enzymes with those of the free species in the hydrolysis of penicillin 

showed that a significant amount of the inserted lactamase remained catalytically 

active, implying that no drastic conformational change had taken place. DNA can 

also be entrapped in the inner hollow channel of nanotubes by simple adsorption to 
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form natural nano test tubes. Molecular dynamic simulations showed that both van 

der Waals and hydrophobic forces were important for the dynamic interactions of the 

components.
86,87

 The combination of CNTs and guest molecules is particularly useful 

in catalysis, energy storage, nanotechnology, nanofluidics, and molecular scale 

devices because the incorporation process allows their individual properties to be 

integrated in the hybrid materials, thus creating unique properties that cannot be 

achieved with individual components acting alone.
32

 

 

2.7. Aqueous Dispersion of Carbon Nanotubes 

Considerable effort has been made to develop approaches for reproducible dispersion 

of individual CNTs. Mechanical dispersion methods separate nanotubes from each 

other, but can also fragment the nanotubes, decreasing their aspect ratio.
88

 Chemical 

methods based on surface functionalisation of CNTs improve their chemical 

compatibility with the target medium and reduce their tendency to agglomerate. 

However, aggressive chemical functionalisation usually introduces structural defects 

resulting in inferior properties for the tubes. Thus, noncovalent treatment is 

particularly attractive because of the possibility of adsorbing various groups on 

CNTs surface without disturbing the system of the graphene sheets. The aqueous 

dispersion of noncovalent approaches are based on interactions of the hydrophobic 

part of the adsorbed molecules with nanotubes sidewalls while aqueous solubility is 

provided by the hydrophilic part of the molecules.
89

 The charging of the nanotube 

surface by adsorbed amphiphilic molecules prevents nanotube aggregation by the 

coulombic repulsion forces between modified CNTs. The noncovalent treatment of 
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CNTs with biomolecules has been widely used in the preparation of both aqueous to 

obtain high weight fraction of individually dispersed nanotubes. 

 

2.7.1. Polymers Composites  

CNTs are considered ideal materials as reinforcing fibers due to their exceptional 

mechanical properties. Therefore, CNT/polymer composites will not only possibly 

improve the mechanical and electrical properties of polymers, but are also considered 

to be a useful approach for incorporating CNTs into polymer-based devices. 

Noncovalent functionalisation with polymers usually involves the physical 

adsorption and/or wrapping of the polymer to the CNTs surface. A common strategy 

to impart functionality, water solubility, and biocompatibility to CNTs is the 

noncovalent functionalisation via PEGylation.
90-92

 The formed composites exhibit 

high stability in aqueous solutions at different pH values, at elevated temperatures, 

and in serum. Therefore, PEGylated/CNTs are very powerful materials for in vivo 

applications, including drug delivery or imaging.
93-95

 

 

2.7.2. Surfactants 

Surfactant molecules offer one of the highest potentials when considering 

noncovalent approaches to nanotube dispersions in water.
69,96,97

 The dispersion 

mechanism is believed to be primarily due to hydrophilic and hydrophobic 

interactions, where the attraction between the CNT surface and the surfactant’s 

hydrophobic segment facilitates adsorption while the hydrophilic group associates 
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with water.
85

 Surfactants can be classified as anionic, cationic, non-ionic or zwitter-

ionic according to the charge on their hydrophilic group.
98

 The adsorption of 

surfactants onto the CNT surface usually depends on the chemical characteristics of 

the surface, surfactant molecules and solvent. Thus, CNT dispersions involving ionic 

surfactants are believed to be stabilised by electrostatic repulsion between the 

hydrophilic head groups.
99

 The mechanism by which non-ionic surfactants adsorb 

onto a CNT hydrophobic surface is based on a strong hydrophobic attraction between 

the solid surface and the surfactant's hydrophobic tail.
98

 Thus, the ability of non-ionic 

surfactants to suspend CNTs is due the size of the hydrophilic group, with the 

efficiency of the surfactant increasing with molecular weight due to enhanced steric 

repulsion.
100

  

The physical adsorption of surfactant onto the CNT surface is designed to lower the 

surface tension of CNTs, thus preventing the formation of aggregates. The 

surfactant-treated CNTs overcome the van der Waals attraction by electrostatic/steric 

repulsive forces. The efficiency of this method depends strongly on the surfactant 

type, surfactant concentration, CNTs diameter
101,102

 and dispersion conditions.  

The presence/absence of different functional groups defines the efficiency of the 

dispersion of CNTs in solution. Vaisman et al.
98

 suggested that non-ionic surfactants 

be reserved for dispersing nanotubes in organic solvents while ionic surfactants are 

preferable for creating aqueous dispersions. However, the anionic sodium 

dodecylbenzene sulfonate (NaDDBS) had the highest dispersive in water ability ratio 

followed by non-ionic Triton X-100 (TX100) and lastly anionic sodium 

dodecylsulfate (SDS). π–π stacking interactions of the benzene rings on CNT surface 

are believed to increase the adsorption ratio of surfactants. Thus, NaDDBS and 
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TX100 were believed to disperse SWNTs better than SDS because they contain a 

benzene ring, which allows for a greater interaction with the SWNTs. However, the 

difference between TX100 and NaDDBS was attributed to head group size; the 

larger head group of TX100 lower its packing density compared to NaDDBS. 

Although, SDS and NaDDBS have the same length of the alkyl chain but the latter 

has a phenyl ring attached between the alkyl chain and the hydrophilic group. The 

presence of the phenyl ring makes NaDDBS surfactant more effective for 

solubilisation of nanotubes than SDS, due to the aromatic stacking formed between 

the SWNTs and phenyl rings of NaDDBS within the micelle (Figure 2-13).  

 

Figure  2-13: Schematic representation of how surfactants may adsorb onto the nanotube 

surface. Reprinted with permission from [103]. Copyright (2003) American Chemical 

Society. 

 

Similarly, Rastogi et al.
104

 found that benzene ring in a series of non-ionic 

surfactants, TX100, Tween 20, Tween 80 and SDS, affects their dispersion ability 

towards MWNTs. They found that TX100 displayed the highest dispersing power of 

the four which was again attributed it to its ability to adsorb more strongly than the 

others to the MWNTs through π–π stacking. Tween 80 was the next best because of 

its longer tail while Tween 20 was more effective than SDS due to its bulkier head 

group which provided greater steric stabilisation. 
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2.7.3. Protein  

Proteins, also known as polypeptides, are naturally amphiphilic organic compounds 

consisting of amino acids arranged in a linear chain and folded into 3D form. 

Interactions between proteins and CNTs could play a key role in the biological 

applications of CNTs.
105

 Thus, proteins have become widely used as CNT dispersing 

agents and extensively reviewed.
106,107

 Proteins consist of numerous active groups 

such as hydroxyl, amino, thiol, carboxyl acidic, and others, which provides sites for 

further surface functionalisation of the CNTs.
108,109

 Thus, interaction between a 

protein and a CNT surface are most likely to be complicated by involving many 

types of noncovalent forces such as electrostatic, π–π stacking, and hydrophobic 

interactions. Due to the aromatic nature of CNTs, it is rather common that protein-

CNT interactions are rationalised in terms of π–π stacking with aromatic amino 

acids. In particular, histidine and tryptophan appear to have the highest affinity for 

CNTs.
110

 However, studies found that protein amphiphilicity is another key property 

that appears to promote interaction of proteins with CNTs in aqueous media.
111

 

Although, electrostatic interactions are generally considered to play a minor role in 

protein-CNT binding, they have been reported in various studies, often taking into 

consideration the relation between protein charge and pH. For example, Nepal et 

al.
112

 demonstrated that proteins, including lysozyme, histone, hemoglobin, 

myoglobin, ovalbumin, bovine serum albumin, trypsin, and glucose oxidase, were 

good dispersing agents for SWNTs and that their suitability depends on various 

factors including the primary structure and pH. Kam et al.
113

 used the oxidised 

SWNTs to bind three proteins such as streptavidin protein A (SpA), bovine serum 

albumin (BSA), and cytochrome c (cyt-c). AFM images showed that the density of 
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proteins on the sidewalls of SWNTs is the highest for cyt-c, followed by SpA and 

BSA. Thus, it is most likely that an electrostatic force, between the negatively 

charged SWNTs and the positively charged protein domains, also contributes to the 

non-specific binding besides hydrophobic interactions. 

Although, direct protein adsorption on CNTs is probably the simplest method to 

achieve noncovalent binding, it is not devoid of drawbacks. For example, 

noncovalent adsorption of proteins onto CNTs may partially unfold them and thus 

lose their biological function. Matsuura et al.
114

 studied the interaction of egg white 

lysozyme (LYS), bovine serum albumin (BSA), pepsin and porcine pepsin proteins 

with SWNTs in water. The main driving force for the dispersion is thought to be by 

π–π stacking interaction between the side walls of SWNTs and the aromatic groups 

of the residues in the protein. Although aromatic residues exist on the studied 

protein, unfolded LYS and BSA can individually disperse SWNTs in aqueous 

solutions, whereas weakly unfolded pepsin and pepsin cannot. This suggests that the 

deference in the dispersion properties is probably attributable to protein structural 

changes that occur during the dispersion process.  

On the other hand, indirect adsorptions of proteins to CNTs via anchor molecules not 

only preserve CNTs properties but also protein structure. Chen et al.
115

 reported the 

use of a bifunctional molecule, 1-pyrenebutanoic acid succinimide ester, as a linker 

to immobilise proteins on SWNT surface. The pyrene moiety in the bifunctional 

molecule would be π–π stacking with the graphitic nanotube sidewall so that the 

succinimidyl ester group at the other end of the bifunctional molecule would be 

available for reaction with primary and secondary amines in the proteins (Figure 2-

14). 
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Figure  2-14: Anchored succinimidyl ester to formamide bonds for protein immobilisation on 

SWNTs. Reprinted with permission from [115]. Copyright (2001) American Chemical 

Society. 

 

The hollow nature of CNTs allows them to be considered as potential tubular vectors 

to be filled with biomolecules. The encapsulation of protein into CNTs may control 

and decrease the overall CNT cytotoxicity. Furthermore, upon the protein 

encapsulation of a specific protein, the loaded protein could be delivered to the 

desired site of action, thus protected from protease.  Tsang et al.
116

 confirmed the 

encapsulation of a series of small proteins, Zn2Cd5-metallothionein, cytochrome C3 

and p-lactamase, into end cap opened CNTs by high-resolution transmission electron 

microscopy (HRTEM). The encapsulated proteins kept a significant amount of their 

catalytic activity, which indicates that no drastic conformational change had taken 

place during their immobilisation inside CNTs. Kang et al.
117

 explored the diameter 

selectivity of the protein encapsulation in CNTs via molecular dynamics simulations. 

They suggested that a protein is encapsulated into a CNT with an appropriate 
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diameter to ensure encapsulation in a spontaneous process; CNTs that are too large 

offer insufficient initial van der Waals attraction to the protein, for it to move inside 

the nanotubes. 

 

2.7.4. Peptides 

Peptide conjugation is another alternative and attractive technique for noncovalent 

dispersion of CNTs in aqueous solution. The peptide dispersal agents function as 

surfactants in the sense that they lower the surface tension of water around the 

nanotubes. They have effective hydrophobic and hydrophilic surfaces that are used to 

interact with both the CNTs and water. Peptides can bind to CNTs via hydrophobic 

interactions,
118,119

 π–π stackings,
110,120,121

 and electrostatic interactions.
122

 Among 

them, the π–π stacking interactions between aromatic residues of peptide and CNTs 

have been listed as a particularly important factor in the binding process. Salzmann 

et al.
123

 illustrated the importance of the balance between (charged) hydrophilic and 

aromatic amino acid residues in polypeptides for the successful dispersion of 

SWNTs. The π–π stacking interaction between the aromatic amino acids of the 

polypeptides and the extended π-electron system of CNTs is considered to be the 

main driving force for polypeptide adsorption onto SWNTs. In this context, they 

found that tryptophan residues interact more strongly with the SWNTs than tyrosine 

residues making the peptide of tryptophan and lysine a better dispersing agent for 

SWNTs compared to the peptide of tyrosine and lysine. Dieckmann et al.
124

 designed 

an amphiphilic helical peptide denoted as nano-1. This artificial peptide was 

constructed on the basis of the preliminary works of Wang et al.
125

 who used phage 
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display to identify several peptides with a high affinity for CNTs. An analysis of 

nano-1 peptide conformations has suggested that the binding sequence is flexible and 

folds into a structure matching the geometry of the nanotube. Figure 2-15 

schematically illustrates the structure of the peptide and its interaction with a SWNT. 

The more polar residues are located on one face and have surfactant properties so 

spontaneously assemble in aqueous solution to minimise the exposure of the 

hydrophobic surface to the solvent and to present the hydrophilic surface to the 

aqueous environment  

 

Figure  2-15: Model illustrating potential interactions between nano-1 and SWNT. (A) 

Cross-section view of a SWNT wrapped by six peptide helices. (B) View of peptide-

wrapped nanotube illustrating the nano-1 peptide helices used in the model. Reprinted with 

permission from [124]. Copyright (2003) American Chemical Society. 

 

When nano-1 folded into an α-helix, as proposed on the basis of CD spectroscopy, 

the hydrophobic valine and phenylalanine residues create an apolar surface of the 

peptide suitable for interacting with the nanotube sidewall. The polar nano-1 residues 

promote self-assembly through charged peptide‐peptide interactions. Zorbas et al.
120

 

altered the number of heptad-residue repeats and the number of phenylalanine 

residues (Phe) of nano-1 peptide. It was found that peptides with fewer Phe residues 

had a decreased ability to disperse SWNTs, suggesting that nano-1 mainly uses Phe 

http://pubs.acs.org/action/doSearch?ContribStored=Zorbas%2C+V
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residues to interact with the SWNT side wall through the π-π stacking effect. Li et 

al.
126

 studied the effect of pH and degree of oxidation of the electrostatic interaction 

of two polypeptides, polylysine and polytryptophan, with MWNTs and SWNTs. 

They found that the adhesion force between polylysine and oxidised MWNTs 

increased with decreasing pH value and increasing oxidation time. However, the 

corresponding pH and oxidation-time dependences for SWNTs were found to be 

much weaker than those of MWNTs. This is thought to be due to the carboxylate 

groups only attached onto the nanotube tips in the SWNTs, whereas onto both the 

nanotube tips and sidewall in the MWNTs. Arnold et al.
127

 found that the MWNTs 

dispersion using amphiphilic anionic and cationic peptide is controlled by pH of the 

dispersion. The tested peptides consist of a hydrophobic alkyl chains covalently 

attached to an amino acid sequence, thus, the net ionic charge of the peptides vary 

with pH. For instance, at neutral and basic pH, the peptide sequence of PA 1 

molecules is negatively charged. In this state, PA 1 molecules homogeneously 

disperse and functionalise the MWNTs. By reduction of the net charge of the peptide 

sequence, the ionic repulsion among free peptide amphiphilic molecules and among 

peptide amphiphilic functionalised MWNTs can be reduced, leading to aggregation.
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3. CHARACTERISATION OF CARBON NANOTUBES AND 

BIOMOLECULES 

 

This section describes the techniques that have been used to characterise CNTs as 

well as the biomolecules that have been used in this thesis.  

 

3.1. Characterisation of CNTs  

Several characterisation and observation methods are available for carbon 

nanomaterials, each one provides complementary information. The imaging of the 

carbon nanomaterial morphology is usually performed by electron or probe 

microscopy. Spectroscopic methods are often applied to characterise the structural 

and chemical properties of the nanomaterials. This section will focus on both 

microscopic and spectroscopic techniques used to characterise the synthesised and 

modified carbon nanomaterials in this thesis.   

 

3.1.1. Vibrational Spectroscopy Techniques  

Vibrational spectroscopy is concerned with vibrational transitions due to absorption 

and emission of electromagnetic radiation. Molecular vibrations can be excited by 

the absorption of photons of frequencies that exactly match the vibrational 

frequencies of the molecule, which depend on the forces between its atoms and its 

geometry.
128

 The vibrational energies of the molecule can be studied by vibrational 
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spectroscopy. Therefore, a Raman spectroscopic method has been used to probe the 

oscillation of the atoms in carbon nanomaterials to yield complementary types of 

information about their structure. 

 

3.1.1.1. Raman Spectroscopy 

Raman spectroscopy is a non-destructive powerful technique used to study 

vibrational, rotational, and other low-frequency modes in a molecule, thus yields 

spectroscopic fingerprints from the studied sample.
129

 It principally differs from IR 

spectroscopy in that it is concerned with the frequency of the scattered photons by 

molecules as they undergo rotations and vibrations rather than change in dipole 

moments due to the absorption of photons. When monochromatic light, usually from 

a laser in the visible, near-infrared, and near-ultraviolet range, impinges upon a 

molecule and interacts with the electron cloud of the bonds, a virtual transition to a 

higher energy level occurs. The molecule then relaxes and returns to the ground state 

by emission of a photon resulting in two types of light scattering, elastic and inelastic 

scattering.
128,130

 Figure 3-1 shows the types of photon scattering. In elastic 

scattering, the light interacts with the molecule but the net exchange of energy (E) is 

zero, so no change occurs in photon frequency, this process is known as Rayleigh 

scattering.  
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Figure  3-1: Energy-level diagram showing Rayleigh scattering, stokes and anti-stokes 

Raman scattering. 

 

The Raman effect occurs when the very small part of the incident light is 

inelastically scattered. The inelastic light scattering is usually accompanied by the 

shift in photon frequency due to excitation or deactivation of molecular vibrations in 

which either the photon may lose some amount of energy or gains energy. As a 

result, the emitted photon frequency will be either shifted to lower or higher energy 

(blue or red shifted, respectively). The red shifted photons are the most common and 

usually known as stokes shift, while the blue shifted are designated as anti-stokes 

Raman scattering respectively.
130

 This shift in the frequency is called the Raman shift 

and is generally represented in wavenumbers (cm
-1

), inverse of wavelength. In 

contrast to infrared spectroscopy, Raman spectroscopy is dependent on a change in 

the polarisability during the vibration, and the Raman intensity is concerned with the 

polarisability of the vibrating atoms and their bonds present. Raman spectroscopy is 
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commonly used to characterise all sp
2
 graphitic carbon structures from three to zero 

dimensions, such as 3D graphite,
131

 2D graphene,
132

 1D carbon nanotubes,
15,133

 and 

0D fullerenes.
15,132,134

 Raman spectroscopy of sp
2
 carbons provides unique 

information about crystallite size, clustering of the sp
2
 phase, the presence of sp

2
-sp

3
 

hybridisation and the introduction of chemical impurities, doping, defects and other 

crystal disorder, nanotube diameter, chirality, curvature, and finally the metallic vs. 

semiconducting behavior.
135

 All carbon nanostructures exhibit two characteristic 

features in their Raman spectra, in the region 800 − 2000 cm
-1

, the so-called G 

(graphitic) and D (disordered) peaks, which are sensitive enough to provide unique 

information about the similarities and differences between them.
136

 A typical Raman 

spectrum of SWNTs can be divided into four important regions; the radial breathing 

mode (RBM), the disorder mode (D band), the tangential mode (G band), and the G´ 

(or 2D) band. Figure 3-2 shows a representative Raman spectrum of SWNTs excited 

at 633 nm. 
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Figure  3-2: Resonance Raman spectrum of purified SWNTs excited at 633 nm and 

normalised at G-band. 

 

The radial breathing mode (RBM) Raman features corresponds to the atomic 

vibration of the C atoms in the radial direction in the relation to nanotubes axis. 

These features are unique to CNTs and occur with frequencies ωRBM between 120 

and 350 cm
−1

 for SWNTs for diameters in the range 0.7 nm − 2 nm.
15

 These RBM 

frequencies are therefore very useful for identifying whether a given carbon material 

contains SWNTs, through the presence of RBM modes, and for characterising the 

nanotube diameter distribution in the sample. The RBM frequency (ωRBM) is 

inversely proportional to the diameter of the nanotube (dt) following the equation 

below:  
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The A and B parameters are determined experimentally and dependent on 

environmental effects, such as the degree of individualisation or wrapping of 

surfactants. Different values of these parameters have been reported which are 

summarised by Hennrich et al.
137

 For large diameter tubes (d > 2 nm) the intensity of 

the RBM feature is weak and is hardly observable.
138

 Because of the diameter-

selective resonance Raman effect,
139

 study of the RBM frequencies for various Elaser 

values can be used for characterising the diameter distribution of SWNTs in a 

sample. The second important Raman feature is the G-band, which is a Raman-active 

mode of sp
2 

carbons (graphite) and thus all graphitic materials show this spectral 

feature. The G band in SWNTs which corresponds to tangential planar vibrations of 

carbon atoms appears in the region between 1500 and 1600 cm
-1

. Differently from 

other graphite base nanomaterials, the tangential G mode in SWNTs is a sum of up to 

six high-energy tangential modes that basically originate from breaking the 

symmetry of the tangential vibration when the graphene sheet is rolled into a 

tube.
137,140

 However, just the two most intense peaks of the G band are normally 

considered, these peaks are labelled G
+
,
 
which is given by vibrations along tube axis, 

and the G
−
, due to vibrations in the circumferential direction. The G band frequency 

can be used for nanotubes diameter characterisation; the G
+
 band is independent from 

the diameter, whereas the G
−
 band is usually diameter dependent. The G

−
 band 

frequency (ωG
-
) decreases when decreasing nanotubes diameter (dt), and this 

decrease becomes larger as the curvature of the sheet increase. Therefore, the 

splitting the G band into G
+
 band G

−
 band and can be used for diameter 

characterisation. Additionally, the G-band is used to distinguish between metallic 

and semiconducting SWNTs, through strong differences in G band line shapes. The 

line shape of the G
−
 mode depends on whether the tube is semiconducting or 
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metallic. The G
−
 feature is broadened for metallic SWNTs. Furthermore, the G-band 

is used to probe the charge transfer arising from doping a SWNT through the G
+
 

frequency (ωG
+
) which is sensitive to charge transfer from dopant additions to 

SWNTs. The ωG
+

 up-shifts electron acceptors, and downshifts for donors as in 

graphite intercalation compounds (GICs). Another important Raman is the D band 

(diamond band, or disorder band), which is observed in the 1300 – 1400 cm
−1

 range 

and usually shifts to higher wavenumbers as the laser excitation energy is increased. 

This mode is associated with disorder, specifically, the sp
3 

hybridised carbon atoms 

present in the tube or in the carbonaceous impurities. Therefore, the intensity of this 

band can be used to determine the defects in the structure, usually expressed as ID/IG 

ratio. Moreover, the full-width-at-half-maximum (FWHM) intensity of the D-band of 

the various carbon impurities is generally much broader than that of CNT D-band, 

and thus D-band line-width could give an indication of SWNTs purity level. There 

are other less significant bands that typically present in a SWNTs Raman spectrum, 

among them is the G′ band. This band is the second strongest after the G mode, but it 

is actually the overtone of the defect‐induced D mode, even though being present 

even in defect‐free nanotubes. 

This technique is also used to characterise MWNTs witch show similar Raman 

features to SWNTs; however, they do not present a defined RBM, because the outer 

MWNTs tubes restrict their breathing mode. Moreover, the D band is quite intense, 

often more than the G-band, because of the high extent of defects usually present in 

MWNTs. Consequently, it is difficult to appreciate an increase in the ID/IG ratio due 

to functionalisation. Lastly, the G band splitting is small and smeared out because of 
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the diameter distribution within MWNTs and the G band usually exhibits a weakly 

asymmetric line shape.
141

 

 

3.1.2. Electronic Spectroscopy Techniques 

Electronic spectroscopy is concerned with the absorption, emission, and scattering 

associated with the interaction of ultraviolet-visible (UV-Vis) radiation with the 

chromophoric system in the molecule.
142

 In this type of spectroscopy, the absorption 

is associated with excitation of electrons from lower to higher energy levels. Since 

the energy levels of matter are quantised, only light with the precise amount of 

energy (exact wavelength), can cause transitions from one level to another. This 

usually involves −orbitals and lone pairs (non-bonding). Figure 3-3 illustrates a 

simple schematic of electronic transitions in the UV-Vis region.  

 

Figure  3-3: Electronic transitions in the UV-Vis region. 

 

In this thesis, ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy has been 

used to characterise the changes of electronic properties of carbon nanomaterials 

upon their modification.  
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3.1.2.1. Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) Spectroscopy 

UV-Vis-NIR spectroscopy is an analytical technique which is ideally suited for the 

characterisation of carbon nanomaterials due to its sensitivity to the changes in their 

electronic structure and so their optical properties. The electronic structure of CNTs 

is related to a 2D graphene sheet. However, owing to the 1D nature of the nanotubes, 

their electronic density of states (DOS) is singular due to folding of the 2D energy 

bands of graphene layer into the 1D bands of SWNT with an increasing energy 

separation at decreasing number of energy bands.
143,144

 As a consequence, the 

continuous DOS in graphene divides into a series of spikes in SWNTs known as van 

Hove singularities (vHSs)
14,145-147

 (Figure 3-4). 

 

Figure  3-4: Theoretical phonon density of states for 1D quantum (Black line) dots, 2D 

graphene (Red line), 3D graphite (Green line), and CNTs (Blue line). From [146] with 

permission from AAAS. 

 

The optically allowed electronic transitions between vHSs of SWNTs arise as a 

series of characteristic sharp peaks in the UV-Vis-NIR range. The sharpness of the 

peaks usually is not fully appreciable due to the overlap of similar transitions given 
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by different diameters and chiralities. Each (n, m) SWNTs exhibits a different set of 

vHSs in its valence and conduction bands; in particular the energy gap varies with 

the SWNT diameter (d) as 1/d
2
.
148

 Therefore, optical absorption can be used to 

determine nanotube diameter and chirality. The possible electronic transitions in the 

DOS of semiconducting and metallic SWNTs are explained in Figure 3-5.  

 

Figure  3-5: Schematic representation of the electronic density of states of a semiconducting 

and metallic SWNT and the possible transitions between the van Hove singularities. The 

valence bands are blue colour and the conduction bands are white colour. Reproduced from 

[149] with permission of The Royal Society of Chemistry. 

 

In SWNTs absorption of UV-Vis-NIR light, the electrons in the vHSs of the valence 

band are elevated to the corresponding energy levels in the conduction band; denoted 

as S11 and S22 in semiconducting SWNTs and M11 in metallic SWNTs.
150

 The M11 

transitions for metallic SWNTs are seen as absorption bands in the visible range 

between ~ 440 − 645 nm. The E11 and E22 transitions for semiconducting SWNTs are 

seen between 830 − 1600 nm and 600 − 800 nm.
151,152

 A typical absorption spectrum 
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of HiPco SWNTs dispersed in an aqueous solution of SDS (1 wt %) after sonication 

and ultracentrifugation is displayed in Figure 3-6.   

  

Figure  3-6: UV-Vis-NIR absorption spectrum of HiPco SWNTs aqueous dispersion in 1 wt 

% SDS showing the M11, S11 and S22 regions. 

 

The disadvantage of this characterisation is that its usefulness is usually limited to 

SWNTs. In fact, the UV-Vis-NIR absorption of MWNTs derive from the overlap of 

many different contributions of each tube, consequentially does not result in the 

typical well-defined van Hove features of a SWNT spectrum.  

The UV-Vis-NIR absorption spectroscopy of SWNTs is widely used to determine 

their individualisation degree, purity,
153-155

 efficiency of separation procedures,
156

 

and dispersion efficiency.
157

 The nanotube concentration in the supernatant can be 

calculated through application of the Beer-Lambert Law,
158,159

 which states that the 
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absorbance, A, of a sample is dependent on the light path length (l) the concentration 

(C) of the species and the extinction coefficient (є). It is therefore possible to 

determine the solubility of a CNT sample in a particular solvent from its UV-Vis-

NIR spectrum if the extinction coefficient is known.  

 

3.1.3. Microscopic Techniques   

3.1.3.1. Atomic Force Microscopy (AFM) 

Atomic force microscope (AFM) is a high resolution scanning probe microscopy 

technique, which is widely applied to study materials surface properties from the 

atomic to the micron levels. AFM was used to quantitatively characterise the 

morphology and roughness of carbon nanotubes surface.
160-162

 Figure 3-7 shows the 

basic principles of AFM.  
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Figure  3-7: Block diagram of principle operation of a (multimode) AFM.
163

 

 

The technique uses a tip that is precisely situated on a flexible silicon cantilever and 

mounted to a piezoelectric driver for scanning. When the voltage is applied, the tip is 

brought to a chosen point over the sample surface where the force can repel or attract 

atoms from the tip leading to a deflection of the cantilever according to Hooke’s 

low.
164

 Therefore, the AFM detection system does not directly measure the force 

between the tip and the sample surface; instead, it senses the deflection of the 

cantilever. The degree of cantilever deflection, which is caused by the surface 

topography, is usually measured using a laser light reflected from the surface of the 

cantilever into a position sensitive detector. AFM can be operated in two modes: 

namely the contact mode, noncontact mode or “tapping mode”. In contact mode the 

tip actually touches the surface, thus possibility moving objects or damaging soft 
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samples. In non-contact mode, the tip scans instead the surface at a certain distance 

and the cantilever is oscillated at a frequency slightly above its resonant frequency 

where the amplitude of oscillation is typically few nanometres.
165

 Thus, this mode 

does not suffer from tip or sample degradation effects, making it preferable to 

contact AFM for measuring carbon nanomaterials samples in this thesis. The AFM 

technique can be used as fast method for the examination of the generation of three-

dimensional reconstruction of the sample topography with atomic resolution, and 

also allows collecting information on the morphology of CNTs, the functional groups 

present on nanotube surface and diameter/length, dispersion and exfoliation of 

bundles.
166,167

 

 

3.1.3.2. Transmission Electron Microscopy (TEM) 

Transmission electron microscope (TEM) is a powerful imaging technique that based 

on the detection of a high energy electron beam transmitted through a thin sample to 

provide high-resolution morphologic, compositional and crystallographic 

information. Therefore, it is an important tool for the characterisation of carbon 

nanomaterials. The basic components of TEM equipment are illustrated in Figure 3-

8.  

https://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&sqi=2&ved=0CCEQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FTransmission_electron_microscopy&ei=bFEEVfO_OIqM7Qag14DICA&usg=AFQjCNHRCrsXRKv53Ccz9lQiv8t-xg7Gag&sig2=Zwsb7qWSlypxIM-nq2PoRA
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Figure  3-8: Schematic diagram of transmission electron microscope. 

 

TEM operates on the same basic principles as the light microscope but uses electrons 

instead of light. TEMs use electrons as "light source" and owing to their much lower 

wavelength it is possible to get a resolution a thousand times higher than with a light 

microscope.
168

 A "light source" at the top of the microscope emits the electrons that 

travel through vacuum in the column of the microscope. Instead of glass lenses 

focusing the light in the light microscope, the TEM uses electromagnetic lenses to 

focus the electrons into a very thin beam. The electron beam then travels through the 

specimen under study. Depending on the density of the material present, some of the 

electrons are scattered and disappear from the beam. At the bottom of the microscope 

the unscattered electrons hit a fluorescent screen, which gives rise to a "shadow 

image" of the specimen with its different parts displayed in varied darkness 

according to their density. The image can be studied directly by the operator or 
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photographed with a camera.
169

 The image quality of a certain sample can be 

manipulated by adjusting the speed of electrons through the electron gun by voltage 

modification. During the transmission, the speed of electrons directly correlates to 

electron wavelength: the faster the electrons move, the shorter wavelength and the 

greater the quality and resolution of the image.
170

 

TEM is a key technique in the structural characterisation of CNTs: it provides 

information on dispersibility, diameter, purity grade, presence of defects, length, and 

also functionalisation of the nanotubes. However, TEM requires very thin samples, 

which are electron transparent. Therefore, for TEM analysis, nanotubes are typically 

deposited on commercial TEM grids. This procedure has two problems: in the 

deposition process the nanotubes can be damaged, and it does not work reliably if the 

nanotube density is too low.  

 

3.1.4. Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a destructive analytical technique that 

determines the thermal stability of materials by monitoring the weight as a function 

of temperature under a controlled atmosphere, optimised according to the experiment 

needs; either in inert (N2 or He), or oxidative (air or pure O2) atmosphere.
59

 Although 

TGA provides quantitative weight change information about decomposition and 

volatilisation, it does not generally provide information about the identity of specific 

gaseous material evolving during the experiment. Therefore, it is often coupled with 

gas phase mass spectrometry (TGA-MS), and the temperature at which the groups 
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come off can be indicative of covalent functionalisation since the attached groups 

will come off at considerably high temperatures compared to adsorbed groups.
171

 

TGA analysis has been used to study the thermal stability of carbon nanomaterials. 

Different forms of nanomaterials have different thermal stability under identical 

conditions, which is consistent with the differences in their structures. For example, 

disordered or amorphous carbons tend to be less thermally stable than the well 

graphitised structures, because of their lower activation energies for oxidation or due 

to the presence of a large number of active sites.
172-174

 

TGA characterisation of SWNTs is used to quantify the quality of as-produced 

SWNT samples, as well as to track the effects of the purification and modification 

process. Their combustion temperature usually depends on a number of parameters, 

such as diameter, amount of metal catalyst particles, defects and derivatisation 

moiety on the nanotube walls.
172,174

 

TGA in an oxidising atmosphere has become a relevant tool for purity analysis by 

accurately estimating the amount of metal catalyst particles remaining in the 

sample.
173

 Metal impurities in the sample have a considerable influence on the 

thermal stability, therefore impure tubes burn at lower temperatures due to the 

presence of metal particles.
39

 Meanwhile, TGA analysis of modified SWNTs under 

inert atmospheres can be used to determine the weight loss upon heating and their 

degree of functionalisation. This is based on the fact that SWNTs have high thermal 

stability up to 800 
◦
C, where most functional moieties are not stable. Therefore, it is 

possible to ascribe the weight loss at lower temperatures to the organic material 

present in the sample to estimate the degree of functionalisation
59

 (Figure 3-9).  
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Figure  3-9: TGA analysis of pristine purified HiPco SWNTs: (Black line) under N2, (Red 

line) under air.  

 

3.2. Characterisation of Biomolecules  

The modification of CNTs with biomolecules requires knowledge of the 

concentration, structure, electronic environment, and binding stoichiometry. For this 

purpose, this section gives a brief overview of the characterisation techniques used.  

 

3.2.1. Mass Spectrometry (MS) 

Mass spectrometry (MS) is an analytical technique for determining masses of free 

ions in high vacuum for determining the elemental composition and chemical 

structures of molecules.
175

 Among the analytical techniques, the use of mass 



Chapter 3 

54 

 

spectrometry (MS) to identify and characterise biological molecules holds a special 

place because it measures an intrinsic property of a molecule with very high 

sensitivity.
176,177

 

A mass spectrometer works by introducing the sample into the ionisation source of 

the instrument. In the source, the sample molecules are ionised then extracted into 

the analyser region of the mass spectrometer where they are separated according to 

their mass (m) to charge (z) ratios (m/z). There is a variety of analysers, namely the 

magnetic sector, the quadrupole, and the time of flight. The separated ions are 

detected and the signal fed to a data system where the results can be studied and 

processed.
178

 Figure 3-10 shows a simplified schematic diagram of a mass 

spectrometer 

 

Figure  3-10: Simplified schematic diagram of a mass spectrometer. 

 

Many ionisation methods are available and the choice of ionisation method depends 

on the nature of the sample and the type of information required from the analysis. 

This data shown in this thesis depends on the data generated from liquid 

chromatography-mass spectrometry (LC-MS). The identification of molecules by 

LC-MS follows a different principle; typically liquid chromatography is coupled to 

tandem mass spectrometry. This methodology combines efficient separations of 
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biological materials and sensitive identification of the individual components by 

mass spectrometry. In a typical LC-MS experiment, the analyte is eluted from a 

reversed-phase column to separate the peptides by hydrophobicity, and is ionised and 

transferred with high efficiency into the mass spectrometer for analysis. After the 

components in the sample are separated, they pass through a mass detector. The mass 

detector response and the time it takes for a compound to pass from the injector to 

the detector (retention time) of the compound of interest may then be compared to a 

reference material.  

 

3.2.2. Matrix-Assisted Laser Desorption/Ionisation (MALDI) 

Matrix-assisted laser desorption/ionisation (MALDI) is utilised to identify the 

synthesised biomolecules. MALDI is well proven as a soft and efficient ionisation 

technique used in mass spectrometry for the analysis of biomolecules and large 

organic molecules, in which a laser is used to achieve desorption and ionisation of 

the sample of interest. Figure 3-11 illustrates the principle of MALDI-TOF-MS. 
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Figure  3-11: MALDI-TOF-MS 

 

The mechanism of ion formation in the MALDI process is not yet fully understood. 

The MALDI process is a complicated process, and there is no single mechanism that 

can explain the origin of all ions observed in a MALDI spectrum. Generally, the 

MALDI analysis involves three stages, first, mixing the analyte with the matrix, co-

crystallised on an electrically conducting target, e.g. a stainless steel plate, the matrix 

chosen should strongly absorb the laser energy and pass some of that energy to the 

analyte. Secondly, energy in the form of a short laser pulse of a specific wavelength 

is utilised to ablate and ionise the analyte/matrix mixture. The matrix will absorb the 

photon energy and rapid heating will occur which creates a microexplosion so the 

analyte is brought into the gas phase and ionised. Finally, the charged analyte ions 

are moved to the mass analyser, where the ions are accelerated in a high voltage 

region and further ion separation occurs based on the mass-to-charge ratio. This 

analyser is called time of flight (TOF). Since all ions receive the same energy, the 

lighter ions arrive earlier at the detector than the heavier ones. 
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3.2.3. High Performance Liquid Chromatography (HPLC) 

Purification of biomolecules, such as proteins, peptides, and amino acids, can be a 

challenging task because of their low solubility in both hydrophilic and hydrophobic 

media. High performance liquid chromatography (HPLC) is an analytical technique 

for identification and quantitation of a wide variety of non-volatile or semi-volatile 

organic compounds in a mixture. It utilises a compound's intrinsic affinity for both a 

mobile phase and a stationary phase to achieve the separation.   

There are three major modes of HPLC traditionally employed in peptide purification 

utilising differences in peptide size (size-exclusion HPLC [SEC]), net charge (ion-

exchange HPLC [IEX]), and hydrophobicity (reversed-phased HPLC [RP-HPLC]). 

Within these modes, mobile phase conditions may be manipulated to maximise the 

separation potential of a particular HPLC column. In this thesis the RP-HPLC has 

been used for the purification of the synthesised peptides and peptoids that have been 

used for the modification of carbon nanomaterials. RP-HPLC is generally superior to 

other HPLC modes in both speed and efficiency. In addition, the availability of 

volatile mobile phases makes it ideal for both analytical and preparative separations. 

  

3.2.4. Circular Dichroism (CD) Spectroscopy  

Circular dichroism (CD) spectroscopy is the most widespread technique used for 

estimating the secondary structure, folding, binding properties of proteins and 

polypeptides in solution.
179

 Briefly, this spectroscopic technique depends upon the 

unequal absorption of left-handed and right-handed circularly polarised light.  
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It detects wavelength-dependent differences in the absorption of right and left 

circularly polarised light by optically active molecules. This is achieved by 

determining the ellipticity of plane polarised light at different wavelengths. This 

effect occur when a chromophore is chiral (optically active) either intrinsically by 

reason of its structure, or by being covalently linked to a chiral canter, or also by 

being placed in an asymmetric environment.
180

 The major optically active groups in 

peptides and proteins are the amide bonds of the peptide backbone and the aromatic 

side chains. They have regions where the peptide chromophores are in highly ordered 

arrays, such as α-helices and β-pleated sheets.
181

 When circularly polarised light 

impinges on a peptide, the peptide’s electronic structure gives rise to characteristic 

bands in specific regions in the far-UV of the CD spectrum, reflecting the electronic 

excitation energies.
182

 The weakest energy transition in the peptide chromophore is 

an n→π* transition observed at 210 – 220 nm, which involves non-bonding electrons 

of the oxygen of the carbonyl group. However, the strongest energy one is an 

absorption band centered at 190 nm because of π→π* transition involved the π-

electrons of the carbonyl. Hence, depending on the orientation of the peptide bonds 

in the arrays, the wavelengths of the transitions can be increased or decreased, and 

the intensity of the transitions can be enhanced or decreased. As a consequence, 

many common secondary structure motifs, such as the α-helix, β-pleated sheets, β-

turns, and poly-L-proline II (P2), have distinctive shapes and magnitudes in the far-

ultraviolet (Figure 3-12).   

javascript:popupOBO('CHEBI:36080','B615870F','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=36080')
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Figure  3-12: Far UV CD spectra associated with various types of secondary structure. (Solid 

line) α-helix, (Long dashed line) anti-parallel β-sheet, (Dotted line) type I β-turn, (Cross 

dashed line) polyproline (PPII), (Short dashed line) irregular structure. Reprinted from 

[183], Copyright (2005), with permission from Elsevier. 

 

In an α-helix conformation, the peptide backbone follows a helical path and is 

stabilised by hydrogen bonds between backbone amide and carbonyl groups. The CD 

spectrum of an α-helix usually shows an intense positive band at 190 nm and a 

negative band at 208 nm. These bands arise from the exciton splitting of electronic 

transitions from the amide non-bonding π orbital to the anti-bonding π orbital, π*. 

While its negative band located at about 220 nm arises from the electronic transition 

from an oxygen lone pair orbital, n, to the π* orbital.
182,184

 

β-sheets form by interstrand hydrogen bonds between either parallel or antiparallel β 

strands, and are much more flexible than α-helix.
185,186

 The characteristic CD features 

of the β-sheet are considerably less intense signals than helices and show far more 

variation in spectral characteristics. It usually shows a small negative band at ~ 218 

javascript:popupOBO('CHEBI:32988','B615870F','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=32988')
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nm which is attributed to (π→π*) transitions, and positive band at ~ 196 nm assigned 

to the (n→π*) transition.
185

 The polyproline (PPII) helix spectrum is characterised by 

a strong negative peak at ~ 200 nm. The CD spectra above 200 nm, however, show 

considerable variation ranging from a positive band near 218 nm to a negative 

shoulder near 220 nm.
184,185

 Unordered peptide’s structures (often also referred to as 

random coil or disordered) have variable spectra that are generally similar to the PPII 

spectra,
187,188

 but tend to be slightly blue shifted, have slightly smaller amplitudes, 

and can lack the higher wavelength positive peak. They often also have small 

negative amplitudes at wavelengths at 195 nm which is attributed to (π→π*) 

transitions and a positive at ~ 212 nm due to (n→π*) transitions.
189,190

. 
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4. SYNTHESIS OF A FLUORINATED PEPTIDE FOR NONCOVALENT 

FUNCTIONALISATION OF SWNTs 

 

4.1. Introduction  

Peptides are particularly attractive for SWNT noncovalent functionalisation because 

of their biocompatibility and high specificity for other biomolecules and materials. 

Furthermore, they are well-known for their ability to self-assemble into a wide range 

of secondary structures.
191

 The ability of a peptide to disperse SWNTs appears to 

depend upon the peptide’s binding affinity to the sp
2
 hybridised surface of the carbon 

nanotube and its amphiphilic properties. Amphiphilic peptides act as surfactants in 

the sense that they lower the interfacial energy of the nanotube water interface, thus 

allowing them to be dispersed in the aqueous phase.
192,193

 Additionally, coating 

SWNTs with peptides offers a suitable noncovalent approach for debundling as they 

permit the organisation of individually dispersed SWNTs into useful assemblies.
194

 

Peptides can adopt a range of secondary structures, the most common being random 

coils, α-helices, β-strands,
195

 extended (micellar), and cyclic
196

 (Figure 4-1). 

Peptides with all of these different secondary structures have been used to disperse 

CNTs, with varying degrees of success.
197
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Figure  4-1: Molecular models of peptide secondary structures. Reproduced from [198] with 

permission of John Wiley and Sons. 

 

The simplest peptides known to bind to SWNTs are random coil peptides, whose 

sequences are not designed to form specific secondary structures, or specific peptide 

aggregates. Such peptides rely on aromatic residues to drive SWNT interactions, 

while the remaining sequence serves to stabilise the peptide-SWNTs complex and 

prevent reaggregation.
125,198

 These peptides have a high degree of freedom to 

rearrange on the SWNTs surface and obtain the most stable conformation. Therefore, 

SWNTs defects, in the form of carboxyl and hydroxyl groups, have a limited effect 

on the peptide’s affinity to disperse the SWNTs.
199,200

 Despite this ability to disperse 

SWNTs, with potential for biocompatibility, random coil peptides have limited 

utility as dispersal agents due to the lack of control over their arrangement on 

SWNTs. 

It has been shown that amphiphilic β-strand peptides can disperse SWNTs, and the 

composites formed lead to enhanced optical and physicochemical properties for 
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selected tube types.
118,201,202

 The dispersion ability of these peptides is proportional to 

the length of the β-strand region, as well as the length of the hydrophilic 

termini.
203,204

 These results agree with molecular mechanics and dynamics 

simulations that show that β-sheets can assemble into β-barrels wrapping around the 

SWNTs.
202,205

 However, with an increasing hydrophilic termini length the peptides 

lose the ability to form β-strand and hence successfully disperse the carbon 

nanotubes.  

The α-helix secondary structure is the most common helical form of peptides. It 

consists of a seven-residue repeating sequence (a b c d e f g) which completes 

approximately two turns of the helix.
191,206

 An amphiphilic helix presents two 

different faces, a more hydrophobic face (a and d positions) and a more hydrophilic 

face (b, c, e, f, g positions). The interactions between α-helical peptides and a SWNT 

surface can stabilise the peptide/SWNT complex, and also can control the carbon 

nanotube assembly thus creating ordered functional structures through peptide-

peptide interactions.
127

 Helical peptide interactions with a SWNT surface include 

three types of potential interactions; intra-peptide interactions, peptide–peptide 

interactions, and peptide–nanotube hydrophobic interactions. Intra-peptide 

interactions, which can be optimised by controlling a peptide’s design, are important 

in determining the helical propensity of the peptide. Helical propensity plays an 

important role in determining the peptide’s ability to disperse SWNTs.
203,207,208

 For 

example, highly helical peptides are not always great dispersal agents, due to their 

tendency to aggregate. While peptides with lower helical propensity are able to 

disperse nanotubes, yet may be less likely to attain an organised folded structure 

when bound to the nanotube surface.
203,207

 Therefore, it is important to fine-tune 
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intra-peptide interactions to suit the desired degree of interaction. Dieckmann et al.
124

 

designed synthesised the amphiphilic α-helix peptide, named nano-1, and 

demonstrated that it could bind to SWNTs using phenylalanine (Phe) and tyrosine 

(Tyr) (as well as artificial analogue nitro-phenylalanine) side groups distributed 

along one face of the peptide helix (Figure 4-2). Zorbas et al.
209

 isolated long, 

individual SWNTs wrapped with nano-1 peptide in aqueous solution. 

 

Figure  4-2: Model illustrating the interactions between nano-1 and SWNT. (A) Cross-

section view of a SWNT (pink cylinder) wrapped by six peptide helices. (B) View of nano-1 

peptide-wrapped SWNTs. Reprinted with permission from [124]. Copyright (2003) 

American Chemical Society. 

 

Peptide-peptide interactions, which can be driven by hydrophobic, H-bonding, and 

charge-charge interactions, in the presence of SWNTs, play an important role in 

SWNTs dispersal, as they control the assembly of the helical peptides and their 

arrangement on the SWNTs surface. Dieckmann showed that the self-assembling 

properties of helical nano-1 peptide were important in controlling the size and 

morphology of peptide/SWNT fibers. The nano-1 peptide was designed so that 

favourable charge-charge peptide-peptide interactions would occur among the 

peptides coating the exterior surfaces of separate nanotubes, leading to 
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oligomerisation of the peptide-coated nanotubes into higher-order structures. 

Additionally, they used atomistic molecular dynamics simulations (MD) of nano-1 

wrapped SWNTs to study the molecular details of the peptide-SWNT and peptide-

peptide interactions (Figure 4-3). This showed that the peptides could form inter-

peptide hydrogen bonds through their hydrophilic residues to completely shield the 

SWNTs from contact with water to stabilise the multi-peptide/SWNT complex.
210

 

 

Figure  4-3: Snapshots from MD simulations for nano-1 peptide interaction with (6,6) SWNT 

(A and B) and (8,8) SWNT (C and D) systems. (A) and (C) illustrate the initial 

conformations, whereas (B) and (D) illustrate the final conformations after 33 ns of 

simulation for (6,6) SWNT and 30 ns of simulation for the (8,8) SWNT system, respectively. 

Reproduced from [210] with permission of John Wiley and Sons. 

 

Of the three types of potential interaction, the interactions between the peptide and 

the nanotube are the most important, without this the peptide would not disperse the 

SWNTs.
126

 This interaction usually depends on the aromatic interactions between the 

hydrophobic face of a helical peptide with the carbon nanotube’s surface form one 
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side. On the other side, the aliphatic interactions of the peptide’s hydrophilic face 

with the solvent form a stable dispersion. The importance of the peptide’s aromatic 

content on the peptide-SWNTs binding affinity has been highlighted by several 

researchers.
87,200,207,211,212

 Aromatic residues, such as phenylalanine (Phe), tyrosine 

(Tyr), and tryptophan (Trp), in the helical core increase the peptide–nanotube affinity 

and the efficiency of the peptide as a dispersal agent. Tomasio et al.
87

 used MD 

simulations to investigate the binding affinity of a range of peptide sequences 

adsorbed on graphite and a carbon nanotube. Their results showed that a tryptophan 

rich peptide had a stronger-binding affinity toward SWNTs than tyrosine or 

phenylalanine rich-peptides. These results agree with recent experimental 

observations, such as the direct AFM measurements reported by Li et al.,
126

 which 

revealed that poly-tryptophan exhibited greater adhesion on nanotubes than poly-

lysine. Dieckmann et al.
213

 reported that among the three aromatic amino acids 

(phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp)) tested, sequences 

containing tryptophan showed the greatest affinity for SWNTs, while tyrosine (Tyr) 

was found to be more selective for individual SWNTs. Phenylalanine (Phe) was the 

aromatic residue with the lowest affinity for SWNTs. Atomic force microscopy 

measurements and optical absorption spectroscopy revealed that the ability to 

disperse individual SWNTs increased with an increasing number of aromatic 

residues in the peptide, indicating that π–π stacking interactions play an important 

role in peptide dispersion of SWNTs.
120

 All of the previous experimental 

measurements of SWNTs noncovalent interaction with peptides proved that various 

forms of aromatic molecules binding to SWNTs can effectively disperse the 

nanotubes, indicating that this interaction is quite strong due to the aromatic nature of 
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the π–π stacking. Therefore, it is not surprising that aromatic residues also have an 

affinity for graphitic surfaces.  

Although, aromatic residues in the helical peptide increase the peptide-nanotube 

affinity and the efficiency of the peptide as a dispersal agent, it is necessary to 

balance the overall affinity of the aromatic residues with the peptide’s helical 

propensity. Overloading the hydrophobic core with high affinity aromatic residues 

has the potential to perturb helix formation and cause peptide aggregation, in which 

case the peptide might bind to the nanotube surface in a more random fashion.
198

 

Salzmann et al.
123,214

 demonstrated the importance of the balance between 

hydrophilic and aromatic residues in the dispersion of SWNTs. They found that the 

optimisation of the pyrene content in the synthesised 4-(pyren-1-yl)butanoylated 

polylysine (PBPL) dispersing agent leads to a maximal dispersing effect of the 

SWNTs. Figure 4-4 shows PBPL structure and a representation of a PBPL/SWNTs 

conjugate.  

 

Figure  4-4: (A) Chemical structure of 4-(pyren-1-yl)butanoylated polylysine(PBPL) (B) 

Schematic representation of a PBPL/SWCNT conjugate. Reproduced from [214] with 

permission of The Royal Society of Chemistry. 



Chapter 4 

68 

 

Despite the number of experimental methods which have been used to study the 

interaction of SWNTs with peptides, the nature of this interaction is not yet fully 

understood. However, understanding the mechanism(s) of peptide interaction with 

SWNTs aids the understanding of the molecular basis of increasing the solubility of 

nanotubes. Thus, their interaction mechanism(s) is a critical focus of investigation. A 

number of modelling studies have attempted to understand the nature of the peptide-

nanotubes interactions. Several studies have used a variety of computational 

methods, such as MD simulations and DFT calculations in an attempt to gain insight 

into the atomic scale mechanisms underlying the strong affinity of peptide sequences 

to nanotubes. Wallace et al.
215

 performed multi-scale MD to study the adsorption 

profile of the nano-1 peptide on a SWNTs surface. They found that the peptide 

interacts with SWNT in a preferred orientation, such that its hydrophobic surface is 

in contact with the tube. Chiu et al.,
216

 in a similar study performed full MD of a 

single nano-1 peptide at various water/hydrophobic interfaces, including 

water/graphite and water/SWNTs. They found that the peptide α-helix cannot match 

its hydrophobic face to the rigid planar graphite surface without partially unfolding. 

In contrast, it curves on the SWNT surface in α-helical conformation to 

simultaneously maximise its hydrophobic contacts with the SWNT and its hydrogen 

bonds with water (Figure 4-5).  

javascript:popupOBO('CHEBI:16670','B9NR00355J','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=16670')
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Figure  4-5: Representative nano-1 configurations from the MD simulations with 

water/graphite (Right) and with water/CNT (Left). Reprinted with permission from [216]. 

Copyright (2008) American Chemical Society. 

 

Among CNTs characterisation techniques nuclear magnetic resonance (NMR) been 

used to reveal more information about SWNTs functionalisation. It has been utilised 

to study the effects of oxidisation, bending, and twisting of SWNTs on their 

electronic properties and to locate the defects in the SWNTs structure.
217-221

 Nelson 

et al.
222

 used 
1
H NMR chemical shifts to study the impact of o-, p-, and m- directing 

effects of electrophilic aromatic substituents on phenyl groups covalently bonded to 

SWNTs. Marega et al.
223

 used diffusion based NMR experiment (1D DOSY) for the 

characterisation of covalently modified CNT derivatives.  

Due to the considerable progress in fluorescence labelling and observation 

techniques for biological molecules, SWNTs have been visualised using a 

conventional optical microscope with the aid of fluorescent tags.
224

 Yet these 
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characterisation techniques give limited information about the type, structure, and 

degree of functionalisation to utilise the SWNTs in applications. Therefore, more 

research groups are employing NMR as a characterisation technique to reveal 

information about SWNTs functionalisation. 
19

F NMR has been employed as an 

alternative reporter nucleus in NMR studies of labelled biopolymers covalently 

functionalising nanotubes.
225

 Coleman et al.
75

 used a Bingel reaction to create 

carbene and diethyl bromomalonate, which attacks the sidewall of SWNTs. The 

resulting material was tagged with fluorine and gold, and then observed with 
19

F 

NMR and AFM. Holzinger et al.
226

 used 
19

F NMR to monitor the photo induced 

radical addition of pentafluorinated alkyl to SWNTs (Figure 4-6). The 

pentafluorinated alkyl sidewall functionalised SWNTs was confirmed with boarding 

pentafluorinated alkyl signal. Kumari et al.
227

 used the DFT methods to compute the 

full 
19

F NMR shifts to differentiate between the zig-zag and chiral forms of 

fluorinated SWNTs.  

 

Figure  4-6: Sidewall functionalisation by the addition of a radical. Reproduced from [226] 

with permission of John Wiley and Sons. 
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The introduction of fluorine into organic molecules has become a very attractive area 

of synthetic and medicinal chemistry.
228

 The presence of fluorine in biological 

molecules often results in significant changes in their chemical, physical, and 

biological properties.
229

 Among the large family of bioactive fluorinated compounds, 

fluorinated amino acids
230

 and peptides
231

 are of value in medicinal chemistry as 

enzyme inhibitors, anti-tumour agents and antibiotics.
228

 Fluorinated amino acids 

have found a variety of applications in peptide and protein science. Incorporation of 

the unique electronic properties of fluorine into amino acids creates a new and 

exciting class of building blocks for peptide and protein modification and provides 

an opportunity to study their conformational properties and metabolic processes by 

19
F NMR.

232
  

This chapter investigates the effect of nano-1 peptide’s α-helical stability, through N-

terminus acetylation, on its ability to disperse SWNTs. Also, a synthesise of a 

fluorine tagged nano-1 peptide was carried out in order to ascertain whether           

19
F NMR can be used to monitor the binding of α-helical peptides to SWNTs surface. 

Finally, the nano-1 peptide/SWNTs complex’s stability against enzyme digestion 

was investigated. 
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4.2. Results and Discussion  

4.2.1. Synthesis and Characterisation of Modified Nano-1 peptides 

The amphiphilic α-helical nano-1 peptide, which is based on a previously 

characterised peptide Coil-VaLd,
233

 is reported to act as a surfactant in order to 

disperse SWNTs in aqueous solution.
124,234

 The original nano-1 sequence is Ac-

EVEAFEKKVAAFESKVQAFEKKVEAFEHG-CONH2, which is a repeating 

heptad designated (a b c d e f g)n, where a through g refer to the positions in the 

linear sequence. When folded into an α-helix, hydrophobic residues in positions a 

and d will generate an apolar face of the helix, whereas more hydrophilic residues in 

the other positions will form a more polar surface (Figure 4-7).  

 

Figure  4-7: Helical wheel diagram showing positions of nano-1’s residues in the α-helix.  

 

The original design of nano-1 has an acetylated N-terminus, to remove charge from 

the terminus and thus making it less polar to increase its affinity for SWNTs. Several 

investigators have shown that charged residues near the peptide’s N-terminus 
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destabilise the α-helix through a repulsive electrostatic interaction with the helix 

dipole of the peptide.
235-237

 
 
It has been suggested that capping of the N-terminus may 

stabilise an α-helix
 
by forming an additional hydrogen bond to a main chain NH 

group. Furthermore, it has been found that N-terminus capping effects are more 

prominent in a short peptide than long sequence peptides.
238

 Therefore, the first main 

focus of this section is to study the effect of peptide’s N-terminus acetylation on the 

peptide ability to disperse SWNTs by modifying the original N-terminus design of 

nano-1 peptide. In order to study the effect of N-terminus capping on short peptides 

vs. long peptides, four modified versions of nano-1 were synthesised. The second 

focus was to synthesis a fluorinated nano-1 peptide which was used to study the 

interaction between the peptides with the surface of SWNTs via 
19

F NMR.  

 

4.2.1.1. Synthesis of Nano-1 Peptides  

The original design of nano-1 peptide, (VaFd)4/4, has an acetylated and amidated N- 

and C-termini, respectively.
124

 However, in order to assess the effect of N-terminus 

acetylation on the peptide’s polarity and thus affinity towards the hydrophobic 

surface of SWNTs two versions nano-1 peptide have been synthesised. The first has 

an acetyled N-terminus and named acetylated nano-1, Ac-(VaFd)4/4. While the second 

has a free N-terminus and named free N-terminus nano-1, H2N-(VaFd)4/4. Fmoc-

SPPS was used for the synthesis of two versions of nano-1 peptide. The synthesis of 

acetylated nano-1 and free N-terminus nano-1 were carried out using an automated 

CEM Liberty microwave peptide synthesiser. Peptide synthesis was carried out on 

Rink amide (AM) resin to ensure that an amidated C-terminus was provided upon 
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cleavage from the resin, and O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

tetrafluoroborate (TBTU) was used as a coupling reagent. Considering that the 

synthesis of the 29 amino acid, nano-1 peptide synthesis was performed in two steps 

as shown Scheme 4-1.  

 
Scheme  4-1: Synthesis of nano-1 peptides. 
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The first step was synthesis of the first 17 amino acids in the peptide sequence, resin-

H2N-ESKVQAFEKKVEAFEHG-CONH2, named first section nano-1 (1). This 

peptide left on the resin, so it could be reloaded into the peptide synthesiser to 

complete the peptide sequence in the second step of the synthesis. A small scale 

cleavage was carried out and MALDI-TOF analysis confirmed the successful 

coupling of the first 17 amino acids of nano-1 peptide to the Rink amide resin 

(Figure 4-8).  

 

Figure  4-8: MALDI-TOF for first 17 amino acids of nano-1 peptide (1). 

 

The second step involved reloading of nano-1 first section (1) into the peptide 

synthesiser to complete the 29 amino acid nano-1 peptide sequence (2). In order to 

produce the two versions of the nano-1 peptide; the peptide linked resin (2) was then 

divided into two halves. The first half was cleaved from the resin to yield free N 

m/z [M + H]
+
 = 1962.9 
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terminus nano-1 peptide (3). MALDI-TOF analysis of the crude was used to confirm 

the presence of the correct peptide (Figure 4-9).  

 

Figure  4-9: MALDI-TOF for free N-terminus nano-1 peptide, 3 

 

The other half of the peptide linked to resin peptide was acetylated using 20 % acetic 

anhydride/DMF, and then the acetylated peptide (4) cleaved from the resin and 

MALDI-TOF analysis of the crude peptide was used to confirm the presence of the 

acetylated N-terminus nano-1 peptide (Figure 4-10).  

 

m/z [M+H]
+
= 3312.5 
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Figure  4-10: MALDI-TOF for acetylated nano-1 peptide, 4. 

 

4.2.1.2. Synthesis of Short Nano-1 Peptides  

The one heptad of nano-1 peptide, (VaFd)1/4, was first synthesised by Zorbas.et al.
120

 

to understand the importance of aromatic content in nano-1 peptide on its ability to 

disperse SWNTs. The one heptad nano-1 peptide reported had an acetylated and 

amidated N- and C-termini, respectively, Ac-EVEAFEKKY-CONH2. It had been 

suggested that N-terminus acetylation improves the stability of α-helical in short 

peptide more than in long sequence peptide.
237,238

 Therefore, the main aim of this 

section is to synthesise two versions of the one heptad nano-1 peptide, (VaFd)1/4, with 

and without acetylated N-termini. They are named as acetylated short nano-1, Ac-

(VaFd)1/4, and free N-terminus short nano-1, H2N-(VaFd)1/4, respectively. These 

peptides will be used to disperse SWNTs to understand how acetylation of the N 

terminus in a short peptide affects the dispersion of SWNTs (Section 4.2.2).  

 

m/z [M + H]+ = 3353.4 
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Both peptides, acetylated short nano-1 (Ac-(VaFd)1/4), and free N-terminus short 

nano-1 (H2N-(VaFd)1/4), were synthesised using the general microwave assisted SPPS 

procedure. The synthesis of each peptide was carried out on Rink amide (AM) resin 

using the same method used in the synthesis of nano-1 peptides (Section 4.2.1.1). 

Then synthesised peptides were cleaved from the resin, and purified using reverse 

phase HPLC (RP-HPLC). Fractions that were shown by mass spectrometry analysis 

to contain the desired were pooled and lyophilisation afforded the peptide as a white 

powder. MALDI-TOF analysis of the purified free N-terminus short nano-1(5) and 

acetylated short nano-1(6) confirms the presence of the correct peptide, (Figure 4-

11) and (Figure 4-12) respectively.  

 

Figure  4-11: MALDI-TOF of free N-terminus short nano-1, 5. 

 

 

m/z [M+H]
+
= 1141.6 
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Figure  4-12: MALDI-TOF of N-terminus acetylated short nano-1, 6. 

 

4.2.1.3. Synthesis of a Fluorinated Nano-1 Peptide 

Peptide structure, and ultimately its function, is largely induced by side chain 

interactions and determined through the specific amino acid sequence. Thus 

synthesis of non-proteinogenic amino acids has attracted wide attention in an attempt 

to create new peptide properties through modified α-amino acids.
239,240

 Fluorine 

tagged amino acids have been designed to provide 
19

F NMR signature spectroscopic 

signals for use as sensors for the study of binding between nano-1 peptide and the 

surface of SWNT. First a 
19

F labelled phenylalanine was synthesised and then 

coupled with the first stage of nano-1 while still attached to resin (1). The proposed 

synthetic route to the target 
19

F labelled phenylalanine (7) is shown in Scheme 4-2; 

the key step involves a Negishi coupling that will be used to form a bond between a 

substituted benzene ring and an orthogonally protected L-serine (10).  

m/z=[M+Na]= 1205.4  
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Scheme  4-2: Proposed synthetic route to amino acid target (7). 

 

The key intermediate in the synthesis was the orthogonally protected iodo-alanine 

(10), which was prepared in two steps from commercially available Fmoc-Ser-OH 

(8) (Scheme 4-3 and Scheme 4-4). The first step involved protection of the free 

carboxyl ester: this was achieved by treatment of 8 with 1.5 equivalents of 
t
Bu-2,2,2-

trichloroacetimidate in EtOAc at room temperature (Scheme 4-3). The orthogonally 

protected serine (9) was obtained as a white powder after column chromatography. 9 

was fully characterised by 
1
H-NMR and ESI-MS and the data obtained matched that 

previously reported.
241,242

 The yield of 63 % is due to the formation of an unwanted 

impurity that was assumed to be the di-t-Butyl protected serine.  

 

Scheme  4-3: Preparation of orthogonally protected serine (9). Reagents and conditions: 
t
Bu-

2,2,2-trichloroacetimidate, EtOAc, rt,16 h. 
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Conversion of 9 to the protected iodo-alanine (10) was achieved via reaction with 

iodine, imidazole and triphenylphosphine (PPh3). The reaction proceeded in good 

yield (68 %) to give 10 as a white powder after column chromatography. 10 was 

fully characterised and the beta CH2 protons in the 
1
H NMR displayed the expected 

up field/down field shift (from 3.92 ppm to 3.59 ppm) and the characteristic 516.3 

[M+Na]
+
 isotope was observed in the mass spectra obtained.  

 

Scheme  4-4: Iodination of (9). Reagents and conditions: I2, PPh3, imidazole, DCM, rt, 16 h. 

 

The final stage in the synthesis of fluorinated amino acid (11) involved a Negishi 

reaction step, which is a palladium-catalysed cross-coupling reaction between α-

amino acids and organozinc iodides to synthesis of
 
complex molecules by providing 

an efficient means of (C–C) bond formation.
243-248

 For the preparation of 11, iodo-

alanine (10) was reacted with 3-iodobenzotrifluoride in a solution of iodine (I2) in 

dry DMF with suspended zinc and catalysed by Bis(dibenzylideneacetone)palladium 

(Pd(dba)2) and 2-Dicyclohexylphosphino-2′,6′-dimethoxybiphenyl (Sphos)  (Scheme 

4-5) to give a good yields (65 %) after column purification. Since the major 

drawback of the Negishi coupling is the relative sensitivity of organozinc reagents 

towards oxygen and moisture,
249

 the reaction is carried out in dry DMF and under 

argon atmosphere. 
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Scheme  4-5: Synthesis of fluoro tagged phenylalanine (11). Reagents and conditions: 

Pd(dba)2, zinc, Sphos, 3-Iodobenzotrifluoride, dry DMF, inert atmosphere, 16 h. 

 

The trifluoro-phenylalanine (11) was fully characterised. 
19

F-NMR analysis (Figure 

4-13) showed two different fluorine environments, one at - 62.84 ppm and a second 

one at - 62.97 ppm. This implies that rotation about the C−C bond from the benzene 

ring to the CF3 group is restricted. The splitting in the CF3 peak is similar to 

published spectra of CF3-labeled amino acids.
250,251

 

 

Figure  4-13: The doubling of the fluorine peaks in the 
19

F NMR spectra of 11 in D2O. 
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For the synthesis of the fluorinated nano-1 peptide (13), a free carboxylic acid on the 

fluoro amino acid is needed. Therefore, deprotection of the t-butyl ester from 11 was 

achieved by stirring the protected amino acids in a mixture of DCM and TFA for 5 

hours (Scheme 4-6), which afforded the product in 76 % yield.  

 

Scheme  4-6: C-terminus deprotection of 11. Reagents and conditions: TFA, DCM, rt., 5 h. 

 

The free C-terminus fluoro tagged amino acid (12) was coupled with the first section 

of the nano-1 peptide (1) though a manual SPPS coupling at room temperature. The 

fluoro peptide-resin was then reloaded into the peptide synthesiser; the rest of nano-1 

peptide sequence was coupled using the microwave coupling. When all of the amino 

acids were coupled, a final Fmoc deprotection step was carried out using 20 % 

piperidine/DMF, and the peptide was then cleaved from the resin, Scheme 4-7 

illustrates the synthesis route of 13. 
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Scheme  4-7: The synthetic route to fluorinated nano-1 peptide, 13.  

 

MALDI-TOF mass analysis of the crude peptide was used to confirm the presence of 

the correct peptide. Then fluorinated nano-1 peptide (13) was purified using reverse 

phase HPLC (RP-HPLC). Fractions that were shown by mass spectrometry analysis 

to contain 13 were pooled and lyophilisation afforded the peptide as a white powder.  

 

4.2.1.4. Circular Dichroism of Synthesised Peptides  

The circular dichroism (CD) spectroscopy is used to characterise the secondary 

structures of synthesised peptides. The CD spectra were collected at 100 µM 

concentration in phosphate buffered saline solution (PBS). This low concentration 

was chosen to prevent intermolecular interactions which may affect the CD values 
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obtained. The data is presented in mean residue ellipticity units which take into 

account the chain length and concentration of samples. The CD spectra of 

synthesised peptides are shown in Figure 4-14. The original design of nano-1 

peptide has a 3.6 residues per turn.
124

 Thus the one heptad nano-1 peptide, (Ac-

(VaFd)1/4) which is 9 amino acid residues, is found to be too short to form a helix.
120

 

Similarly, both of the synthesised short nano-1 peptides, acetylated short nano-1 (6) 

and free N terminus short nano-1 (5), are not expected to be able to adopt a 

significant degree of α-helical structure. Therefore, this section focuses on the CD 

characterisation of the synthesised nano-1 peptides, free N-terminus nano-1 (3), 

acetylated nano-1 (4), and fluorinated nano-1 peptide (13). 

 

Figure  4-14: CD spectra of synthesised nano-1 peptides. (Black line) free N terminus nano-

1 (3), (Red line) Ac nano-1 (4), and (Blue line) fluorinated nano-1 peptide (13). 
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The CD spectra of acetylated nano-1 (4) shows strong negative band at ~ 200 nm and 

a weaker band at ~ 226 nm, suggesting a mixture of helical and unordered 

conformations, which is in agreement with previously published studies.
120,124,252,253

 

The CD spectrum of free N-terminus nano-1 peptide (3) shows similar bands to 

acetylated nano-1 (4) spectra (a strong negative band at ~ 200 nm and a weaker band 

at ~ 226 nm). This indicates that N-terminus capping did not have any major effect 

on the nano-1 peptide’s helicity. Furthermore, the CD spectrum of fluorinated nano-1 

peptide (13) was found to exhibit similar peaks to the CD spectra of synthesised 

nano-1 peptides (3 and 4). This implied that the modification on the phenylalanine 

(Phe) residue with the CF3 group does not affect the peptide’s helicity. 

 

4.2.2. Dispersion of SWNTs with Nano-1 Peptides 

Previous studies have demonstrated that nano-1 peptide, (VaFd)4/4, coats and 

debundles SWNTs and promotes the assembly of the coated nanotubes into novel 

hierarchical structures.
120,124

 Phe residues in nano-1 (Section 4.2.1) can interact with 

the SWNT’s hydrophobic surface via π–π stacking interaction. Among different 

types of SWNTs, HiPco produced SWNTs have been used here in the dispersion 

experiments. The HiPco process usually produces large amounts of high-quality 

SWNTs. However, they typically contain ~ 35 wt% impurities (i.e. iron 

nanoparticles). Therefore, before the noncovalent interaction of HiPco SWNTs with 

the synthesised nano-1 peptides (Section 4.2.1), HiPco SWNTs were purified in a 

two-step method. First, as-produced HiPco SWNTs were heated at 400  C for 30 min 

to break the carbon shell around the metal catalyst. Then, catalyst nanoparticles were 
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dissolved by stirring the SWNTs in (6 M) HCl solution overnight. The purified 

SWNTs were characterised by Raman, UV-Vis-NIR, and TGA (see Appendix A). 

Furthermore, the extinction coefficient of purified SWNTs was experimentally 

determined by making a series of dilutions of purified SWNTs dispersion in 1 % 

SDS solution at 700 nm (see Appendix B). However, the calculated extinction 

coefficient (ε700 = 37.3 mL mg
−1 

cm
-1

) is found to be lower than the previously 

reported value of 39.0 mL mg
-1

 cm
-1

 for purified SWNTs at the same wavelegnth.
159

  

The dispersant concentration plays an important role in the ability to disperse CNTs, 

however due to the limited amount available of the synthesised peptides it was not 

possible to determine if the concentration of 1.0 mM used was high enough to 

saturate the system (meaning that a further increase dispersant would not affect the 

amount of CNT suspended) or not (meaning that an increase in dispersant would 

further increase the amount of CNT suspended). Nano-1 peptide/purified SWNT 

complex was prepared by mixing 1.0 mg of purified SWNTs with 1.0 mM of the 

synthesised peptide solution via probe ultrasonication for 15 min in an ice bath. 

Table 4-1 shows the synthesised peptides used in SWNTs dispersions.  

Type of modification Dispersant Peptide No. residues 

 

N terminus capping 

Free N terminus nano-1 (3) 29 

Acetylated nano-1 (4) 29 

Free N terminus short nano-1(5) 12 

Acetylated short nano-1 (6) 12 

Fluoro Tagged Phe Fluorinated nano-1 (13) 29 

Table  4-1: List of modified nano-1 peptides used to disperse purified SWNTs. 
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The sonication was followed by centrifugation to remove bundled and aggregated 

nanotubes to afford a homogeneous supernatant dispersion. Differences among the 

modified nano-1 peptides/purified SWNT dispersions were observed visually. The 

darker solutions indicating a higher concentration of SWNTs. Figure 4-15 shows an 

image of modified nano-1 peptides/SWNT complexes and purified SWNTs 

dispersion in water as a control after sonication and centrifugation. 

 
Figure  4-15: Peptide/purified SWNTs complex aqueous dispersion after sonication and 

centrifugation. Dispersion from right to left: fluorinated nano-1(13)/purified SWNTs, Ac 

nano-1(4)/purified SWNTs, free N-terminus nano-1(3)/SWNTs, Ac short nano-1(6)/purified 

SWNTs, free N-terminus short nano-1(5)/purified SWNTs. 

 

Based on the SWNTs supernatant colour intensity, short nano-1 peptides, free N 

terminus (5) and acetylated (6), appears to disperse less efficiently than nano-1 

peptides, free N terminus (3) and acetylated (4), and fluorinated nano-1 peptide (13). 

More detailed characterisation of the quality and quantity of the dispersed SWNTs 

can be obtained from the UV-Vis-NIR absorption spectra of the dispersion. Figure 

4-16 shows the UV-Vis-NIR spectra of dispersed purified SWNTs with a series of 

modified nano-1 peptides in water. 
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Figure  4-16: UV-Vis-NIR absorption spectra of modified nano-1 peptides/purified SWNTs 

complexes dispersion. (Black line) Ac nano-1(4)/purified SWNTs, (Cyan line) fluorinated 

nano-1(13)/purified SWNTs, (Red line) free N terminus nano-1(3)/purified SWNTs, (Green 

line) Ac short nano-1(6)/purified SWNTs, (Blue line) free N terminus short nano-

1(5)/purified SWNTs. 

 

Individual nanotubes are active in the UV–Vis region and exhibit characteristic 

bands corresponding to additional absorption due to 1D van Hove singularities. 

Bundled CNTs, however, are hardly active in the wavelength region between 200 

and 1300 nm. Modified nano-1 peptides/purified SWNTs complexes absorption 

spectrum shows well-resolved features absorption peaks that extend throughout the 

metallic (~ 440 – 645 nm) and semiconducting nanotubes (830 – 1600 nm, and 600 – 

800 nm) absorption regions. This indicates that the nanotubes dispersed as 

individuals and/or as very small bundles in aqueous solution by the dispersant 

peptides. UV-Vis absorption intensity is proportional to the amount of SWNTs 

dissolved in the solution. Thus, UV-Vis-NIR absorption is used to determine the 
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concentration of the dispersed SWNTs in the supernatant through application of the 

Beer-Lambert Law and calculated extinction coefficient of purified SWNTs at 700 

nm (ε700 = 37.3 mL mg
−1 

cm
-1

). Table 4-2 shows the concentration of dispersed 

nanotubes. 

Dispersion Conc. of Purified SWNTs 

µg mL
-1

 

SDS/purified SWNTs (control) 196.4 

Free N terminus nano-1(3)/purified SWNTs 434.7 

Acetylated nano-1(4)/purified SWNTs 586.9 

Free N terminus short nano-1(5)/purified SWNTs 47.4 

Acetylated short nano-1(6)/purified SWNTs 167.9 

Fluorinated nano-1(13)/purified SWNTs 506.0 

Table  4-2: Concentration dispersed purified SWNTs by modified nano-1 peptides. Nano-1 

peptides concentration: 1 mM mL
-1

, SDS concentration: 1 % by weight. 

  

Table 4-2 shows that the concentration of dispersed nanotubes by the SDS solution 

is less than that of the four heptad nano-1, acetylated nano-1 (4), free N-terminus 

nano-1 (3), and fluorinated nano-1 (13). However, it is higher than the concentration 

of dispersed nanotubes with the one heptad nono-1 peptides, acetylated (6) and free 

N-terminus (5). The concentration of dispersed purified SWNTs by the four heptad 

nano-1 is higher than that of short nano-1. These results agree with the previous 

studies.
120,213

 Furthermore, the concentration of the aqueous dispersion of acetylated 

short nano-1 (6)/purified SWNTs complex was found to be higher than free N-

terminus short nano-1 (5)/purified SWNTs complex. Acetylated short nano-1 (6) 

dispersed purified SWNTs at a concentration of 167.9 µg mL
-1

, whereas free N-

terminus short nano-1 (5) gave 47.4 µg mL
-1

. On the contrary, four heptad nano-1 

peptides, acetylated (4) and free N terminus (3), dispersed almost similar amount of 
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purified SWNT; acetylated nano-1 (4) dispensed 586.9 µg mL
-1

 of purified SWNTs, 

while free N-terminus nano-1 (3) dispensed 434.7 µg mL
-1

. These results show that 

peptide’s N-terminus capping has a greater effect on short nano-1 peptides ability to 

disperse nanotubes comparing to nano-1 peptides; short nano-1 peptide is 9 amino 

acid residues, while nano-1 peptide is 29 amino acid residues. These results can be 

rationalised by the fact that N-terminus capping stabilise an α-helix by forming an 

additional hydrogen bond to a main-chain NH group.
237,238,254

 The concentration of 

purified SWNTs dispersed by fluorinated nano-1 peptide (13) was found to be 

similar to nanotubes dispersed by four heptad nano-1 peptides (3 and 4). This 

suggests that the fluorinated phenylalanine residue did not have a major effect on 

either peptide’s helicity, or its ability to fold around the nanotubes surface.  

 

4.2.3. 19
F NMR of Fluorinated Nano-1 Peptide/Purified SWNTs Complex  

Fluorinated nano-1 peptide (13)/SWNTs composite was prepared so that the 

interaction between the nanotube and the peptide could be monitored with 
19

F 

NMR.
255,256

 The idea was that the signal in the 
19

F NMR spectrum for the fluorinated 

nano-1 peptide (13) would change as it went from being free in the solution to being 

immobilised on the SWNT. This binding should broaden the 
19

F NMR signal, 

perhaps to the extent that it becomes unseen.
256

 
19

F NMR will be sensitive to changes 

in the van der Waals or electrostatic environments expected with the binding.  

Trifluoroacetic acid (TFA) used in the cleavage cocktail of fluorinated nano-1 

peptide (13) is known to have a strong 
19

F NMR peak at -78.5 ppm. Thus, 

Trifluoroethanol (TFE) was added to fluorinated nano-1 peptide (13)/purified 
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SWNTs complex dispersion to act as an external reference peak of a known shift and 

relative intensity, -77 ppm. Thus, the relative integrals of 
19

F NMR peaks mentioned 

will be as a ratio of the integral for the peak to the integral for the TFE peak. The 
19

F 

NMR spectrum of fluorinated nano-1 peptide (13) has been recorded as a control 

sample. As seen in Figure 4-17, the peptide solution in deuterium oxide (D2O) 

displays the relative peak intensities of 0.7 at - 62.24 ppm. Upon the interaction of 

the peptide with purified SWNTs, the peptide’s peaks have disappeared, Figure 4-

18. This suggests that the peptide is bound to nanotube’s surface, thus its CF3
 
δF

 19
F 

NMR peak has broaden to the extent that it is unseen in the spectra.   

 

Figure  4-17: 
19

F NMR spectra of fluorinated nano-1 peptide (13) (control) in D2O. 
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Figure  4-18: 
19

F NMR spectra of fluorinated nano-1 peptide (13)/purified SWNTs 

composite dispersion in D2O. Inset picture shows the dispersion before running the 
19

F NMR 

analysis.  

 

It was thought that after the dispersed purified SWNTs sediment from the solution 

the 
19

F NMR signal of the peptide would reappear. However, 
19

F NMR spectra of the 

dispersion did not show any peaks as shown in Figure 4-19. This is thought to be 

due to the fact that the peptide has sedimented from the dispersion while still 

noncovently attached to the SWNTs. Therefore, more research needs to be done on 

this project.  
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Figure  4-19: 
19

F NMR of fluorinated nano-1 peptide (13)/purified SWNTs composite in D2O 

after sedimented from the dispersion. Inset picture shows the crashed out purified SWNTs 

before running the 
19

F NMR analysis. 

 

4.2.4. Enzyme Digestion of Nano-1 Peptide/SWNTs Complex 

Functionalised SWNTs are able to cross cell membranes and accumulate in the 

cytoplasm, and even reach the nucleus, without being cytotoxic (concentrations up to 

10 mM).
257-259

 Therefore, they could act as carriers that transport and deliver 

bioactive components into cells. In fact, SWNTs enhance the uptake of molecules 

that have previously demonstrated a low cellular penetration.
260

 For example, the 

cellular uptake of free peptides is often extremely poor, thus their conjugations to 

nanotubes’ surfaces allow improvements in the delivery of such biological 

molecules.
260

 This is due to the fact that nanotubes have a high loading capacity, due 
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to their high aspect ratio, have the potential to be the ideal shuttle for peptide 

molecules.
261

 For example Pantarotto et al.
262,263

 were the first to develop a vaccine 

delivery system by covalently linking bioactive peptides to amino-derivatised 

SWNTs. Since then many aspects concerning the dispersion, stability and the 

behaviour of SWNTs in biological settings have already been investigated in separate 

studies. Peptide stability toward proteolytic degradation is important for its 

therapeutic applications as a means of increasing the plasma half-life.
264,265

 However, 

relatively little is known about SWNTs/peptide hybrids regarding enzymatic 

degradation. This section studies the stability of peptide/SWNTs hybrids as a 

function of enzyme digestion. The results discussed in (Section 4.2.2) showed that 

Ac nano-1 peptide (4) exhibited high dispersion ability towards purified SWNTs due 

to π−π stacking of the peptide aromatic residues on the surface of SWNT. Trypsin 

cleaves peptides at the C-terminal side of positively charged residues (arginine (Arg), 

and lysine (Lys)).
266

 Trypsin digestion of Ac nano-1(4) (as a control sample) and Ac 

nano-1(4)/purified SWNTs dispersion incubated with 5 µL trypsin in the presence of 

2 µL dithiothreitol (DTT) at 37 °C for 24 h were performed. The distribution of Lys 

and Arg residues in Ac nano-1 (4) is such that trypsin digestion yields peptide 

fragments, shown in Table 4-3 and Figure 4-20.  

Peptide Calculated 

Mass               

(Exact Mass) 

Digested Peptide 

Fragment 

Sequence 

Observed Mass 

([M+H]
+
, 

*
[M+2H]

2+
,
**

[M+4H]
4+

) 

 

Ac nano-1 peptide (4) 
 

(Ac-

EVEAFEKKVAAFE

SKVQAFEKKVEAF

EHG-CONH2) 

 KKVEAFEHG-

Amide 

916.4 

 KVAAFESKV 751.12 

 KKVEAFEHG *458.44 

3352 KVEAFEHG *394.57 

 KVAAFESKV *376.23 

 KVQAFEKK *361.23 

 KKVVEAFEHG **229.17 

Table  4-3: LR-MS (ESI-TQD) data for Trypsin/DTT digested Ac nano-1(4) (control). 
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Figure  4-20: Mass spectrum of trypsin/DTT digested Ac nano-1(4) (control). 

 

After the trypsin/DTT incubated with the Ac nano-1(4)/purified SWNTs dispersion, 

the dark black colour of the dispersion indicates that the nanotubes are still dispersed 

by Ac nano-1(4) is seen (Figure 4-21).   

 
Figure  4-21: Ac nano-1(4)/purified SWNTs dispersion after incubation with trypsin/DTT.  

 

Mass spectra of the digested Ac nano-1(4)/purified SWNTs show the digested 

peptide fragments peaks, similar to the control sample. However, its mass spectrum 

also shows the undigested peptide peak which is highlighted in Figure 4-22. It is 
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thought that folding of the peptide around nanotube surface protects it from trypsin 

degradation. Thus, mass spectra of Ac nano-1(4)/purified SWNTs dispersion 

incubation with trypsin/DTT shows undigested peptide peaks, which are free in the 

solution.  

 

Figure  4-22: Mass spectrum of Ac nano-1(4)/purified SWNTs dispersion after incubation 

with trypsin/DTT. 

 

Similarly, the trypsin degradation of Ac short nano-1(6)/purified SWNTs complex 

was investigated. Table 4-4 summarises the mass of trypsin digested fragments of 

Ac short nano-1 (6) (control). The calculated fragments were observed in the mass 

spectra of digested peptide (control), which indicates a complete degradation of the 

peptide. (Figure 4-23) highlights the digested Ac short nano-1 (6) (control).  
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Peptide Calculated 

Mass             

(Exact Mass) 

Digested Peptide 

Fragment 

Sequence 

Observed Mass 

([M+H]
+
, 

*
[M+2H]

2+
) 

Ac short nano-1 (6) 

Ac-EVEAFEKKY-

CONH2 

1182.5 Ac-EVEAFEKKY-

Amide 

*592.6 

 

Ac-EVEAFEKK 

 

511.5 

Table  4-4: LR-MS (ESI-TQD) data for trypsin/DTT digested Ac short nano-1(6) (control). 

 

 

Figure  4-23: Mass spectrum of trypsin/DTT digested Ac short nano-1(6) (control). 

 

Figure 4-24 shows that purified SWNTs crashed out from the dispersion after Ac 

short nano-1(6)/purified SWNTs incubation with trypsin/DTT.  
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Figure  4-24: Ac nano-1(4)/purified SWNTs complex after incubation with trypsin/DTT.  

 

The trypsin digested Ac nano-1(6)/purified SWNTs dispersion was analysed by mass 

spectroscopy, Figure 4-25. The mass spectra shows that Ac short nano-1(6) wrapped 

around the nanotube surface were completely digested resulting in a series of 

fragments similar to control sample. Both the full length and short nano-1 peptides 

interact with the SWNT in a dynamic manner. Ac short nano-1 (6) is likley to 

undergo a more rapid exhange between bound and unbound states (i.e. it does not 

bind to the SWNTs as strongly as the full length nano-1 (4)) and thus it is to be 

expceted that peptide 6 should show a great amount of degradation compared to Ac 

nano-1 peptide (4). This is exaclty what the data from the afforementioned 

degradation studies supports.  

 
Figure  4-25: Mass spectrum of trypsin/DTT digested Ac short nano-1(6)/purified SWNTs. 

Solution  

SWNTs 
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4.3. Conclusion  

In conclusion, the effect of N-terminus acetylation on a peptides efficiency to 

disperse SWNTs has been studied. Knowing that peptide’s N-terminus acetylation 

has a greater effect on short peptides helical stability compared to long sequence 

peptides, thus four modified versions of a previously reported nano-1 was 

synthesised. The short versions of nano-1 peptide, acetyled and free N-terminus short 

nano-1, had a lower ability to dispense SWNTs than nano-1 peptides, acetyled and 

free N-terminus short nano-1. However, it was found that acetyled short nano-1had a 

better tendency to disperse the nanotubes than its free N-terminus. Whereas, N-

terminus of the synthesised nano-1 peptide, acetyled and free N-terminus nano-1, did 

not significantly affect their ability to disperse SWNTs. Additionally, a fluorinated 

nano-1 peptide has been synthesised to study the interaction between the peptide 

with the surface of SWNTs with 
19

F NMR. The 
19

F NMR of fluorinated nano-1 

peaks has disappeared from the spectra after its interaction with SWNTs. This is 

thought to be due to peptide’s noncovalent bonding to the nanotube’s surface, thus 

broaden its CF3
 
δF

 19
F NMR peak to the extent that it is unseen in the spectra. Finally, 

this chapter presents the first investigation of enzymatic degradation of 

peptide/SWNTs composite. It was found that when Ac nano-1 (6) was non-

covalently mixed with SWNTs that it was enzymatically digested more slowly than 

short Ac nano-1 peptide (4) by trypsin. This thought to be due to the more rapid 

exchange that short Ac nano-1 peptide (6) will have between its SWNT bound and 

unbound forms compared to to full length Ac nano-1 (4) (NB- this hypothesis makes 

the reasonable assumption that a peptide will only be digested when unbound and 

free in solution). 
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5. PEPTOID NONCOVALENT FUNCTIONALISATION OF SINGLE 

WALLED CARBON NANOTUBES 

 

5.1. Introduction  

Noncovalent functionalisation of SWNTs with surfactants facilitates the modification 

of their hydrophobic surfaces and imparts dispersibility without changing their 

electronic properties.
98

 The surfactants act to lower the energetic cost of 

hydrophilic/hydrophobic interfaces, allowing for water-insoluble materials to be 

dispersed in the aqueous phase.
216

 However, the commonly used surfactants for 

SWNTs dispersion do not facilitate higher order-structures or impart 

biocompatibility for biomedical applications.
267

 Thus, alternative biomolecules, such 

as α-peptides,
209

 proteins,
115,268

 amino acids,
269,270

 enzymes,
271

 and DNA,
272-274

 have 

been explored to import biocompatibility to SWNTs dispersions. All of the 

aforementioned biomolecules are unique in their ability to fold and self-assemble 

into specific secondary structures through hydrogen bonds, van der Waals forces, 

hydrophobic interactions, and electrostatic interactions.
275

 Thus, it is widely accepted 

that various noncovalent intermolecular interactions, such as π–π, CH–π, and van der 

Waals interactions, play a significant role in promoting the biomolecules wrapping 

around SWNTs.
276

 Consequently, α-peptides can naturally assemble into a wide 

range of configurations and so they can spontaneously assemble onto nanotubes. It 

has been shown that by coating SWNTs with amphiphilic helical α-peptides offers a 

suitable noncovalent approach for debundling SWNTs. Additionally, peptide 

functionalised SWNTs permits the organisation of individually dispersed nanotubes 
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into useful assemblies for developing SWNT-based nanomaterials or nanodevices.
209

 

Therefore, for biomedical applications efforts have been devoted to exploring the 

potential biological applications of SWNTs/peptide conjugates.
257

 However, 

polypeptides are susceptible to degradation by proteases, have limited thermal 

stability, and are effected by environmental influences such as pH, solvent polarity, 

and ionic strength. Additionally, studies suggested that helical wrapping of relatively 

rigid peptides on the highly curved surface of the SWNTs hinders their ability to 

interact with the cylindrical SWNT surface.
277

 Therefore, there is a need to 

investigate peptidomimetics which while retaining the required peptide properties to 

interact with SWNTs have stability towards biodegradability and display backbone 

rigidity. In recent years, by taking inspiration from peptides, non-natural oligomers 

that mimic the fundamental molecular features of α-peptides have been synthesised. 

These include, γ-peptides,
278

 β-peptides,
279

 and most recently peptoids. Peptoids 

(oligomers of N-substituted glycines) were developed in the late-1980s by Farmer 

and Ariȅen as novel peptidomimetic that would mimic the biological function of 

bioactive α-peptides.
280

 

Peptoids are non-natural oligomers in which the side chain of an α-amino acid is 

shifted to the backbone amide nitrogen. Consequently, as the backbone nitrogen 

atom in peptoids carries an alkyl side chain peptoids lack both hydrogen bonding 

capacity and stereogenicity along the backbone. Thus, they are generally more 

flexible than peptides, as their tertiary backbone amides can easily adopt both cis and 

trans conformations.
281,282

A schematic comparison of peptide and peptoid structure 

is given in Figure 5-1. 
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Figure  5-1: A comparison of the structures of generic α-peptoid and peptide oligomers. 

 

A lack of hydrogen bonding ability has several important implications for the 

secondary structure of peptoids. Peptoids also have enhanced proteolytic stability, 

bioavailability and cellular uptake relative to α-peptides.
283

. 

The peptoids are constructed from C- to N-terminus by either the monomer
284

 or 

submonomer
284

 methods, which are analogous to standard solid-phase methods for 

peptide synthesis (Scheme 5-1). 

 

Scheme  5-1: Peptoid synthesis methods (A) monomer method (B) Submonomer method. 
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The invention of the submonomer solid-phase synthesis method by Zuckermann was 

a major breakthrough for peptoid synthesis
284

 (Scheme 5-1, B). This method is based 

on alternating the acylation reaction with a haloacetic acid of a resin-bound 

secondary amine, uses a carbodiimide or other suitable carboxylate activation 

method. Then introduce the side chain by SN2-nucleophilic displacement of the 

halogen with an excess of primary amine. This can be accomplished either manually 

or automatically using a synthesiser.
285,286

 

Due to peptoid oligomers’ lack of conformational rigidity in comparison to α-

peptides, displaying the proper amide side chain functionality is critical for their 

folding. However, even without the hydrogen bonding capacity and the chiral 

backbone, researchers have developed methods to stabilise helical, loop and turn 

motifs in peptoids to fold into well-defined secondary structures depending on 

electrostatic and steric interactions,
283,287-289

 giving rise to random coils or well-

defined secondary structures (e.g., helices) in some cases. It has been shown that 

several types of noncovalent interactions, including, hydrophobic,
290,291

 ionic,
292,293

 

hydrogen bonding,
294

 and aromatic interactions,
295,296

 can all stabilise peptoid 

secondary structures. For example, introducing of bulky chiral substituents in peptoid 

amide side chains engenders a steric repulsion between side chains, and has 

promising implications for the design of stably folded peptoid.
287

 Similarly, 

negatively charged side chains cause charge-charge repulsion with backbone 

carbonyls and exhibit polyproline type I helix structure.
297,298

 In addition, 

hydrophobic interactions
299

 and n–π* interactions have also been predicted to play a 

role in peptoid folding.
300
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An extensive body of work, including computational,
297

 solution phase 2D-NMR, 

circular dichroism (CD), electron spin resonance spectroscopy (EPR) and X-ray 

signal crystal diffraction (SC-XRD) experiments, has demonstrated that the peptoid’s 

helix is induced to bulky aromatic groups adjacent to the nitrogen on the main chain. 

These significantly reduce the conformational freedom in the chain backbone. 

Several common monomers used for this purpose are shown in Figure 5-2.  

 
Figure  5-2: Common sub-monomers, used to induce a helical secondary structure in peptoid 

oligomers. 

 

As a consequence, the backbone freedom is limited to a certain range of angles to 

prevent electronic repulsions with the aromatic rings of the side chain and 

neighbouring carbonyl groups of the peptoid backbone. Therefore, the helix 

formation is largely controlled by the steric and electronic properties of the sub-

monomers used.
297,301-306 

Therefore, the bulky side chains induce repeated cis amide 

bond conformation and the chirality at the α-position induces handedness of helical 

structure along the peptoid backbone. The peptoid helix and threaded loop represent 

the best characterised peptoid secondary structural motifs, which are adopted by 

peptoids comprised mainly of α-chiral monomers. A peptoid’s helix is usually a 

three-residue-per-turn helix with all-cis amide bonds, similar structures to the type-I 

polyproline peptide α-helices that are commonly seen in proteins
 
Figure 5-3.

307,308
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Figure  5-3: A representative model of the peptoid helix (Nspe)10. The structure has 

been generated using molecular mechanics. The backbone is highlighted in green. 

Reproduced from [307] with permission of The Royal Society of Chemistry. 

 

In the early 2000’s, Barron developed a set of predictive rules for helix formation in 

peptoids best helicity is observed if the bulky side chain contains an aromatic group 

at the i and i + 3 positions.
236

 However, in case of hetero oligomeric peptoids can 

fold into stable helices if at least 50 % of the monomers contain a chiral centre. 

Furthermore, the helices are stabilised if the C-terminal residue is α-chiral and also as 

the peptoid chain increases in length, i.e. decamers and longer.
301,302,304,305,307 

The 

helix can be recognised by a CD spectrum with well-defined peaks at 192, 202 and 

218 nm, similar to the CD spectra of α-peptide helices, and this pattern serves as a 

useful diagnostic for helical structure in peptoids.  

In the previous study, Chapter 4, it was found that the noncovalent interaction 

between nano-1 peptides and purified SWNTs increases with increasing the number 

of aromatic amino acid residues in the peptide. However, the absence of backbone 
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hydrogen bonds and thus flexible conformation in peptoid makes it a strong 

candidate for the dispersion of carbon nanotubes.  

This chapter investigates the synthesis and characterisation of a series of chiral linear 

peptoids, followed by a discussion of their noncovalent interaction with SWNTs 

produced by the HiPco method to aid their dispersion in aqueous medium. The 

functionalised SWNT material was characterised by UV-Vis-NIR, and Raman 

spectroscopy, and the location and distribution of the functional groups determined 

using atomic force microscopy (AFM), and transmission electron microscopy 

(TEM). This is first research in which peptoids have been used for the dispersion of 

CNTs. 

 

5.2. Results and Discussion  

5.2.1. Synthesis of Chiral Peptoid Library (Carried out by Hannah L. Bolt, 

Cobb group) 

Given the helical structural dependence of amphiphilic peptide binding to SWNTs, it 

is reasonable to expect that the binding interaction should be optimal for a flexibly 

helical structure. Given peptoids lack of conformational rigidity, they could be 

considered as good candidates for interacting with the curved side wall of SWNT. 

Taking the inspiration from the importance of aromaticity content in peptide’s 

amphiphilic helical on SWNTs’ dispersion, Chapter 4, the first part of this project 

has focused upon the synthesis of series of α-chiral linear peptoids for interacting 

with and dispersing SWNTs.  



Chapter 5 

108 

 

Previous research has revealed that a decrease in the α-helical content of the peptide 

facilitates their adsorption onto curved walls of CNTs.
309

 Varying the percentage of 

α–chiral aromatic side chains along with the chain length affects the helicity in a 

peptoid. Thus, in order to evaluate the role of aromatic residues, and degree of 

helicity of peptoids toward their interaction with SWNTs, a series of peptoids were 

synthesised of the same sequence, based on the previous work of Barron
310

 but 

varying in the number of residues. As a peptoid helix has 3 residues per turn and is 

stabilised by the incorporation of one or more aromatic faces running parallel to the 

helix axis (i.e., aromatic side chains at the i, i + 3 positions). The synthesised peptoid 

sequences were is chosen to contain a repeating motif of three residues with the 

repeating subunit structure: (NlysNspeNspe)n, (Figure 5-4). 

 

Figure  5-4: Monomers used in peptoid synthesis and peptoid’s motif. 

 

The chiral aromatic residue (Nspe) is used to induce a repeated cis amide bond 

conformation. It is also introduces handedness of helical structure along the peptoid 

backbone, because it can exhibit not only steric repulsions between bulky side 

chains, but also electronic repulsions between aromatic π and carbonyl lone-pair 

electrons.
287

 The bulky nature of the aromatic residue leads to a water-insoluble 
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peptoid, and since water solubility is a critical property of most biologically active 

molecules and for the CNTs dispersion in aqueous medium, lysine-type side chain 

(Nlys) was included in the oligomer. The hydrophilic monomer aids the water 

solubility of the peptoid and encourages the formation of an amphiphilic helix in 

solution. The peptoids have two faces, the hydrophobic groups on one face and the 

hydrophilic groups on the other face. Additionally, because the helical structure is 

further stabilised at longer peptoid oligomer lengths, a series of varying length 

peptoids were synthesised as shown in Table 5-1.  

Peptoid Motif No. Residues No. Aromatic Residues 

(Nspe) 

(NlysNspeNspe)2 (14) 6 4 

(NlysNspeNspe)3 (15) 9 6 

(NlysNspeNspe)4  (16) 12 8 

(NlysNspeNspe)6 (17) 18 12 

Table  5-1: Summary of the synthesised peptoids structure. 

 

5.2.1.1. Circular Dichroism of Synthesised Peptoids  

Peptoids share the same backbone structure as peptides and that backbone amide 

groups are also the predominant chromophores in peptoids. Since, the amide bond is 

acutely sensitive chromophore to the structural; solvation, and electronic 

environment, circular dichroism (CD) spectroscopy can allow rapid assessment and 

classification of a peptoid’s secondary structure. Figure 5-5 shows the CD spectra 

observed for all of the synthesised peptoids. All spectra were collected at 50 µM 

concentration in phosphate buffered saline solution (PBS), to prevent intermolecular 

interactions which may affect the CD values obtained.  
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Figure  5-5: CD spectra of synthesised peptoids. (Green line) (NlysNspeNspe)6 (17), (Purple 

line) (NlysNspeNspe)4 (16), (Red line) (NlysNspeNspe)3 (15), (Blue line) (NlysNspeNspe)2 

(14). 

 

The electronic interactions occur between backbone carbonyls and the π–electron 

clouds of the aromatic rings in Nspe lead to the formation of a distinct helical 

structure that in turn gives rise to an exaction split π–π* transition in the CD 

spectrum, as observed for peptide-helices.
297

 Therefore, the synthesised peptoids 

gave characteristic CD spectral features at ~ 202 nm and 218 nm, which suggests that 

these peptoids are forming helices in solution and confirms results from Barron.
310

 

The peak intensities increased with chain length due to helix stabilisation provided 

by cooperative interactions that propagate down the ordered chain. Since peptoid 

helices often have 3 residues per turn, it is unsurprising that a 6 residue peptoid (14) 

shows weaker helicity as it is too short to form a fully a helix. However, a CD 

spectrum of a 18 residues peptoid (17) does not show the characteristic CD spectrum 
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of helical structure, an alternative explanation would be that exciton and coupled 

oscillator interactions between aromatic side chains (Nspe) can make substantial 

contributions to the CD profile.
297

  

 

5.2.2. Noncovalent Functionalisation of SWNTs with Peptoids 

5.2.2.1. Noncovalent Functionalisation of Purified SWNTs with Peptoids 

Purified SWNTs (see Appendix A) were noncovalently functionalised by dispersion 

in aqueous solutions of 1.0 mM of a series of synthesised peptoids (Section 5.2.1) 

via probe ultrasonication for 15 min in an ice bath. The sonication was followed by 

centrifugation to give a homogeneous, black dispersion. Visual inspection of SWNT 

dispersion can provide an initial qualitative evaluation of the effectiveness of a 

peptoid in dispersing the SWNTs. Figure 5-6. The dispersions were characterised 

using UV-Vis-NIR spectroscopy to determine the relative amount of individual 

SWNTs versus ropes or bundles in the suspensions and also the net concentration of 

the dispersed nanotubes. 

.  

Figure  5-6: Peptoid/purified SWNTs composite aqueous dispersion after sonication and 

centrifugation. Dispersion from left to right: (NlysNspeNspe)2 (14)/purified SWNTs, 

(NlysNspeNspe)3 (15)/purified SWNTs, (NlysNspeNspe)4 (16)/purified SWNTs, 

(NlysNspeNspe)6 (17)/purified.  

 SWNTs 
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The SWNTs concentration in each dispersion after sonication, centrifugation, and 

separating the supernatant was determined from optical absorption spectroscopy 

using the Beer-Lambert law and purified SWNTs extinction coefficient of 37.3 mL 

mg
-1

 cm
-1

 and absorption values at λ = 700 nm (see Appendix B). The noncovalent 

interaction of peptoids with the side walls of SWNTs is thought to be accomplished 

in a similar way to the amphiphilic nano-1 peptides previously discussed in Chapter 

4. Therefore, the efficiency was compared for each system using the UV-Vis-NIR 

absorption behaviour of the SWNT solutions, Table 5–2 compares between the 

dispersion of purified with peptoids and nano-1 peptides.  

Dispersant Total No. 

Residues 
Ratio  

Hydrophilic/ 
Hydrophobic 

Total No. 

Hydrophobic 

Residues 

Conc. Dispersed 

Purified SWNTs 

µg mL
-1 

SDS (control) / / / 196.4 

(NlysNspeNspe)2 (14) 6 1:2 4 5.7 

(NlysNspeNspe)3 (15) 9 1:2 6 218.8 

(NlysNspeNspe)4 (16) 12 1:2 8 701.5 

(NlysNspeNspe)6 (17) 18 1:2 12 672.0 

Ac(VaFd)4/4 (4) 29 1:0.16 8 586.9 

(VaFd)4/4 (3) 29 1:0.16 8 434.7 

Ac(VaFd)1/4 (6) 9 1:0.3 2 167.9 

(VaFd)1/4 (5) 9 1:0.3 2 47.4 

Table  5-2: Concentration of dispersed purified SWNTs by peptides and peptoids determined 

for their UV-Vis-NIR absorption after sonication and centrifugation. 

 

Results in Table (5-2) show that increasing the number of hydrophobic residues by 

increasing the peptoid chain length while retaining the same hydrophilic/hydrophobic 

ratio results in an increase in dispersed nanotube concentration. This is similar to 

what was found for nano-1 peptides in Chapter 4. It was found that the longer nano-
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1 peptides (3 and 4) dispersed more purified SWNTs than short nano-1 peptides (5 

and 6). This indicates that number of hydrophobic residues play a key role in 

nanotubes noncovalent dispersion, thus, it is thought that the synthesised peptoids 

noncovalently disperse SWNTs through π–π stacking interactions between the 

peptoid’s hydrophobic residues and SWNT surface in similar way to nano-1 

peptides. It is worth mentioning that the saturation concentration of the synthesised 

peptoids was not determined due their limited available amounts, thus increasing the 

concentration of the peptoid might have resulted in an increase in the concentration 

of the dispersed SWNTs.  

It was found that the concentration of dispersed SWNT by short nano-1 peptides (3 

and 4) is less than (NlysNspeNspe)4 (16) despite the fact that both have the same 

number of hydrophobic residues (8 hydrophobic residues). Peptide 3 dispersed 434.7 

μg mL
-1

 and peptide 4 dispersed 586.9 μg mL
-1

 while peptoid 16 dispersed 701.5 μg 

mL
-1

 of purified carbon nanotubes. The rationale for the differences in dispersed 

SWNTs is thought to be due to the decrease in the hydrophilic/hydrophobic ratio 

between  nano-1 peptides (3 and 4) and  peptoid (16) (i.e. 3 and 4 have a 1:0.16 ratio 

while 16 has a 1:2 ratio). This suggests that although aromatic residues in both the 

peptide and peptoid sequences play a vital role in their ability to disperse CNTs, the 

ratio of hydrophilic and hydrophobic residues is very important for the successful 

dispersion of SWNTs.  

The π–π stacking interaction between the hydrophobic residues of the peptoids 

studied and the extended π–electron system of CNTs is considered to be the main 

driving force for peptoid adsorption onto SWNTs. It is thought that the flexible 

peptoids spontaneously fold into spring-like conformations that match the geometry 
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of carbon nanotube to minimise the interfacial energy of nanotube/water interface. 

Thus, peptoid hydrophilic residues, Nlys, occupy one face of peptoid’s helix and 

interact via hydrogen bonding with water to stabilise the peptoid/SWNTs complex, 

while π–bonds in hydrophobic residues, Nspe, located on the other face of the helix 

interact with the delocalised π–bonds in the side wall of SWNT in a similar way to 

that previously discussed by Dieckmann.
124

 Scheme 5-2 illustrates the proposed 

noncovalent interaction between peptoid’s helix and purified SWNTs. 

 
Scheme  5-2: Proposed interaction between purified SWNTs and peptoid 14. The helical 

backbone is shown in blue, and the hydrophobic residue (Nspe) are shown in red. 

 

The well-resolved features in the absorption spectra of the peptoid/SWNT dispersion 

shown in Figure 5-7 further demonstrate the debundling of SWNTs in aqueous 

solution by peptoids. The discrete peaks that extend throughout the metallic (440 – 

645 nm) and semiconducting (830 – 1600 nm and 600 – 800 nm) regions due to 

interband transitions between van Hove singularities in the density of states (DOS) of 

individual SWNTs, indicating the presence of SWNTs as individuals and/or as very 

small bundles with these dispersants. Furthermore, they indicate that under applied 

dispersion conditions a peptoid performs well as a general dispersal agent and does 

not select for tubes of specific type (metallic or semiconducting). 



Chapter 5 

115 

 

 

Figure  5-7: UV-Vis-NIR spectra of the dispersed purified SWNTs with peptoids. (Green 

line) (NlysNspeNspe)6 (17)/purified SWNTs, (Red line) (NlysNspeNspe)4 (16)/purified 

SWNTs, (Blue line) (NlysNspeNspe)3 (15)/purified SWNTs, (Orange line) (NlysNspeNspe)2 

(14)/purified SWNTs 

 

In order to study the stability of peptoid/purified SWNTs aqueous dispersion with 

respect to time, the concentration of dispersed SWNTs was measured 4 weeks after 

the initial preparation of peptoid/purified SWNTs dispersion as shown in (Table 5-

3).  

Dispersant Conc. Dispersed 

Purified SWNTs 

µg mL
-1 

Conc. Dispersed Purified 

SWNTs After 4 weeks    

µg mL
-1 

(NlysNspeNspe)2 (14) 5.7 0 

(NlysNspeNspe)3 (15) 218.8 80.8 

(NlysNspeNspe)4 (16) 701.5 658.5 

(NlysNspeNspe)6 (17) 672.0 513.0 

Table  5-3: Comparison between the concentration of peptoid/purified SWNTs after 4 weeks.  
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The above results showed that concentration of dispersed purified SWNTs in all 

peptoid/purified SWNTs complexes have decreased after 4 weeks comparing to their 

concentration measured upon the immediate preparation of the complexes. However, 

(NlysNspeNspe)6 (17)/purified SWNTs and (NlysNspeNspe)4 (16)/purified SWNTs 

showed higher dispersion stability comparing to (NlysNspeNspe)2 (14)/purified 

SWNTs and (NlysNspeNspe)3 (15)/purified SWNTs. Since all peptoids used in these 

dispersions have the same hydrophilic/hydrophobic ratio, thus the difference in 

dispersion stability is thought to be due to difference between peptoids in number of 

hydrophobic residues. Increasing the peptoid’s chain length and thus the total 

number of hydrophobic Nspe residues appears to generate more stable SWNT 

dispersions. This result supports the proposed hypothesis that the key interaction 

driving the SWNT dispersion is between the peptoid’s hydrophobic aromatic 

residues, (i.e. Nspe) and CNTs hydrophobic sidewall. 

 

5.2.2.2. Noncovalent Functionalisation of Oxidised SWNTs with Peptoids 

Oxidised SWNTs were noncovalently functionalised with 18 and 6 residue peptoids, 

17 and 14 respectively. The peptoid/oxidised SWNTs aqueous dispersions were 

prepared following the same method for the dispersion of purified with peptoids 

(Section 5.2.2.1). Figure 5-8 shows the oxidised SWNT aqueous dispersions after 

sonication with peptoids 17 and 14.  
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Figure  5-8: Peptoid/oxidised SWNTs composite aqueous dispersion after sonication and 

centrifugation. Dispersion from left to right: (NlysNspeNspe)2 (14)/oxidised SWNTs, 

(NlysNspeNspe)6 (17)/oxidised SWNTs. 

 

The peptoid (17)/oxidised SWNTs supernatant colour was darker compared to 

peptoid (14)/oxidised SWNTs. This indicates that the 18 residue peptoid (17) has a 

minimum number of aromatic residues necessary to disperse the oxidised nanotubes; 

6 residue peptoid (14) does not disperse the oxidised SWNTs. The dispersions were 

further characterised with the UV-Vis-NIR spectroscopy to determine net 

concentration of the dispersed nanotubes in each sample. The dispersed nanotube 

concentration in each supernatant was determined from optical absorption 

spectroscopy using the Beer-Lambert law and the calculated extinction coefficient of 

14.44 mL mg
-1

 cm
-1

 and absorption values at λ = 700 nm (see Appendix B). Table 

5-3 shows the concentration of oxidised SWNTs in each supernatant.   

Peptoid No. Residues Conc. of Dispersed 

Purified SWNTs 

µg mL
-1 

(NlysNspeNspe)2 (14) 6 0.3 

(NlysNspeNspe)6 (17) 18 44.1 

Table  5-4: Concentration of dispersion oxidised SWNTs with peptoids determined for UV-

Vis-NIR absorption after sonication and centrifugation.  
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The absorption spectra of the peptoid dispersed oxidised SWNT is shown in Figure 

5-9. The 18 residue peptoid (17) showed a higher absorption intensity compared to 

the 6 residue peptoid (14). This indicates that the number of aromatic residues 

present in the peptoid play an important role in dispersing the nanotubes.  

 

Figure  5-9: UV-Vis-NIR spectra of oxidised SWNTs dispersed by peptoids. (Green line) 

(NlysNspeNspe)6 (17)/oxidised SWNTs, (Orange line) (NlysNspeNspe)2 (14)/oxidised 

SWNTs. 

 

Compared to purified SWNT dispersions, the same peptoids (17 and 14) had a 

limited adsorption affinity towards oxidised SWNTs. The low adsorption affinity of 

the peptoids towards oxidised SWNTs is thought to be due to oxygen-containing 

functional groups attached to the surface of the nanotubes sidewall. These functional 

groups disrupt the π–π stacking interaction between the peptoid’s aromatic residues 

and the graphitic surface of nanotube, which played an important role in peptoid 

dispersion of purified SWNTs. This suggests that the observed interaction between 
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peptoids and purified SWNTs is a result of π–π interactions. Thus, the degree of 

interaction increases linearly with number of aromatic residues in the peptoid, due to 

increasing the stacking effect and therefore increases the effectiveness of debundling 

of the SWNTs nanotubes.  

 

5.2.2.3. Characterisation of Noncovalent Functionalisation of Purified 

SWNTs with Peptoids 

Raman spectroscopy is the most important and versatile technique for the 

characterisation of covalently functionalised SWNTs.
311

 However, it is of less 

significance for the investigation of noncovalently functionalised SWNTs, due to its 

non-destructive nature to the sp
2 

bonding of the nanotube graphitic honeycomb 

lattice.
127,312-315

 Thus the ID/IG ratio cannot indicate the degree functionalisation in 

noncovalent modification. One of prominent feature in the Raman spectrum of CNTs 

is their G-band mode. This mode is directly related to the G band in graphite and is 

due to the in-plane tangential stretching vibration between two carbon atoms in the 

unit cell. The G band has two components a G
+
 mode and a less intense G

−
 mode. 

Previous research has confirmed that interaction of electron withdrawing molecules 

stiffens the Raman of SWNTs G
+
 band while donating molecules soften the G

+
 

band.
316-318

 It has been suggested that electron donor molecules interact selectively 

with semiconducting SWNTs whereas electron acceptors molecules interact with 

metallic SWNTs giving rise to possible metal↔semiconductor transitions.
319

 As 

previously discussed in Section 5.2.2.1, the proposed interaction between the 

synthesised peptoids and purified SWNTs is through π–π stacking between peptoid’s 
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benzene ring with the graphitic surface of the nanotube. Therefore, to determine if 

the peptoids coat and debundled the nanotubes, Raman spectra of purified SWNTs 

(control sample) and peptoid/SWNTs composite dispersion have been measured and 

the shifts in the G band recorded. The Raman analyses of peptoid/SWNTs composite 

were measured by drop casting each sample on a silicon substrate and left to dry in 

air. The Raman analyses were repeated ten times at different areas of the sample to 

determine that the observed shifts, while small, are real. Figure 5-10 shows 

representative Raman spectra of purified SWNTs (control sample) and 

peptoid/SWNTs composite dispersion, all spectra normalised to the G band.  

 

Figure  5-10: A representative Raman spectra (633 nm) of peptoid/purified SWNT 

composite: (Green line) (NlysNspeNspe)6 (17)/purified SWNTs, (Red line) (NlysNspeNspe)4 

(16)/purified SWNTs, (Blue line) (NlysNspeNspe)3 (15)/purified SWNTs, (Orange line) 

(NlysNspeNspe)2 (14)/purified SWNTs, (Black line) purified SWNT (control). 
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The spectrum shows a number of well-characterised nanotube resonances; in 

particular, the radial breathing modes (RBMs) in the 100 – 300 cm
-1

 region, the D-

band at ~ 1306 cm
-1

, the G-band in the 1550 – 1605 cm
-1 

region, and the 2D-band at 

~ 2602 cm
-1

. The proposed interaction of peptoids with purified nanotubes depends 

on π-π interaction between peptoid’s aromatic residues with the surface nanotube. 

Therefore, it is not surprising that the noncovalent interaction between purified 

SWNTs and peptoid results in a G band upshift compared to purified nanotubes 

(control) (Figure 5-11).  

 

Figure  5-11: A representative Raman G band spectra of peptoid/purified SWNT composites. 

(Green line) (NlysNspeNspe)6 (17)/purified SWNTs, (Red line) (NlysNspeNspe)4 

(16)/purified SWNTs, (Blue line) (NlysNspeNspe)3 (15)/purified SWNTs, (Orange line) 

(NlysNspeNspe)2 (14)/purified SWNTs, (Black line) purified SWNT (control). 
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This shift provides further support of peptoids debundling ability as well as for 

charge transfer between the peptoid and SWNT. Table 5-4 summaries the measured 

G band of purified SWNTs (control sample) and peptoids/purified SWNTs. 

 Dispersion G band 

(cm
-1

) 
G band upshift 

(cm
-1

)  

Purified SWNTs 1584.7 ± 0.8 - 

(NlysNspeNspe)2 (14)/purified SWNTs 1588.7 ± 0.2 4 ± 0.8 

(NlysNspeNspe)3 (15)/purified SWNTs 1589.1 ± 0.2 4.4 ± 0.8 

(NlysNspeNspe)4 (16)/purified SWNTs 1589.3 ± 0.1 4.6 ± 0.8 

(NlysNspeNspe)6 (17)/purified SWNTs 1588.2 ± 0.4 3.5 ± 0.9 

Table  5-5: A summary of G band of purified SWNTs (control) and peptoid dispersed 

purified SWNTs. 

 

AFM experiments were used to identify individual or bundled SWNTs in the 

dispersions. The aqueous dispersion of purified SWNTs (control) and 

peptoid/purified SWNTs composites were diluted by factor 10 and drop cast on a 

freshly cleaved mica surface. AFM height measurements were performed on sample 

areas that were free from excess adsorbed peptide and contained SWNTs that 

appeared not to be coated with peptoid. However, since the AFM measurements 

were made on dried samples, these values do not represent the true arrangement of 

the peptoid molecules on the SWNTs in solution. Also, the dilution of the neat 

dispersions may have resulted in the removal of some of the peptoid molecules 

adsorbed on the SWNT surface. AFM height analysis of (NlysNspeNspe)6 

(17)/purified SWNTs composite dispersion ranged from 0.7 to 7.4 nm. Since the 

height of individual SWNTs are known to range from ~ 0.8 – 1.2 nm. The AFM 

results of (NlysNspeNspe)6 (17)/purified SWNTs composite suggest that most of the 
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purified present in the composite are individually dispersed. Figure 5-12 shows a 

representative AFM image of (NlysNspeNspe)6 (17)/purified SWNTs dispersion. 

 

 

Figure  5-12: AFM images of (NlysNspeNspe)6 (17)/purified SWNTs dispersion (top row) 

and height analysis (bottom row). 

 

Electron microscopy has been used to characterise the (NlysNspeNspe)6 (17)/purified 

SWNTs composite. Low-resolution transmission electron microscopy (LRTEM) of 

the dispersion dried on a TEM grid revealed an extensive network of fibre like 

materils coated with a web-like film. High-resolution transmission electron 

microscopy (HRTEM) was used to study the nanoscopic interaction between 

individual nanotubes and the folded peptoid. Figure 5-13 shows a representative 
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high resolution HRTEM and LRTEM image of an individual SWNT efficiently 

coated by an amphiphilic peptoid.  

 

Figure  5-13: TEM images of (NlysNspeNspe)6 (17)/purified SWNTs composite: (Left) 

HRTEM of (NlysNspeNspe)6 (17)/purified SWNTs composite, (Right) LRTEM of 

(NlysNspeNspe)6 (17)/purified SWNTs composite. 

 

The measured average diameter of the (NlysNspeNspe)6 (17)/purified SWNTs 

composite is 3.1 nm, whereas individual SWNT has been previously reported to have 

an approximate diameter of ~ 2 nm. This indicates that the amphiphilic peptoid 

disperses purified SWNT into individual tubes or small bundles. These results also 

closely match those from the interaction amphiphilic peptides with SWNTs.
124,320

 As 

can be seen in the Figure 5-13 inset, the features of the dispersed SWNTs match the 

dimensions expected for a flexible chain peptoid associated with the SWNTs surface.  
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5.3. Conclusion and Future Work   

In summary, a series of chiral amphiphilic peptoids were synthesised based on the 

work by Barron.
245,321

 in which several helical, cationic, facially amphiphilic peptoid 

with antibacterial activity have been designed. The synthesised peptoids vary in the 

number of aromatic residues on the hydrophobic surface of the helix yet have the 

same hydrophilic/hydrophobic ratio. The CD spectra suggested that the peptoids 

were forming a helical conformation in the solution. UV-Vis-NIR absorption spectra 

revealed that the peptoids ability to disperse individual SWNTs increases with 

increasing the number of aromatic residues in the peptoid. Also the stability of these 

dispersions with respect to time has been studied; (NlysNspeNspe)6 (17)/purified 

SWNTs and (NlysNspeNspe)4 (16)/purified SWNTs showed higher dispersion 

stability comparing to (NlysNspeNspe)2 (14)/purified SWNTs and (NlysNspeNspe)3 

(15)/purified SWNTs. Raman spectroscopy was used to probe the peptoid’s impact 

on the electronic structure of the SWNTs. The shift of the Raman G band peak to 

higher frequencies for the peptoid/purified SWNTs composites are suggestive of a 

weak charge-transfer interaction in which the peptoid acts as an electron acceptor and 

the SWNT acts as an electron donor. Altogether, these results suggest that the 

noncovalent peptoid/SWNT interaction does not perturb the electronic structure of 

SWNTs. In this context, designed peptoid may provide an accessible means to 

incorporate the desired electrical properties of SWNTs into biocompatible nanoscale 

electronic devices. TEM and AFM measurements reveal that the chosen peptoids are 

capable of fully coating the SWNT surface and dispersing individual SWNTs and 

will facilitate many applications of SWNTs to medical problems; such as artificial 

muscles or biomedical sensors that can be placed inside the human body.  
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Hybrids of biomolecules and nanomaterials are promising candidates in the 

development of novel therapeutics and electronic devices. Since peptoids are known 

for their potential application as a drug due to their resistance to proteases and long 

life in the human body. The next step for this work would be to study the toxicity, 

cell penetration, and cellar uptake of the biological active peptoid/SWNT composite. 

These biological tests will test the possibility of improving the biological activity of 

peptoids upon their interaction with CNTs. This will open the possibility of using 

peptoid/CNTs composites in biological and medical applications 
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6. NONCOVALENT FUNCTIONALISATION OF SWNTs WITH 

RIBONUCLEOSIDES 

 

6.1. Introduction  

The study of the interaction of biomolecules, such as, peptides,
124,127,210

 

proteins,
107,114,115,268

 and DNA
89

 with SWNTs has emerged as a separate field in 

nanotechnology. In particular, the adsorption of DNA on SWNTs surfaces has 

attracted considerable attention.
322,323

 DNA/SWNTs complexes have potential 

biomedical applications, such as transport of biomolecular agents into cells, optical 

sensing for biological systems,
324

 rapid DNA sequencing,
325

 and diagnosis and 

therapeutic treatment of diseases. This motivated many computational and 

experimental studies to investigate the interaction of DNA, nucleosides,
325,326

 

nucleobases,
327-330

 and nucleotides
331,332

 with SWNTs.  

The solubilisation of SWNTs associated both covalently
274,333

 and noncovalently 

with DNA has been intensively investigated to obtain both theoretical and 

experimental understanding of the DNA/SWNTs interaction.
334-338

 The noncovalent 

interaction of SWNTs with DNA helps the dispersion and separation of SWNTs in 

aqueous and non-aqueous solution, while leaving their unique physical and electronic 

properties unchanged. One of the most effective dispersants is single-stranded DNA 

(ssDNA), which was discovered by Zheng
339

 to disperse bundled SWNTs (Figure 6-

1). The accepted interaction mechanism is helical wrapping, whereby the 

hydrophobic DNA bases preferentially π–π stacking (noncovalent bonding) on the 
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nanotube surface, leaving the hydrophilic sugar-phosphate backbone free to interact 

with the water to promote solubility.
340

 Ikeda et al.
341

 showed that aqueous solubility 

of SWNTs significantly depends on the number of phosphate groups and the type of 

base in the oligonucleotides.  

 

Figure  6-1: The DNA wraps around the hydrophobic surface of SWNTs. Reprinted by 

permission from Macmillan Publishers Ltd: [Nature Materials] [339], copyright (2003). 

 

Several experimental and theoretical studies found that the dispersity is dependent on 

the oligonucleotides sequence, thus certain sequences of ssDNA were more effective 

at dispersing nanotubes than others. In particular, it has been found that pyrimidine 

based oligonucleotides are superior dispersants to purine based oligonucleotides, due 

to stronger self-stacking of the pyrimidine based oligonucleotides in aqueous 

solution.
52

 More recently, it has been shown that the interaction of ssDNA wrapping 

around SWNTs is diameter- and sequence-dependent, making it possible to disperse 

the naturally hydrophobic SWNTs in water and to sort them by their chirality.
53

 

These recognition sequence hybrids, which show high selectivity toward their 

respective chirality SWNTs, suggest a highly ordered ssDNA secondary structure 

proposed to be stabilised by base-SWNTs adsorption as well as by interbase 

hydrogen bonding.
338,342,343
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The nucleobase/SWNT composites are interesting in view of the remarkable 

properties of SWNTs and the recognition properties of nucleobases. The strength of 

nucleobase stacking on the stability of DNA/SWNT complexes has motivated 

several computational studies on the nature of such interactions. For example, 

Johnson et al.
344

 calculated the nucleobase/SWNTs binding free energy differences 

for the four bases and found that they follow the trend guanine < adenine < thymine 

< cytosine in aqueous environment. Figure 6-2 shows the π–π stacking between 

adenine with SWNTs surface. The adenine also has a hydrogen bonding (yellow 

colour) with water molecules. 

 
Figure  6-2: Noncovalent interaction between adenine with the hydrophobic surface of 

SWNTs. Reproduced from [344] with permission of John Wiley and Sons.  

 

Although covalent functionalisation of nanotubes destroys their sp
2
 structure, it has 

been used to attach biomolecules to a nanotube surface. Chris et al.
345

 used covalent 

chemistry to functionalise nanotubes with DNA, which provided stability, 

accessibility, and selectivity during competitive hybridisation when compared to the 

noncovalent approach. Figure 6-3 shows the synthesis of a DNA/SWNT complex 

where the oxidised nanotube is attached to free amino group in the DNA via 

carbodiimide cross-linker (EDC) coupling chemistry.  
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Figure  6-3: Covalent functionalisation of SWNTs with DNA. Capped SWNTs are 

oxidatively opened and then reacted with amine-terminated single-stranded DNA. Reprinted 

from [345]. 
 

Nucleobases and ribonucleosides were covalently attached to a nanotubes surface by 

Micoli et al.
346,347

 The presence of ribonucleosides and nucleobase on the nanotube 

surface improves the dispersibility of the nanohybrid in polar solvents. It also directs 

recognition, through hydrogen bonding, of complementary base pairs in nonpolar 

aprotic solvents (Figure 6-4). 

 

Figure  6-4: Hydrogen bonding between ribonucleoside/SWNTs complexes. Reproduced 

from [347] with permission of John Wiley and Sons. 
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Boncel et al.
348

 synthesised (R)-PLA grafted oxidised MWNTs employing the β-D-

uridine linker (Figure 6-5). They suggested that their method can be used in the 

fabrication of biodegradable composites for medicinal applications.  

 

Figure  6-5: Synthesis of the MWNT-CO–(Oβ-Ur)–(R)-PLA composite. Reprinted from 

Publication [348], Copyright (2013), with permission from Elsevier. 

 

The adsorption of ribonucleosides and nucleobases on the surface of SWNTs are still 

not reported. This chapter investigates the noncovalent interaction between 

ribonucleosides and their compounding nucleobases with SWNTs to provide 

important information about the interaction mechanism.  

The objective of the present study was to investigate the interaction between 

ribonucleosides and SWNTs. In particular, to investigate how the combined effect of 

ribonucleoside substituent groups and the oxygen-containing functional groups of 

SWNT surfaces might affect adsorption.  
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6.2. Results and Discussion  

The high surface area of SWNTs is an important factor in the adsorption of 

biomolecules on their surface. However, the surface area alone is not enough to 

interpret the adsorption characteristics of biomolecules on SWNTs. Adsorption is 

affected by other factors, such as biomolecule molecular structure, and the surface 

chemistry of SWNTs.
349,350

 The inner pores of SWNTs are not available for 

adsorption.
351,352

 The adsorption energy and charge transfer of molecules in groove 

and interstitial sites of the bundles are much higher than those on the surface. 

Therefore, the outer surface of SWNTs is of major importance for the adsorption of 

biomolecules.
352,353

 The noncovalent interaction of both purified and oxidised 

SWNTs with ribonucleosides and nucleobases, ribose molecule were investigated in 

this section.  

 

6.2.1. Oxidation of SWNTs  

Two batches of oxidised SWNTs with different degrees of oxidation were prepared. 

The purified SWNT (Chapter 4) was divided into two batches. The first batch was 

refluxed in 2 M nitric acid, while the second batch was refluxed in 8 M nitric acid. 

Both batches were refluxed at 120 °C for 4 hours.  

The degree of oxidation of oxidised nanotubes (2 M, and 8 M) was estimated using 

thermogravimetric analysis (TGA) in an inert atmosphere, since any covalent 

modifications are labile or decompose upon heating. By assuming that all the weight 

loss is due to the oxidation, an estimation of the degree of oxidation can be made by 
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comparison with the TGA of oxidised nanotubes with purified SWNTs (control). 

When the TGA is attached to a mass spectrometer (TGA-MS) analysis of the 

fragments removed from the nanotube surface upon heating can also be achieved.  

The TGA-MS of oxidised SWNTs (2 M) and (8 M) show a further weight loss at 600 

°C when compared to the purified SWNTs (Figure 6-6). 2 M and 8 M oxidised 

SWNTs lost 6 % and 15 %, respectively, while purified SWNTs lost only 3 % by 

weight. This corresponds to the presence of approximately 1.0 functional group per 

58 and 20 carbon atoms in 2 M and 8 M oxidised SWNTs, respectively. 

 

Figure  6-6: TGA of oxidised and purified SWNTs: (Blue line) purified SWNTs, (Red line) 

oxidised SWNTs (2 M). (Green line) oxidised SWNTs (8 M). 
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Unmodified SWNTs are known to show a minimal or complete lack of solubility in 

common organic solvents.
158

 Thus, they are typically dispersed in water with the aid 

of 1.0 % sodium dodecyl sulfate (SDS) solution. The optical absorption spectrum of 

SDS/purified SWNTs show characteristic absorption peaks in the UV-Vis-NIR range 

that are due to transitions between van Hove singularities in the density of state 

(DOS) of SWNTs.
147,354

 After undergoing an oxidation to introduce oxygen-

containing functional groups to the nanotube surface, the UV-Vis-NIR spectrum of 

oxidised SWNTs displays a suppression of these van Hove singularities, signifying a 

disruption of their electronic structure due to covalent modification of the nanotube 

surface (Figure 6-7).
355

 

 

Figure  6-7: UV-Vis-NIR absorption spectra of purified and oxidised SWNTs: (Blue line) 

SDS/purified SWNTs, (Green line) oxidised SWNTs (8 M), (Red line) oxidised SWNTs (2 

M). 

https://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0CEMQFjAD&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FSodium_dodecyl_sulfate&ei=uUU0VNTKFsLwarCEgqgM&usg=AFQjCNFvx-0aByK-YU0TO94nSVq4QZn4TQ&sig2=tp0iY_ybBKa0SbJ2ywH14w&bvm=bv.76943099,d.d2s
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The oxidised SWNTs demonstrate an improvement in solubility compared to the 

purified SWNTs which can be explained as a consequence of the introduction of 

oxygen functional groups on the nanotube surface. These functional groups form 

hydrogen bonds with water molecules, thus solubilising the nanotubes in water. The 

concentration of dispersed oxidised nanotubes was found from their absorbance 

value at 700 nm and calculated molar extinction coefficient of oxidised SWNTs (see 

Appendix B). The concentration of dispersed 8 M oxidised SWNTs was 249.3 µg 

mL
-1

, which is higher than that of 2 M oxidised SWNTs (30 µg mL
-1

). This indicates 

that the 8 M nitric acid oxidation result in more oxygen-containing functional groups 

attached to nanotube surface than 2 M oxidised SWNTs which agrees with the TGA 

results.  

Raman spectroscopy is an analytical technique that allows an assessment of the 

sidewall composition of the SWNT sample to be made.
356

 The degree of 

functionalisation can be estimated form the Raman ID/IG ratios before and after 

oxidation treatment. However, it should be noted that Raman is not a quantitative 

tool to accurately determine the amount of functionalisation of the oxidised 

nanotubes. It is merely used for qualitative comparisons between samples, and at 

least ten scans on different areas of the samples were completed for this assessment. 

Oxidised and purified aqueous dispersion were drop-casted to silicon wafer substrate 

for the Raman measurements. Figure 6-8 shows a representative Raman spectra of 2 

M and 8 M oxidised and purified SWNTs (control).  
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Figure  6-8: A representative Raman spectra (633 nm) of purified and oxidised SWNTs 

normalised at the G band: (Blue line) SDS/purified SWNTs, (Green line) oxidised SWNTs 

(8 M), (Red line) oxidised SWNTs (2 M).  

 

As can be observed in Raman spectrum, the characteristic peaks in purified SWNTs, 

D band at 1309 ± 0.8 cm
-1

, and G band at 1584.7 ± 0.8 cm
-1
, are identified. 

Comparing the ratio ID/IG values of functionalised and purified nanotubes, it is 

observed that after oxidation, the ratio values increase as expected. The ID/IG of 8 M 

and 2 M oxidised SWNTs is 0.29 ± 0.02 and 0.17 ± 0.02, respectively, while it is 

0.13 ± 0.07 for purified SWNTs. These results indicate that 8 M oxidised SWNTs 

have higher amount of functional groups on the side walls than 2 M oxidised and 

purified SWNTs.  
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6.2.2. Dispersion of Purified and Oxidised SWNTs with Ribonucleosides 

6.2.2.1. Dispersion of Purified SWNTs  

Previous theoretical studies have suggested that interaction of ribonucleosides with 

unmodified SWNTs depends mainly on π–π stacking. Thus, this section aims to 

investigate the noncovalent functionalisation of purified SWNTs with 

ribonucleosides. 1.0 mM aqueous solutions of ribonucleoside were used to 

noncovalent to disperse purified SWNTs in water. The aqueous ribonucleoside 

solutions were prepared by diluting a stock solution (2 mg 10 mL
-1

)
1
, and the final 

concentration was determined by UV-visible absorption. Figure 6-9 shows the 

ribonucleosides used in the dispersions.  

 

Figure  6-9: Ribonucleosides used in the dispersion of SWNTs. 

 

                                                 
1
 Due to the low solubility of ribonucleosides in water, the 2.0 mg 10 mL

-1
 solution 

ribonucleosides is a saturated solution. 
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1.0 mg of purified SWNTs in 1.0 ml of the ribonucleoside solutions were probe 

sonicated for 15 min in an ice bath. Then the dispersions were centrifuged to 

accelerate the separation of the supernatant phase, which contains the dispersed and 

mostly exfoliated purified SWNTs. The ultrasonication step provides the energy to 

overcome the high van der Waals attraction between the SWNTs, while the 

ribonucleoside stabilises the exfoliated/individualised nanotubes. Given that SWNTs 

supernatant colour intensity provide an initial qualitative evaluation of the amount of 

dispersed SWNTs in the solution. Thus, the quality of ribonucleoside/purified 

SWNTs aqueous dispersions was studied first by simple visual inspection (Figure 6-

10).  

 
Figure  6-10: Ribonucleoside/purified SWNTs supernatant in water after sonication and 

centrifugation: Dispersion from left to right: adenosine/purified SWNTs, guanosine/purified 

SWNTs, thymidine/purified SWNTs, cytidine/purified SWNTs, and uridine/purified 

SWNTs.  

 

The clear supernatant of ribonucleoside/purified SWNTs aqueous dispersion 

suggests that purified SWNTs did not disperse by their noncovalent interaction with 

ribonucleosides. The dispersions were then characterised with UV-Vis-NIR 

spectroscopy. UV-Vis-NIR absorption intensity of nanotube dispersion is 

proportional to their amount of dispersed in the solution. Thus, the low UV-Vis-NIR 

absorption intensity peaks of the ribonucleoside/purified SWNTs dispersion confirms 
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that a very small amount of purified SWNTs are present in the supernatant (Figure 

6–11).  

 

Figure  6-11: UV-Vis-NIR absorption spectra of dispersed purified SWNTs with 

ribonucleosides. (Orange line) adenosine/purified SWNTs, (Blue line) guanosine/purified 

SWNTs, (Green line) thymidine/purified SWNTs, (Red line) cytidine/purified SWNTs, 

(Pink line) uridine/purified SWNTs. 

 

UV-Vis-NIR absorption of ribonucleoside/purified SWNTs dispersion is used to 

determine the concentration of dispersed nanotubes in the supernatant through 

application of Beer-Lambert Law and calculated extinction coefficient of purified 

SWNTs at 700 nm, ε700 = 37.3 mL mg
−1 

cm
-1

 (see Appendix B). Table 6-1 shows 

the concentration of dispersed nanotubes by ribonucleosides after sonication and 

centrifugation.  
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Ribonucleoside Conc. of Dispersed Purified SWNTs 

μg mL
-1 

SDS (control) 196.4 

Adenosine 0.1 

Guanosine 0.8 

Thymidine 0.1 

Cytidine 0.2 

Uridine 0.2 

Table  6-1: Concentration of purified SWNTs dispersed by ribonucleosides determined from 

UV-Vis-NIR absorption after sonication and centrifugation 

 

The very low concentration of dispersed purified SWNTs is thought to be due to 

weak hydrophobic interaction/π–π stacking between ribonucleoside and the 

hydrophobic surface of purified SWNTs. The noncovalent interaction between 

purified SWNTs with ribonucleosides is further investigated by dispersing purified 

SWNTs with ribonucleoside’s moieties; nucleobases and ribose sugar. Previous 

theoretical studies suggested that hydrophobic and heterocyclic ring of nucleobases 

play an important role to impart dispersion to nanotubes via π–π stacking. However, 

nucleobase/purified SWNTs dispersion showed very low UV-Vis-NIR absorption 

peaks (Figure 6-12). 
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Figure  6-12: UV-Vis-NIR absorption spectra of dispersed purified SWNTs with 

nucleobases: (Orange line) adenine/purified SWNTs, (Blue line) guanine/purified SWNTs, 

(Green line) thymine/purified SWNTs, (Red line) cytosine/purified SWNTs, (Pink line) 

uracil/purified SWNTs. 

 

This very low UV-Vis-NIR absorption intensity proves that the heterocyclic ring size 

of the nucleobases is not enough to have an efficient π–π stacking interaction with 

the hydrophobic surface of the purified SWNTs. Thus nucleobases dispersed a very 

small amount of purified SWNTs in water (Table 6-2).  
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Nucleobase Conc. of Dispersed Purified SWNTs 

μg mL
-1 

SDS (control) 196.4 

Adenine 0.7 

Guanine 2.0 

Thymine 0.2 

Cytosine 0.5 

Uracil 0.5 

Table  6-2: Concentration of purified SWNTs dispersed by nucleobases determined from 

UV-Vis-NIR absorption after sonication and centrifugation. 

 

Similar results were found when purified SWNTs were dispersed with ribose sugar 

(4.2 μg mL
-1

). These results indicate that there is only weak π–π 

stacking/hydrophobic interaction between nucleobase, ribose sugar, and the 

hydrophobic surface of purified SWNT. Thus they have weak dispersion ability 

towards nanotubes surface.  

 

6.2.2.2. Dispersion of Oxidised SWNTs  

The surface chemistry of SWNTs, in particular oxygen-containing functional groups 

such as OH and COOH, has considerable effects on the adsorption of organic 

molecules.
82,349,357

 As discussed in (Section 6.2.1), more severe oxidation conditions 

introduces more oxygen-containing functional groups on the sidewalls of the 

nanotubes. The overall objective of this section was to investigate the 

nonhydrophobic interactions between ribonucleosides and SWNTs. In particular, to 

investigate how the combined effect of ribonucleoside substituent groups (oxygen 

and amino) and the oxygen-containing functional groups on SWNT surface might 
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affect adsorption. The oxidised nanotubes, 2 M and 8 M, were noncovalently 

functionalised with ribonucleosides following the same method used for the 

dispersion of purified SWNTs (Section 6.2.2.1). The supernatants colour intensity 

provides an initial qualitative estimation of nanotubes’ amount in the dispersion. 

Figure 6-13 shows ribonucleoside/oxidised SWNTs supernatants after sonication 

and centrifugation. 

 
Figure  6-13: Ribonucleoside/oxidised SWNTs aqueous dispersions after sonication and 

centrifugation. Dispersion from left to right: (Top) adenosine/oxidised SWNTs (2 M), 

guanosine/oxidised SWNTs (2 M), thymidine/oxidised SWNTs (2 M), cytidine/oxidised 

SWNTs (2 M), uridine/oxidised SWNTs (2 M). (Bottom) adenosine/oxidised SWNTs (8 M), 

guanosine/oxidised SWNTs (8 M), thymidine/oxidised SWNTs (8 M), cytidine/oxidised 

SWNTs (8 M), uridine/oxidised SWNTs (8 M). 

 

By comparing the ribonucleoside/oxidised SWNTs (2 M and 8 M) supernatant colour 

with ribonucleoside/purified SWNTs (Section 6.2.2.1), it is clear that oxygen-

containing functional groups on nanotubes’ surface have a significant influence on 

their interaction with ribonucleosides. Ribonucleoside/oxidised SWNTs (8 M) 

supernatant has a significantly darker colour than ribonucleoside/oxidised SWNTs (2 

M). Knowing that 8 M oxidised nanotubes has a higher degree of oxidation than the 
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2 M oxidised nanotubes (Section 6.2.1). Thus, based on the supernatant colour 

intensity, it is thought that increasing the number of oxygen-containing functional 

groups on the nanotube surface resulted in a better interaction with ribonucleosides. 

The ribonucleoside/oxidised nanotube (2 M and 8 M) dispersion are characterised 

with UV-Vis-NIR spectroscopy to determine the relative amount of individual 

SWNTs versus ropes or bundles in the suspensions and also the net concentration of 

the dispersed nanotubes. Figure 6-14, and Figure 6-15 show UV-Vis-NIR 

absorption spectra of ribonucleoside/oxidised SWNTs (8 M) and 

ribonucleoside/oxidised SWNTs (2 M) dispersions, respectively.  

 

Figure  6-14: UV-Vis-NIR absorption spectra of ribonucleoside/oxidised SWNTs (8 M) 

aqueous dispersion. (Blue line) guanosine/oxidised SWNTs (8 M), (Green line) 

thymidine/oxidised SWNTs (8 M), (Red line) cytidine/oxidised SWNTs (8 M), (Pink line) 

uridine/oxidised SWNTs (8 M). (Orange line) adenosine/oxidised SWNTs (8 M). 
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Figure  6-15: UV-Vis-NIR absorption spectra of dispersed SWNTs (2 M) with 

ribonucleosides: (Pink line) uridine/oxidised SWNTs (2 M), (Blue line) guanosine/oxidised 

SWNTs (2 M), (Orange line) adenosine/oxidised SWNTs (2 M), (Red line) 

cytidine/oxidised SWNTs (2 M), (Green line) thymidine/oxidised SWNTs (2 M).  

 

The UV-Vis-NIR spectra of ribonucleoside/oxidised SWNTs (2 M) composites show 

low intensity and broad absorption peaks. The broad absorption peaks indicate that 

ribonucleosides dispersed the nanotubes in bundles or aggregates. Whereas, fine 

structure in the absorption peaks of ribonucleoside/oxidised SWNTs (8 M) indicate 

the presence of SWNTs as individuals or as very small bundles.
37

 Additionally, the 

discrete peaks of ribonucleoside/oxidised SWNTs (2 M and 8 M) that extend 

throughout the metallic (440 − 645 nm) and semiconducting (830 − 1600 nm) 

indicate ribonucleosides act as a general dispersal agent and do not select for 

nanotubes of specific type (metallic or semiconducting).  
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The concentration of dispersed nanotubes in each supernatant after sonication, 

centrifugation was determined from optical absorption spectroscopy using the Beer-

Lambert law and calculated extinction coefficient of 8 M and 2 M oxidised SWNTs 

at 700 nm (ε700 = 14.14, and 19.19 mL mg
−1

 cm
-1

, respectively)
 
(see Appendix B). 

Table 6-3 shows the concentration of dispersed oxidised SWNTs (2 M and 8 M) by 

ribonucleosides.  

Ribonucleoside Conc. of Dispersed 

Oxidised SWNTs 2 M     

μg mL
-1 

Conc. of Dispersed 

Oxidised SWNTs 8 M  

μg mL
-1 

H2O (control) 30 249.3 

Adenosine 52.8 84.9 

Guanosine 55.1 389.9 

Thymidine 96.5 375.9 

Cytidine 37.2 244.0 

Uridine 37.3 246.2 

Table  6-3: Concentration of dispersed oxidised SWNTs (2 M and 8 M) by ribonucleosides 

determined from UV-Vis-NIR absorption after sonication and centrifugation. 

 

From the results obtained it can be seen that the concentration of dispersed oxidised 

SWNTs by both the water control and all of the ribonucleosides was greater than that 

of purified SWNTs (Section 6.2.2.1). This suggests that ribonucleosides are not 

engaging in a hydrophobic interaction with the carbon nanotube surface. It worth 

noting  that when the concentration of oxidised SWNTs is changed from 2 M to 8 M 

the differences between the control dispersion (i.e. dispersion in just H2O) and the 

ribonucleosides dispersions changes. When 2 M oxidised SWNTs are used all of the 

ribonucleosides give rise to a higher concentration of dispersed SWNT than the 

control (Table 6-3). However, when 8 M oxidised SWNTs were used adenosine, 
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(and to a lesser extent cytidine, and uridine) the concentration of the dispersed CNTs 

is less than that of the water control. The reason behind the differences observed in 

the dispersions at the two concentrations of oxidised SWNT used is not immediately 

apparent. Additionally, it should be noted that the concentration of dispersed 8 M 

oxidised SWNTs by all of the ribonucleosides is higher than corresponding 2 M 

oxidised SWNTs. This indicates that increasing the number of oxygen-containing 

functional groups increases sites for noncovalent integration with ribonucleosides, 

thus increases the concentration of dispersed nanotubes.  

For further evaluation of the ribonucleoside/oxidised SWNTs (8 M) aqueous 

dispersion stabiliteis as a function of time, the concentraton of oxidised SWNTs (8 

M) in the dispersion was checked with optical absorption measurements. Table (6-4) 

compares between the concentration of dispersed carbon nanotubes in each 

ribonucleoside/oxidised SWNTs (8 M) complex 4 weeks after the initial preparation 

of the solutions.  

Ribonucleoside Conc. of Dispersed 

Oxidised SWNTs 8 M  

μg mL
-1 

Conc. of Dispersed 

Oxidised SWNTs 8 

M After 4 Weeks     

μg mL
-1 

Adenosine 84.9 56.9 

Guanosine 389.9 363.1 

Thymidine 375.9 356.1 

Cytidine 244.0 228.4 

Uridine 246.2 232.9 

Table  6-4: A comparison between the concentration of dispersed oxidised SWNTs (8 M) by 

ribonucleosides after dispersion and 4 weeks. 
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The concentration of the oxidised SWNTs (8 M) recorded after 4 weeks reflects the 

high stability of these dispersions. This can be explained by a strong hydrogen bond 

between the ribonucleosides and oxygen-containing functional groups on carbon 

nanotube’s surface.  

In order to obtain a better understanding of the nature of this interaction addition of 

nucleobases with oxidised SWNTs (2 M and 8 M) was investigated. Figure 6-16 

shows the individual nucleobases used in the dispersion.  

 

Figure  6-16: Nucleobases used in the dispersion of oxidised SWNTs. 

 

The nucleobase/oxidised nanotubes (2 M and 8 M) composite dispersions were 

prepared in similar way to the ribonucleosides composites (Section 6.2.2.1). Figure 

6-17 shows the nucleobase/oxidised SWNTs (2 M) and nucleobase/oxidised SWNTs 

(8 M) dispersions supernatant after sonication and centrifugation.  
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Figure  6-17: Nucleobase/oxidised nanotubes composites dispersion after sonication and 

centrifugation. Dispersion from left to right: (Top) adenosine/oxidised SWNTs (8 M), 

guanosine/oxidised SWNTs (8 M), thymidine/oxidised SWNTs (8 M), cytidine/oxidised 

SWNTs (8 M), and uridine/oxidised SWNTs (8 M). (Bottom) adenosine/oxidised SWNTs (2 

M), cytidine/oxidised SWNTs (2 M), thymidine/oxidised SWNTs (2 M), uridine/oxidised 

SWNTs (2 M), and guanosine/oxidised SWNTs (2 M). 

  

In comparison with purified SWNTs (Section 6.2.2.1), the nucleobase/oxidised 

SWNTs (2 M, and 8 M) produced a darker supernatant. In addition, the 

nucleobase/oxidised SWNTs (8 M) showed a darker supernatant colour compared to 

nucleobase/oxidised SWNTs (2 M). Figure 6-18, and Figure 6-19 show the UV-Vis-

NIR absorption spectra of nucleobase/oxidised SWNTs (8 M and 2 M) dispersion, 

respectively. It can be seen that the absorption intensity nucleobase/oxidised SWNTs 

(8 M) dispersion is higher than that of ribonucleoside/oxidised SWNTs (2 M).  
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Figure  6-18: UV-Vis-NIR absorption spectra of 8 M oxidised dispersed with nucleobases. 

(Pink line) uracil/oxidised SWNTs (8 M), (Orange line) adenine/oxidised SWNTs (8 M), 

(Red line) cytosine/oxidised SWNTs (8 M), (Blue line) guanine/oxidised SWNTs (8 M), 

(Green line) thymine/oxidised SWNTs (8 M).  

Figure  6-19: UV-Vis-NIR adsorption spectra of 2 M oxidised dispersed with nucleobases. 

(Pink line) uracil/oxidised SWNTs (2M), (Green line) thymine/oxidised SWNTs (2M), 

(Orange line) Adenine/oxidised SWNTs (2M), (Red line) Cytosine/oxidised SWNTs (2M),.  

(Blue line) Guanine/oxidised SWNTs (2M).  
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The results in Table 6-4 show that the concentration of the nucleobase dispersed 

oxidised SWNTs (2 M and 8 M) are less than the ribonucleoside dispersed oxidised 

SWNTs (2 M and 8 M). However, they are higher than the concentration of 

nucleobase dispersed purified SWNTs (Section 6.2.1). The concentration of 

dispersed oxidised SWNTs by the nucleobase increases with increasing the number 

of oxygen functional groups on nanotube surface from 2 M oxidised SWNTs to 8 M 

oxidised SWNTs. However, it should be noted that at 8 M all of the nucleobases give 

rise to a lower concentration of disperse SWNTs compared to the water control. 

These results suggest that here the nucleobases are actually causing the SWNTs to 

aggregate and crash out of solution. Water can form H-bonds with oxygen-

containing functional groups on the oxidised SWNTs. Thus, the overall decrease in 

the concentration of dispersed oxidised nanotubes using ribonucleosides and 

nucleobases compared their dispersion in water suggests that water molecules 

compete with the ribonucleosides and nucleobases over adsorption sites and/or form 

a 3D cluster around the oxygen-containing functional groups, and block the 

adsorption sites nearby.  

Nucleobase  Conc. of Dispersed 

oxidised SWNTs 2 M 

μg mL
-1 

Conc. of Dispersed 

oxidised SWNTs 8 M 

μg mL
-1  

H2O (control) 30 249.3 

Adenine 46.7 147.6 

Guanine 11.5 94.9 

Thymine 55.7 72.8 

Cytosine 41.5 136.7 

Uracil 69.9 182.1 

Table  6-5: Concentration of dispersed oxidised SWNTs by nucleobases determined for their 

UV-Vis-NIR absorption after sonication and centrifugation. 
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These results provide further evidence that the key dispersing interaction depends on 

the oxygen-containing functional groups on the surface of oxidised SWNTs. 

Furthermore, the variation in the concentration of dispersed oxidised carbon 

nanotubes by nucleobases suggests that they play a key role in ribonucleosides’ 

dispersion affinity towards nanotubes. Nucleobases are known to have a very low 

solubility in water; however, ribonucleosides have slightly higher solubility in water. 

This is due to ribose moiety which interacts with water molecules, thus decreases the 

hydrophobicity of the nucleobase moiety. The interaction of the ribose sugar with 

SWNTs has been studied and its ability to disperse SWNTs is shown in Table 6-5.  

Dispersant Conc. of Dispersed 

Oxidised SWNTs 2 M 

μg mL
-1 

Conc. of Dispersed 

Oxidised SWNTs 8 M 

μg mL
-1 

H2O (control) 30 249.3 

Ribose 67.7 441.5 

Table  6-6: Concentration of dispersed oxidised SWNTs by ribose sugar determined for UV-

Vis-NIR absorption after sonication and centrifugation. 

 

The concentration of dispersed nanotubes with oxidised SWNTs (2 M and 8 M) is 

higher than purified SWNTs (6.2.2.1). It was speculated that one of the ribose 

hydroxyl groups forms hydrogen bonds with the carboxylic groups on the surface of 

the oxidised SWNTs while the second interacts with water molecules therefore 

increasing the dispersibility of the nanotubes in water. Figure 6-20 illustrates the 

ribose sugar’s ability to individually debundle the 8 M oxidised SWNTs compared to 

the low adsorption intensity of the 2 M oxidised, which also shows the low amount 

of the bundled dispersion.  
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Figure  6-20: UV-Vis-NIR absorption spectra of purified and oxidised SWNTs with ribose 

sugar: (Green line) oxidised SWNTs (8 M), (Red line) oxidised SWNTs (2 M). 

 

As all the ribonucleosides have the ribose moiety and vary in their nucleobase 

moiety, the above results imply that the variation in ribonucleosides’ interaction 

affinity towards nanotubes depends on their nucleobase moiety only. Thus, it is 

thought that the nucleobase moiety in a ribonucleoside interacts with oxygen-

containing functional groups on the carbon nanotube surface, while its ribose moiety 

interacts with solvent water molecules. 

In order to further study the effect of the non-covalent interaction between the 

ribonucleosides and the oxidised SWNT’s electronic properties, Raman spectra of 

oxidised SWNTs (8 M) (control) and ribonucleoside/oxidised SWNTs (8 M) 

composites have been measured. The Raman analyses were measured by drop 

casting each sample on a silicon substrate. Figure 6-21 shows a representative 
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Raman spectra of ribonucleoside/oxidised SWNTs (8 M) composites along with 

oxidised SWNTs (8 M) as a reference.  

 

Figure  6-21: A representative Raman spectra (633 nm) of ribonucleoside/oxidised SWNTs 

(8 M) composites and oxidised SWNTs (8 M) as a control: (Black line) oxidised SWNTs (8 

M) (control), (Orange line) adenosine/oxidised SWNTs (8 M), (Red line) cytidine/oxidised 

SWNTs (8 M), (Blue line) guanosine/oxidised SWNTs (8 M), (Green line) 

thymidine/oxidised SWNTs (8 M), (Pink line) uridine/oxidised SWNTs (8 M). 

 

The Raman spectra of ribonucleoside/oxidised SWNT (8 M) composites and 

oxidised SWNTs (8 M) (control) show the characteristic SWNTs resonances; in 

particular, radial breathing modes (RBMs), D-band, G-band, and 2D-band. Table 6-6 

shows that the G-band of the composites does not show any considerable shift 

compared to the oxidised SWNTs (8 M) (control). This further suggests that the 

interaction between ribonucleosides interaction with nanotubes surface is a 

nonhydrophobic interaction.  
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Dispersion G band cm
-1 

Oxidised SWNTs (8 M) (control) 1589.2 ± 0.9 

Adenosine/oxidised SWNTs (8 M) 1589.8 ±  0.3 

Guanosine/oxidised SWNTs (8 M) 1590.8  ±  0.3 

Thymidine/oxidised SWNTs (8 M) 1590.4 ± 0.2 

Cytidine/oxidised SWNTs (8 M) 1590.9 ± 0.3 

Uridine/oxidised SWNTs (8 M) 1590.2 ± 0.4 

Table  6-7: Raman G band of purified SWNTs (control) and peptoids dispersed purified 

SWNTs. 

 

The G-band split into G
+
 and G

− 
mode in both oxidised SWNTs (8 M) (control) and 

ribonucleoside/oxidised SWNTs (8 M) composites. This indicates that the dispersed 

nanotubes are a mixture of metallic and semiconducting nanotubes. The noncovalent 

interaction between ribonucleosides and oxidised SWNTs give rise to the change in 

the G
+
 band compared the oxidised SWNTs (control). Figure 6-22 show that the 

intensity of G
+
 band of adenosine/oxidised SWNTs (8 M) is less than that of oxidised 

SWNTs (8 M) (control). While, guanosine/oxidised SWNTs (8 M) composite has a 

higher G
+
 band than oxidised SWNTs (control). Previous researchers have claimed 

that the BWF line intensity for the G-mode of metallic tubes enhanced in 

individualised of nanotubes and can be decreased in a bundled one.
137,358

 Thus, these 

results indicate that adenosine has a very weak interaction with the nanotubes, and 

the dispersed nanotubes are dispersed in bundles. On the other hand, 

guanosine/oxidised nanotube composite shows high intensity of comparing to 

oxidised SWNTs control sample and other ribonucleoside/oxidised nanotube 

composites. This indicates that oxidised SWNTs are individually dispersed by 

guanosine. These results agree with the UV-Vis-NIR absorption intensity of 

ribonucleoside/oxidised SWNTs (8 M) composites.   
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Figure  6-22: A representative Raman G-band spectra of ribonucleoside/oxidised SWNTs (8 

M) composites and oxidised SWNTs (8 M) as a control: (Orange line) adenosine/oxidised 

SWNTs (8 M), (Black line) oxidised SWNTs (8 M) (control), (Pink line) uridine/oxidised 

SWNTs (8 M), (Green line) thymidine/oxidised SWNTs (8 M), (Red line) cytidine/oxidised 

SWNTs (8 M), (Blue line) guanosine/oxidised SWNTs (8 M),   

 

6.2.2.2.1. Effect of pH on Dispersions  

Several possible mechanisms can be used to explain the interaction between SWNTs 

and ribonucleosides. Hydrogen bonding between amine groups on nucleobases and 

oxygen functional groups (e.g., COOH) on SWNTs is not likely to be the primary 

force driving the interaction. This is mainly because if this were true, then the 

affinity of nitrogenous nucleobases to SWNTs would increase with decreasing pH, 

because as pH deceases, there is a transition from the COO
-
 group to the COOH 

group on the surface of the SWNTs. Another possible electron donor acceptor (EDA) 

interaction is that the lone-pair electrons in the nucleobase can act as n–electron-
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donors and might interacts through n–π EDA with the π–electron acceptor of carbon 

nanotubes. However, similar to π–π EDA, n–π EDA interactions usually enhanced at 

high pH, which was experimentally proved to completely impede the dispersion. 

However, experimentally it was found that at high pH the dispersion precipitated 

completely (Table 6-7).  

Dispersion  pH Conc. of Dispersed 

Oxidised SWNTs 2 M 

µg mL
-1 

Conc. of Dispersed 

Oxidised SWNTs 8 M 

µg mL
-1 

 

Adenosine/SWNTs  
2 0 0 

12 0 0 
 

Guanosine/SWNTs 

2 0 0 

12 0 0 

Table  6-8: Concentration of adenosine/SWNTs and guanosine/SWNTs dispersion at 

different pH.  

 

It is thought that Lewis acid base interaction is the main mechanism controlling the 

interaction of nucleobases’ moiety of a ribonucleoside with nanotubes. The NH2 

group in the nucleobases’ moiety serves as the weak Lewis base and the oxygen-

containing functional groups on carbon nanotubes serve as Lewis acids. As 

previously discussed, the adsorption of nucleobases onto oxidised nanotubes was 

stronger the same process with purified nanotubes. This can be explained explains by 

the fact that untreated nanotubes do not possess any oxygen-containing functionality 

and, thus, the Lewis acid base interaction cannot be in effect. 
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6.2.2.2.2. Watson Crick Base-Pairing Effect  

It was found that the mixing two complementary ribonucleoside/oxidised SWNTs (8 

M) composites leads to the precipitation of the SWNTs (Figure 6-23). It is thought 

that Watson Crick base-pairing occurs between ribonucleosides while still 

noncovalently bounded to a carbon nanotube side wall. Thus, mixing two 

complementary ribonucleoside/oxidised SWNTs composites (thymidine/oxidised 

SWNTs with adenosine/oxidised SWNTs) leads to aggregation of the carbon 

nanotubes and thus the sedimentation of the SWNT. 

 
Figure  6-23: Sedimented SWNTs due to Watson Crick base-pairing between 

complementary ribonucleosides. 

 

The same aggregation behavior was observed for guanosine/oxidised SWNTs with 

cytidine/oxidised SWNTs. In theory this pairing of ribonucleosides protocol could 

allow the recovery of SWNTs from aqueous dispersions. Such an H-bonding driven 

recognition process could be of use in a diverse range of methodologies for example 

in the recognition of organic molecules, metals and supramolecular molecules.
346,347
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6.3. Conclusion  

In this chapter, the noncovalent interaction of ribonucleosides, nucleobases, and 

ribose sugar with purified and oxidised SWNTs was studied. The lack of dispersion 

of purified SWNTs by ribonucleosides determined from their UV-Vis-NIR 

absorption indicate that the cyclic and aromatic ring of ribonucleosides, nucleobases 

are too small to disperse the hydrophobic nanotube surface by π–π stacking. On the 

other hand, the ribonucleosides vary in the dispersion ability toward nanotubes 

depends on the number of oxygen-containing functional groups on the nanotube’s 

surface and the competition between water molecules which can from hydrogen 

bonds with oxidised nanotubes, with ribonucleosides and nucleobases over 

adsorption sites. Furthermore, ribonucleosides show different dispersion affinity 

towards oxidised nanotubes of similar number of oxygen-containing functional on 

their surface. Since the ribose moiety is present in all ribonucleosides, it 

demonstrates the important role of the nucleobase moiety in ribonucleoside in 

nanotube dispersion. Additionally, it was found that mixing two complementary 

ribonucleoside/oxidised SWNTs resulted in precipitation of the nanotube due to the 

Watson Crick pairing. These results suggest that the interaction depends on a 

nonhydrophobic interaction between the nucleobase moiety in a ribonucleoside 

interacts with oxygen functional groups on nanotube surface. While, its ribose sugar 

moiety interacts with water molecules. 
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7. COVALENT AND NONCOVALENT FUNCTIONALISATION OF 

GRAPHENE BASED NANOMATERIALS WITH BIOMOLECULES 

 

7.1. Introduction 

7.1.1. Structure  

Graphene is a single atomic layer of sp
2
 two-dimensional (2D) hybridised carbon 

atoms arranged in a honeycomb structure.
359

 As illustrated in Figure 7-1, the 

graphene sheet is a basic building block for graphitic materials of all other 

dimensionalities. The graphene planar sheet can be ‘wrapped’ into a 0D spherical 

C60 buckyball, ‘rolled’ into a 1D carbon nanotube, or ‘stacked’ into 3D graphite.  

 

Figure  7-1: Mother of all graphitic forms. Graphene is a 2D building material for carbon 

materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 

1D nanotubes or stacked into 3D graphite. Reprinted by permission from Macmillan 

Publishers Ltd: [Nature Materials] [359] copyright (2007).  
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At the molecular level, a single-layer graphene sheet has two different structural 

regions, basal plane and edge
360

 (Figure 7-2). The graphene basal plane is enriched 

with π electrons where each carbon atoms bonded with three adjacent carbon atoms 

with sp
2
 hybridised orbitals forming robust σ bonds, and the rest of the electrons in 

the p atomic orbitals are delocalised over the basal plane of the graphene sheet 

forming a π bond. Therefore, it is possible for the graphene to interact with the 

molecules through π–π stacking interaction.
361

  

 

Figure  7-2: A conceptual schematic model of the structure of graphene-indicating its basal 

and edge plane like sites. Reproduced from [362] with permission of The Royal Society of 

Chemistry. 

 

The edge plane graphite contains a variety of sites, often called “armchair” or “zig–

zag” as shown in Figure 7-3.
360

 The edge of the majority of synthesised graphene 

consists of a mixture of the two motifs. The two edge types leading to different 

electronic and magnetic properties.
363
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Figure  7-3: Edge states of a graphene sheet showing an armchair (Blue) and zigzag (Red) 

edge type.  

 

Although the term graphene refers to a single two-dimensional hexagonal sheet of 

carbon atoms, it is usually stacked into bi- and few-layer graphene. In general few-

layer graphene is defined as being less than ten carbon layers thick, as beyond this 

the electronic structure resembles that of graphite.
359,364

 Therefore, graphene 

properties are sensitive to the number of layers, their stacking configuration and mis-

orientation with respect to each other.
365,366

 In bi- and few-layer graphene, Carbon 

atoms can be stacked in different ways, generating hexagonal or AA stacking, Bernal 

or AB stacking, and rhombohedral or ABC stacking, finally discernible stacking  or 

turbostratic (Figure 7-4).
367

 The interlayer spacing for turbostratic graphene (> 0.342 

nm) has been found to be larger than that of crystalline graphene (0.335 nm), which 

is thought to enable rotation and translation of the graphene sheets due to the 

increased distance resulting in weaker inter-planar bonding.
132
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Figure  7-4: (a) Graphene structure of single two-dimensional hexagonal sheet of carbon 

atoms, (b) bilayer, and (c) tri (few)-layer stacking sequences. Reprinted by permission from 

Macmillan Publishers Ltd: [Nature Physics] [366], copyright (2011). 

 

There is no chemical bond between the individual graphene layers in graphite; rather 

they are bonded to each other through weak van der Waals interactions which makes 

it easy to separate (exfoliate) them into individual graphene sheets.  

 

7.1.2. Synthesis   

Although graphene occurs naturally, graphene oxide does not, and its preparation 

relies on either top-down or bottom-up synthesis method (Figure 7-5). 

 

Figure  7-5: A schematic of top down and bottom up graphene synthesis. Reproduced from 

[368] with permission of The Royal Society of Chemistry. 
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Prior work has shown that the performance of graphene in many applications 

strongly depends on the preparation method, which has been a major topic of 

interest.  

Many approaches have been successful in producing graphene. Top-down methods 

tend to use natural or synthetic graphite and in various ways to ‘peel off’ single 

graphene sheets. Methods such as the Scotch tape stripping, ion sputtering, pulsed 

laser deposition, ball milling and arc discharge are all examples of top-down 

approaches.
368

 Bottom-up methods, on the other hand, usually make use of small 

carbon containing molecules or some other carbon source and build up graphene 

structures by joining carbon atoms together to grow up graphene. Synthetic routes 

such as chemical vapour deposition (CVD), wet chemistry or the so-called Fischer-

Tropsch synthesis, ion implantation, pyrolysis can be regarded as examples of 

bottom-up approaches.
368,369

 Figure 7-6 summaries the synthesis methods of 

graphene oxide. 
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Figure  7-6: Illustration of the Preparation Methods for Graphene and Graphene-Related 

Materials. Reprinted from [370] with the permission with permission from the American 

Chemistry society. 

 

7.1.3. Graphite Oxide and Graphene Oxide (GO) 

Graphite oxide can be described as an atomically thin sheet of graphite with various 

organic functional groups covalently bonded to its basal plane and edges.
371

 

According to recent studies these include epoxy and hydroxyl moieties bonded to the 

basal plane and carbonyl, carboxylic acid and lactol groups on the edges.
166

 The 

presence of these functionalities in random abundance makes graphite oxide a 

chemically complex, inhomogeneous system consisting of a hybrid sp
2
/sp

3
 domain. 

These functional groups provide reactive sites for a variety of surface-modification 

reactions to develop functionalised graphene base nanomaterials. When compared to 
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graphite, the presence of these functional groups between layers also results in the 

interlayer spacing of graphite oxide (6 – 12 Å depending on the amount of 

intercalated water) being larger than that of graphite (3.4 Å)).
372

 However, due to the 

disruption of the conjugated electronic structure by these functional groups, graphene 

oxide is electrically insulating with irreversible defects and disorders.
373

 

Additionally, the presence of the oxygen-containing functional groups makes 

graphite oxide thermally unstable, as it undergoes pyrolysis at elevated 

temperatures.
166

 The most important features of graphite oxide is that it is 

hydrophilic in nature and can be readily exfoliated via thermal treatments or 

sonication in water, to allow stable dispersion consisting mostly of single layered 

sheets which is known as graphene oxide (GO) (Figure 7-7).
80,374,375

  

 

Figure  7-7: Production of GO dispersion from graphite oxide though oxidation and 

exfoliation. Reproduced with permission from [376]; published by [MDPI], [2014]. 
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Graphite oxide can be synthesised through the oxidation of graphite using strong 

acids and oxidants. The first method was introduced in 1859 by Brodie.
377

 This 

method involved several repeated oxidation cycles of graphite powder in a mixture 

of potassium chromate and fuming nitric acid producing a material that contained 

carbon, hydrogen and oxygen in a ratio of roughly 61:2:37. The Brodie method was 

later improved by Staudenmaier (1898),
378

 and even further by Hofmann and König 

(1937).
379

 However, the most significant paper on the synthesis of graphite oxide was 

published in 1958 by William Hummers and Richard Offeman,
380

 which was later 

modified by Marcano et al.
381

 The Hummers and Marcano methods involve the 

heating of graphite in sulphuric acid with the addition of potassium permanganate 

and sodium nitrate, which generates nitric acid in situ.  

All of the above methods use strong oxidisers and harsh conditions to oxidise 

graphite flakes into graphene oxide. The harsh oxidation conditions results in a 

significant portion of double bonds of graphite sheet being broken and forming of 

various oxygen containing functional groups which decorate the surface and edges of 

the graphite sheets. Regardless of the oxidation method, the GO produced contains 

the same type of functional groups, but their relative and absolute abundance 

depends on the oxidation conditions, which play the key role in the formation of GO. 

For example, the carbon-to-oxygen elemental ratio (C/O), which is a measure of the 

degree of oxidation of GO, depends on the method used (i.e. nature of the oxidant), 

reaction time, the amount of oxidant, and reaction temperature. Table 7-1 shows the 

effect of the difference in graphite oxidation condition on the C/O ratio in graphite 

oxide. Additionally, the starting material, especially graphite flake size, affects the 

efficiency of the oxidation.  
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Method Oxidant Reaction media C/O ratio 

Staudenmaier KClO3 Fuming HNO3 1.17 

Brodie KClO3 HNO3 + H2SO4 - 

Hofmann KClO3 Non-fuming HNO3 1.15 

Hummers KMnO4 + NaNO3 Conc. H2SO4 0.84 

Marcano KMnO4 H2SO4 + H3PO4 0.74 

Table  7-1: Summary of the effect between graphite oxide synthetic methods on the degree of 

oxidation. 

 

7.1.3.1. Graphene Oxide Structure 

Similar to synthetic methods, the structure of GO has also greatly evolved over time. 

The complexity associated with preferential oxidation of graphite oxide’s aromatic 

domains, and the defects that accompany it makes predicting the oxidation 

mechanism of graphite oxide a challenging problem. In addition to this, the possible 

variability in graphite starting material and its highly amorphous structure makes 

predicting a structural formula for GO a difficult question to answer. Figure 7-8 

summarises several structural models that have been proposed, with the Lerf-

Klinowski perhaps the most wildly accepted. 

http://pubs.rsc.org/en/content/articlehtml/2014/cs/c4cs00060a#fig1
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Figure  7-8: Summary of proposed structural models of GO. Reproduced from [382] with 

permission of The Royal Society of Chemistry. 

 

7.1.4. Reduction of Graphene Oxide 

The main reason for GO’s popularity, at least initially, was to synthesise single 

graphene sheet, due to the remarkable electronic and optical properties of graphene. 

As discussed earlier, the oxidation of GO destroys the planar sp
2
 carbons of graphite 

and converts them to sp
3
 carbons.

80,383
 Therefore, the π-electronic conjugation of 

graphite is destroyed in GO, resulting in a significant decrease in electrical 

conductivity and makes GO thermally unstable at elevated temperatures.
384

 The 

reduction reaction is utilised to restore or at least partially restore the GO’s conjugated 

system and thus increases the electrical conductivity and thermal stability of GO close 

to the level of an exfoliated graphene sheet. However, reduced graphene oxide (rGO) 

does not quite resemble either graphene oxide or graphene but is something in between 



Chapter 7 

170 

 

these materials. It is moderately hydrophobic but can be dispersed in water to some 

extent, as well as in several organic solvents. It is a rather good electrical conductor 

but not as good as graphene. Its mechanical properties are closer to GO than pristine 

graphene. There are several methods used for the reduction of GO including 

chemical,
385

 thermal,
386

 electrochemical,
387

 and photochemical methods.
388

  

 

7.1.5. Surface Functionalisation of Graphene Oxide  

The majority of previous graphene based research concentrates on the electronic 

application of graphene; however, research on the biomedical applications of 

graphene nanomaterials are only now flourishing.
389,390

 This is due to the graphene’s 

high specific surface area which renders it an ideal substrate for high-density 

biofunctionalisation, facilitating the development of nanomaterial based biomedical 

applications.
391

 However, because graphene based nanomaterials are derived from 

hydrophobic graphite through chemical or physical modification; their biological and 

biomedical applications have been hampered by their instability under physiological 

conditions.
392-396

 Therefore, in order to exploit them in such applications, it is critical 

to establish versatile functionalisation method to provide high dispersion stability of 

graphene based nanomaterials with biomolecules or bioactive materials. To improve 

their solubility in physiological media, covalent and noncovalent functionalisation 

methods have been widely utilised for the preparation of biofunctionalised graphene 

based nanomaterials.
397
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7.1.5.1. Noncovalent Functionalisation  

Pristine graphene sheets are hydrophobic in nature, so they are difficult to dissolve in 

polar solvents. This makes functionalisation of graphene sheets important for their 

future applications. The noncovalent interaction of biomolecules with carbon 

graphene based nanomaterials greatly enhances their structural functionality, making 

it possible for these hybrids to be used in biological processes. Noncovalent 

functionalisation of graphene based nanomaterial essentially relies on weak 

interactions, such as π–π stacking interactions, hydrophobic effects, van der Waals 

forces, and electrostatic interactions.
80

 Thus, it preserves the π-system of graphene 

and thus its electronic properties. There are various adsorptive sites on graphene 

nanomaterials surface including flat π–networks, defects, and functional groups 

attached to the surfaces and edges. According to the Lerf-Klinowski model, the 

carbonyl and carboxylic groups remain attached to the edges of the GO sheet, while 

the hydroxyl and epoxy groups are found on the basal plane.
80,371,398

 These groups 

render the GO sheets hydrophilic due to the H-bonding present between the 

carboxylic and hydroxyl groups. Additionally, they provide sites for noncovalent 

functionalising through hydrogen bonding with biomolecules. On the contrary, 

reduced graphene oxide sheets have a very limited number of oxygen-containing 

functional groups, and thus tend to from aggregates with poor dispersion stability 

under physiological conditions.
399

 Although, rGO planar surface provides a high 

capacity for hydrophobic interactions with various biomolecules, it has a tendency to 

agglomerate irreversibly due to its strong hydrophobicity, or even to restack into 

graphite through van der Waals interactions in the absence of stabiliser.
166,400-405

 

Therefore, there is a great challenge for using rGO for biological and biomedical 
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applications. However, their surface modification with biomolecules has been used to 

stabilise and improve their utility under physiological conditions. Various 

biomolecules have been reported to be integrated with graphene based nanomaterials, 

such as proteins, nucleic acids, cells, bacteria, and so on, as illustrated in Figure 7-9. 

 

Figure  7-9: Biofunctionalisation of graphene based nanomaterials. Reprinted from [406], 

Copyright (2011), with permission from Elsevier. 

 

7.1.5.1.1. Peptide and Protein 

As a result of their varied surface functional groups and secondary structure, peptides 

and proteins can exfoliate and modify graphene based nanomaterials through 

physical adsorption. Amino acids,
407,408

 peptides
409,410

 and proteins
411

 bind to the 

planar or edge of graphene via π–π stacking or electrostatic interactions. The 
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aromatic residue in amino acids, peptides or proteins can adsorb onto graphene and 

reduced graphene oxide (rGO) by π–π stacking. On the other hand, their noncovalent 

interaction with GO is based on the electrostatic interaction between charged or polar 

residues in amino acids, peptides and proteins with the oxygen containing groups of 

GO. 

π–π stacking is an attractive interaction between aromatic rings, especially carbon 

nanomaterials and aromatic groups. A previous study investigated the interaction of 

aromatic amino acids (Phe, His, Tyr, and Trp) with graphene, suggested that the 

aromatic rings of the amino acids prefer to orient in parallel with respect to the plane 

of the graphene sheet, the so-called π–π interactions. Remarkably, the polarisability 

of the aromatic ring and the strength of the interaction are highly correlated: the 

higher the polarisability is, the greater the binding strength is, following the trend: 

His < Phe < Tyr < Trp. They also found that the binding strength with CNTs was 

weaker than that with the graphene sheet, which may be associated with the surface 

curvature.  

Hydrophobic interactions are another important contribution to proteins and peptides 

interaction with graphene based nanomaterials. Hydrophobic interactions tend to 

minimise the non-polar surface, by clustering hydrophobic groups to avoid exposure 

to hydrophilic media. Since graphene based nanomaterials have large hydrophobic 

areas, they tend to bind to the partially exposed non-polar residues of proteins and 

peptide. For example, Kowalewski et al.
412

 reported that on hydrophobic graphite 

surfaces, the Alzheimer’s amyloid β-peptide (Aβ) forms uniform, elongated β-sheet, 

whereas less-ordered particulate aggregates appear both at hydrophilic mica and 

positively charged surfaces. Sheng et al.
413,414

 used molecular dynamics simulations 
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(MD) to study the interaction between ionic complementary peptide EAK16-II 

(AEAEAKAKAEAEAKAK) on the hydrophobic surface of graphene. They found 

that the hydrophobic interaction is the main force to govern the peptide adsorption, 

and the inter-peptide electrostatic interaction affects the adsorption rate. Guo et al.
415

 

investigated by density functional theory the interaction between carbon 

nanostructures with tripeptide arginine-glycine-aspartic acid. Their results revealed 

that GO has a stronger interaction with tripeptide than the pristine and the defective 

graphene because of oxygen-containing functional. The oxygen-containing 

functional groups are able to form hydrogen bonds with the functional groups of 

tripeptide. The comparison of its interaction on the GO model with OH, epoxy, and 

mixed OH/epoxy groups reveals that different oxygen-containing functional groups 

have distinguishing binding ability with tripeptide. While Chen et al.
416

 prepared 

biocompatible and stable rGO suspension by using L-lysine amino acid as a reducing 

agent and sodium cholate as a stabiliser. 

The hydrophobic interaction between proteins and peptide with graphene based 

nanomaterials usually unfolds the protein's and peptides’ native structure.
417-419

 This 

is probably due to the fact that the hydrophobic graphene based nanomaterials bind 

more tightly with unfolded proteins, which have more hydrophobic residues exposed 

than the native proteins and peptides. Moreover, it was found that graphene may 

possess a higher capability than CNTs to break α-helices due to proteins and peptides 

are more favourable surface curvature.
309

 Peptides adsorption on graphitic 

nanomaterials changes the physiochemical properties of both the proteins and the 

graphitic nanomaterials, leading to an alteration of their properties.
420

 Peptides and 

proteins are more flexible than graphitic nanomaterials. During the interaction 
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process, graphitic nanomaterials surface disturbs the native structure of peptides and 

proteins as well as their self-assembly pathway.
421,422

 Since peptides and proteins 

biological activity is influenced by their secondary structure, these conformational 

changes, could lead to the loss of function (e.g. enzyme activity). Therefore, 

resolving the peptide’s structure upon their interaction with graphene like 

nanomaterials is fundamentally important for their application.
423

 Molecular 

dynamics simulations has been used in elucidating the structure of adsorbed 

biopolymers at carbon nanomaterials surfaces, thereby enabling a deeper 

understanding of the connections between biopolymers’ structure and carbon 

nanomaterial geometry. It is evident from the MD simulations on adsorption of 

peptides and proteins depend mainly upon the size, curvature and surface chemistry 

of CNTs and graphene oxides.
424,425

 Zuo et al.
426

 studied the adsorption of protein 

villin headpiece (HP35) on graphene using large scale molecular dynamics 

simulations (Figure 7-10). Their results indicated that the π–π stacking interactions 

between the graphene and HP35’s aromatic residues play a key role in this 

adsorption. 

 

Figure  7-10: (Left) A typical structure of HP35 adsorbed on the graphene surface. Here, 

HP35 is shown as a cartoon with red helix and green loop, the graphene is shown as the cyan 

lines. (Right) The superposition of the adsorbed HP35 structure on graphene (red) with its 

native structure (green). Reprinted with permission from [426]. Copyright (2011) American 

Chemical Society. 



Chapter 7 

176 

 

Radic et al.
427

 used rapid discrete-molecular-dynamics simulations to examine the 

binding of graphene and graphene oxide with peptides, fatty acids, and cellulose. 

Their simulations revealed that the amphiphilicity of cellulose, peptide and palmitic 

acid, owing to their differences in hydrocarbon content, conformational flexibility, 

and molecular geometry, displayed distinct binding affinities for the graphene 

derivatives. Katoch et al.
428

 used atomic force microscopy (AFM), Raman 

spectroscopy, fourier transform infrared (FTIR) spectroscopy, and molecular 

dynamics simulations to investigate the dodecamer peptide (GAMHLPWHMGTL) 

binding behaviour to graphene and graphite (Figure 7-11). FTIR spectra of the 

adsorbed peptide on graphene indicate that the peptide’s helical structure is disrupted 

upon the interaction with graphene surface. 

 

Figure  7-11: Molecular dynamics based structure of the dodecamer peptide (a) in vacuum, 

(b) in water, and (c) on a graphene sheet. Reprinted with permission from [428]. Copyright 

(2012) American Chemical Society. 

 

Guo et al.
429

 studied the effect of planarity of graphene on protein conformations. 

Their results indicate that β-sheet-rich proteins have almost no loss of secondary 

structures upon interaction with graphene, while α-helical proteins involves a partial 

loss of α-helices upon interaction.  
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7.1.5.1.2. Enzymes 

Like proteins, enzymes are long, linear chains of amino acids that fold to 3D 

structures. Immobilisation of enzymes on certain solid substrate is an efficient way to 

improve their performance. Among a range of materials that have been employed as 

solid matrixes for enzyme immobilisation, graphene or GO seems to be an ideal 

choice with the unique 2D structure, flat plane, tunable functionalities, structural 

characteristics. GO used as a matrix for enzyme immobilisation was first reported by 

Zhang et al.
430,431

 They studied the noncovalent interaction between horseradish 

peroxidase (HRP) and lysozyme molecules onto GO. By varying the immobilisation 

conditions for both HRP and lysozyme, they demonstrated that the HRP and 

lysozyme immobilisations on the GO were dominated by the electrostatic interaction 

between negatively charged GO sheets and enzyme molecules. Moreover, the flat 

surface of GO makes it possible to observe the native immobilised enzyme in situ 

with AFM, as shown in Figure 7-12. 

 

Figure  7-12: AFM images of the GO-bound HRP with (A) lower and (B) higher enzyme 

loadings acquired in a liquid cell. (C) Schematic model of the GO-bound HRP. (D) Initial 

reaction rates of GO-bound HRP vs. HRP concentration. Reprinted with permission from 

[430]. Copyright (2010) American Chemical Society. 
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The electrostatic interactions between enzyme molecules and GO are complicated 

because the charge status of the surface functional groups of the enzyme depends 

strongly on the environmental conditions. Additionally, surface density of the 

oxygen-containing functional groups on the GO are varied with the preparation 

procedure and storage conditions. Therefore, different enzymes could exhibit 

different enzyme loadings and stabilities on the GO.
361

 Zhang et al.
432

 studied the 

possibility of hydrophobic interactions between rGO and two model enzymes, HRP 

and oxalate oxidase (OxOx). Their result implied that the interaction between the 

enzymes and rGO is dominated by the hydrophobic interaction. Furthermore, the 

results indicate that the hydrophobic interaction between the enzymes and rGO is 

stronger than the electrostatic interaction between the enzymes and GO (Figure 7-

13). 

 

Figure  7-13: HRP (A) and OxOx (B) loadings on GO and CRGO as a function of the total 

amount of enzyme. GO and CRGO weights are all 1 mg. Reproduced from [432] with 

permission of John Wiley and Sons. 
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7.1.5.1.3. DNA 

The large 2D aromatic surface of graphene makes it an ideal substrate for adsorption 

of DNA. The DNA molecule and graphene sheet are ideal nanostructures to fabricate 

novel nanobiohybrid materials to construct highly sensitive nanobioelectronic 

devices including sensors and chips.
433,434

 Furthermore, the adsorption of DNA on an 

electrode surface may lead to new approaches to deliver drugs in DNA grooves.
435-437

 

Wu et al.
438

 investigated the noncovalent interaction between GO and DNA. They 

found that the adsorption of DNA on GO is affected by several factors, such as 

cations, pH, organic solvent and temperature. Generally, shorter DNA binds to the 

surface with faster kinetics and higher adsorption efficiency. However, by adding c-

DNA to form double-stranded (dsDNA) and increasing temperature, desorption can 

occur, as shown in Figure 7-14. 

 

Figure  7-14: Dye labelled DNA adsorption and desorption on GO. Reprinted with 

permission from [438]. Copyright (2011) American Chemical Society. 

 

Lu et al.
439

 demonstrated the ability of water-soluble GO as a platform for the 

sensitive and selective detection of DNA and proteins. Figure 7-15 shows a 

schematic representation of this detection platform. 
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Figure  7-15: Schematic representation of the target-induced fluorescence change of the 

ssDNA-dye-GO complex. Reproduced from [439] with permission of John Wiley and Sons. 

 

The fluorescence emission indicated that the GO noncovalent interaction with dye-

labelled ssDNA completely quenches the fluorescence of the dye (Figure 7-15). 

However, in the presence of a target, the binding between the dye-labelled DNA and 

target molecule altered the conformation of dye-labelled DNA, and disturbed the 

interaction between the dye-labelled DNA and GO. This feature could result in a 

fluorescence-enhanced detection system that is sensitive and selective to the target 

molecule. On the other hand, GO scarcely interacts with the rigid structure of dsDNA 

probably due to the efficient shielding of nucleobases within the negatively charged 

phosphate backbone of dsDNA.
440

 Thus, according to the fluorescence quenching of 

DNA-GO complex, Huang et al.
441

 found that GO can selectively remove ssDNA 

from dsDNA with a simple mixing and centrifugation operation as shown in Figure 

7-16. 

 

Figure  7-16: GO-based selective removal of ssDNA. Reprinted with permission from [441]. 
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7.1.5.1.4. Small Molecules   

The interaction of graphene with DNA, nucleobases, and nucleosides has potential 

medical and industrial applications. Several experimental and computational studies 

have focused on studying the binding of different nucleosides and their derivatives 

on graphene like materials. In computational studies, Antony et al.
442

 calculated the 

interaction energy of DNA nucleobases with graphene with the dispersion-corrected 

density functional theory method and obtained the order guanine > adenine > 

thymine > cytosine. Vovusha et al.
443

 studied the interaction of nucleobases and 

aromatic amino acids with graphene and graphene oxide (GO) by ab initio density 

functional theory. Their results indicated that GO complexes are stabilised by 

hydrogen bonding interactions whereas graphene complexes are stabilised by π–π 

interactions, leading to enhanced binding energies for GO complexes compared to G 

complexes (Figure 7-17). Similar observations were found by Xu et al.
444

 

 

Figure  7-17: The hydrogen bonding between nucleobases and graphene based 

nanomaterials. Reprinted with permission from [443]. Copyright (2013) American Chemical 

Society. 

 

Single solute adsorption isotherm study of DNA nucleobases at the graphite-water 

interface showed that the adsorption strength to vary guanine > adenine > thymine > 
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cytosine.
445

 Similar calculations suggested that cytosine has a very weak interaction 

with graphene surfaces.
446

 It is interesting to note that the majority of studies shown 

that nucleobases and nucleosides binding to graphene surface depend on π–π 

interactions. However, work by Spiwok et al.
447

 showed that nucleobases interaction 

with graphene form hydrogen-bonded complexes in vacuum but prefer π–π stacking 

in partially and fully solvated systems as shown in Figure 7-18. 

 

Figure  7-18: Interaction between nucleobases and nucleosides. Reprinted with permission 

from [447]. Copyright (2011) American Chemical Society. 

 

Theoretical and AFM measurements show that nucleobases bind to graphene more 

strongly through π–π stacking as well as hydrogen bonding interaction.
448

 Varghese 

et al.
329

 carried out experimental investigation to study the binding of nucleobases 

and nucleosides with graphene using isothermal titration calorimetry (ITC). They 

found that the relative interaction energies of the nucleobases decrease in the order 

guanine > adenine > cytosine > thymine in aqueous solutions. The studies on the 

effect of carbon nanomaterials topography on the noncovalent interaction show that 

the curvature of the nanomaterial has a strong influence on their noncovalent 

interaction.
449,450

 Umadevi et al.
330

 studied interaction of graphene and CNTs of 
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different radius with the nucleobases using dispersion-corrected DFT based approach 

and observed that the binding energy depends on the curvature of the nanomaterial. 

 

7.1.5.2. Covalent Functionalisation  

Compared to the noncovalent modification of graphene, the covalent approach offers 

the advantage of achieving permanent stabilisation of the functionalised graphene 

sheets.
451

 Furthermore, it provides the opportunity to impart aqueous solubility, 

processability, and biocompatibility to graphene.
452

 However, the main drawback of 

this approach is that it is associated with destroying the sp
2
 of the π network into a 

sp
3
 configuration leading to a partial or total loss of π–π conjugation. As a 

consequence, the intrinsic physical, chemical and electronic properties could be 

altered considerably. 

The covalent functionalisation of graphene oxide is the most exploited method for 

the connection of solubilising bioactive moieties to graphene surface. Therefore, lots 

of effort has been made towards constructing hybrids of biological and carbon 

nanocomposites due to their paramount importance in both biosensing and drug 

delivery.
453

 

Because of the one-atom-thick flat sheet nature of graphene, the chemical reactivity 

of this carbon nanoform may occur on the π surface and/or on the edges.
454

 On the 

basal plane, sp
2
 hybridisation of carbon leads to a strong covalent bonding as well as 

to delocalisation of the π electrons. Therefore, the covalent interaction of the basal 

plane leads to modification of the π–π conjugation and thus the electron density 
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distribution and the physical and chemical properties. The carbon atoms in the basal 

plane are protected by their π–conjugation system.
453

 Thus, during the covalent 

addition, the basal carbon has to protrude outward from the plane to adopt a 

tetrahedral sp
3
 geometry, causing strain in the plane. Therefore, their covalent 

modification usually encounters large energy barriers.
455

 On the other hand, the edge 

of graphene oxide can undergo reaction with low energy barriers as their sp
3
 

hybridisation have a tetrahedral geometry thus does not imply additional strain for 

the basal carbon atoms.
391,453,456

 Therefore, edge carbon atoms are preferred in 

covalent addition reactions. 

Different techniques have been explored for the covalent derivatisation of GO, but 

this section will concentrate in the covalent modification of GO related to the 

preparation of materials for biological purposes, which mainly involve esterification, 

and amidation of the carboxyl groups.
457,458

 Addition of nucleophilic species, amines 

or hydroxyls, produce covalently attached functional groups to GO via the formation 

of amides or esters often require activation of the carboxylic acid group either by 

converting it to acid derivatives via the acyl chloride or by using coupling 

activators.
459-461

 Figure 7-19 shows the direct and indirect coupling leads to the 

formation of ester and amide bonds. In the indirect route for esterification and 

amidation that utilises SOCl2, GO is typically exfoliated in relatively non-

nucleophilic solvents and then refluxed with a large excess of the chlorinating agent, 

followed by the addition of a nucleophile. While the direct route involves utilising 

coupling agents, including such as 1-ethyl-3-(3-dimethylaminopropyl)- carbodiimide 

(EDC), N,N′-dicyclohexylcarbodiimide (DCC), or 2-(7-aza-1H-benzotriazole-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HATU), GO is first exfoliated in a 
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polar solvent (typically DMF or NMP) and then treated with a catalytic amount of 

N,N-dimethylaminopyridine (DMAP), N-hydroxysuccinimide (NHS), or another 

carboxylic acid activator. Subsequent addition of nucleophilic species, such as 

amines or hydroxyls, produce covalently attached functional groups to graphene 

oxide platelets via the formation of amides or esters.
80

 

 

Figure  7-19: Activation of GO's peripheral carboxylic acid groups with either SOCl2 or a 

coupling agents, and subsequent condensation with an alcohol or an amine. Reproduced 

from [382] with permission of The Royal Society of Chemistry. 

 

7.1.5.2.1. Amidation  

On GO, amidation proceeds mainly through the reaction between the -COOH group 

native to GO and the -NH2 group of the functional molecule, or vice versa. Various 

NH2 terminated functional groups have been anchored onto graphene. He et al.
462

 

reported the synthesised GO-Fe3O4 hybrid in a two-step process. In the first, Fe3O4 

was modified by tetraethyl orthosilicate and (3-aminopropyl) triethoxysilane to 

introduce amino groups on its surface. Then, with the aid of N-hydroxysuccinnimide 

(NHS) and 1-ethyl-3-(3-dimethyaminopropyl)carbodiimide (EDC), GO-Fe3O4 hybrid 

was obtained from the condensation reaction between amino group of Fe3O4 and 
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carboxylic group of GO. The synthesis process of GO-Fe3O4 hybrid is schematically 

illustrated in Figure 7-20.  

 

Figure  7-20: Schematic of the fabrication of GO-Fe3O4 hybrid. Reprinted from [462], 

Copyright (2010), with permission from Elsevier. 

 

The synthesised hybrids not only have great potential as an effective absorbent for 

removing cationic dyes in water, but also could be used to prepare rGO–Fe3O4 

hybrids and magnetic GO films, which is suitable for many other applications such as 

fabrication of functional polymer composites, sensors, heterogeneous catalysts, and 

drug delivery. 

Similarly, Shen et al.
461

 studied the functionalisation of GO with biomaterials, 

including adenine, cystine, nicotamide and ovalbumin (OVA) through diimide-

activated amidation. The process used in this study involved two steps, firstly 

carboxylic acid groups on GO were activated by N-ethyl-N′-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDAC) with stable active ester 

formed by the addition of N-hydroxysuccinimide (NHS). Second, the active ester 

was reacted with the amine groups on biomaterials, forming an amide bond between 

GO and biomaterials (Figure 7-21). 
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Figure  7-21: A Schematic diagram to produce GOS-based biocomposites. Reprinted from 

[461], Copyright (2011), with permission from Elsevier. 

 

Mungse et al.
463

 developed a chemical approach for selective inclusion of long alkyl 

chains on the edges and defects sites of reduced graphene oxide sheets through the 

amide linkage. The carboxylic functionalities, which were selectively introduced in 

the rGO by mild oxidation, were converted into acyl chlorides using thionyl chloride. 

Subsequently, the acylated-rGO sample was reacted with octadecylamine (ODA). 

Presence of long alkyl chains in the ODA-rGO sheets facilitated their stable 

dispersion in commercial engine oil, which is very important for their efficient 

tribological performance. Using the same amidation technique, Chu et al.
464

 grafted 

CdTe nanorods on a GO surface through an amidation reaction between acyl 
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chlorides of GO and amino groups of the L-cysteine capped CdTe nanorods    

(Figure 7-22). The intrinsic optical properties of the GO–CdTe hybrid material may 

make a promising candidate for graphene- and GO-based materials in optoelectronic 

applications. 

 

Figure  7-22: Synthesis procedure of GO–CdTe hybrid materials through the amidation 

reaction. Reproduced from [464] with permission of The Royal Society of Chemistry. 

 

Liu et al.
94

 and Sun et al.
465

 reported the synthesis of PEGylated nano-GO conjugate 

via carbodiimide catalysed amide formation for delivery of water-insoluble cancer 

drugs and found that the functionalised graphene sheets are biocompatible and stable 

in various biological solutions without obvious toxicity (Figure 7-23). 
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Figure  7-23: Schematic draw of cancer drug (SN38) loaded NGO-PEG. Reprinted with 

permission from [94]. Copyright (2008) American Chemical Society. 

 

Sun et al.
465

 explored first the properties of PEGylated NGO for cell imaging. 

Amine-terminated PEG stars (6-armed branched PEG molecules) were grafted onto 

NGO sheets via carbodiimide activation chemistry by formation of amide bonds. The 

resulting functionalised NGO exhibited intrinsic photoluminescence in the near-

infrared range (NIR), providing a NIR probe for cellular imaging. They further 

conjugated PEG-NGO to a B-cell specific antibody, Rituximab, to selectively 

recognize and bind B-cell lymphoma, proving selective targeting (Figure 7-24). 

 

Figure  7-24: A schematic drawing illustrating the selective binding and cellular imaging of 

NGO–PEG conjugated with anti-CD20 antibody, Rituxan. Reprinted with permission from 

[465].  
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Later on, Yang et al.
466

 investigated the in vivo behaviour of NGO by labelling PEG-

NGO with Cy7, a commonly used NIR fluorescent probe, via amide bond. Their vivo 

fluorescence imaging revealed a remarkably high tumour uptake of NGO, and 

PEGylated NGO showed efficient tumour passive targeting and relatively low 

retention in the reticulo-endothelial system (RES). Irradiation of tumour-bearing 

mice with a low-power NIR laser led to complete ablation of the tumour (Figure 7-

25) showing the potential of graphene derivatives for in vivo PTT. 

 

Figure  7-25: NGS with PEG functionalisation and labelled by Cy7. Reprinted with 

permission from [466]. Copyright (2010) American Chemical Society. 

 

Ali et al.
467

 combined between the direct and indirect amidation techniques for the 

synthesis of antiapolipoprotein B 100 functionalised-aminated reduced graphene 

oxide or detection of low density lipoprotein (LDL or lipid) cholesterol. In the first 

step, the carboxylic groups introduced to rGO were converted into acyl chlorides 

using thionyl chloride. Subsequently, acylated-rGO sample was reacted with 

ethyleendiamine (EDA). Then, the NH2-rGO covalently functionalised with 
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antiapolipoprotein B 100 using EDC/NHS coupling chemistry detection of low 

density lipoprotein (LDL or lipid) cholesterol (Figure 7-26). 

 

Figure  7-26: Apo-lipoprotein B 100 functionalisation on an NH2-rGO sheet for LDL 

detection. Reprinted with permission from [467]. Copyright (2014) American Chemical 

Society. 
 

7.1.5.2.2. Esterification  

The presence of -COOH groups native to graphene renders their functionalisation 

with CH2OH-terminated functional groups feasible, i.e., esterification. There are a 

number of studies addressing this process.
459,468,469

 Yang et al.
470

 covalently grafted 

polysaccharides (hydroxypropyl cellulose and chitosan) onto graphene oxide by 

simple esterification reactions. The oxidation introduced carboxyl groups in 

graphene oxide were then converted into acyl chloride with thionyl chloride (SOCl2). 

Subsequently, hydroxypropyl cellulose or chitosan was covalently grafted onto the 

activated graphene oxide through esterification reactions. The polysaccharide-

functionalised graphenes have potential applications in biological and medical fields, 



Chapter 7 

192 

 

such as drug delivery, transplant device, and biosensors. Namvari et al.
471

 

synthesised a magnetic nanocomposite of citric-acid-functionalised GO which acts as 

an efficient adsorbent to remove methylene blue from (MB) contaminated water. The 

peripheral carboxylic acids of GO were converted into acyl chloride by treating GO 

with thionyl chloride. Citric acid (CA) was covalently grafted onto the GO through a 

simple esterification reaction. Then, Fe3O4 magnetic nanoparticles (MNPs) were 

chemically deposited onto the GO-CA hybrid. The hybrid surface was negatively 

charged, thus the nanocomposite had a high adsorption capacity with the cationic 

MB. The high adsorption capacity accompanied by the ease of separation by an 

external magnetic field makes the synthesised nanocomposite a powerful separation 

tool to be utilised in wastewater treatment. Salavagione et al.
472

 employed two 

synthetic strategies for grafting poly(vinyl alcohol) (PVA) on G, as shown in Figure 

7-27. The first involves the direct esterification of GO in presence of the N,N′-

dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) catalyst, 

while the second goes through converting GO into acid chloride by reacting with 

SOCl2, followed by coupling with hydroxyl group of PVA. They found that covalent 

linkages between the GO and the PVA are responsible for remarkably altering the 

crystallinity and thermal stability.  

http://pubs.acs.org/action/doSearch?ContribStored=Salavagione%2C+H+J
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Figure  7-27: Esterification of Graphite Oxide with PVA. Reprinted with permission from 

[472]. Copyright (2009) American Chemical Society. 

 

Yu et al.
473

 reported functionalisation of GO with −CH2OH terminated regioregular 

poly(3-hexylthiophene) (P3HT) through the formation of ester bonds with the 

carboxyl groups of GO nanoplatelets. The resultant P3HT-grafted GO sheets (G-

P3HT) possess good solubility in common organic solvents. 

Recently, Liu et al.
458

 reported the grafting of hydroxypropyl cellulose (HPC) on GO 

through the esterification reaction in the presence of EDC-HCl and DMAP. HPC-

based materials are useful in removing dyes from aqueous solutions. However, one 

of the main limitations in the practical use of HPC hydrogel is their relatively small 

adsorption capacity. Results shows that the incorporation of GO into HPC hydrogel 

exhibited shows a higher adsorption capacity toward methylene blue compared with 

pure HPC hydrogel. 
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7.2. Results and Discussion 

The objective of the present study is to study the covalent and noncovalent 

functionalisation of rGO with biomolecules, specifically peptide, peptoid, and 

ribonucleosides. The noncovalent functionalisation of rGO investigates the impact of 

the difference in secondary structure of biopolymers (peptides and peptoids) on their 

interaction with rGO. The covalent functionalisation sections studies the 

functionalisation of rGO with cell penetrating peptoid and ribonucleosides to 

improve its solubility in water.  

 

7.2.1. Noncovalent Functionalisation of Reduced Graphene Oxide (rGO) 

with Nano-1 Peptides   

The presence of a large number of hydrophilic oxygen-containing functional groups 

allows GO sheets to readily form stable suspensions in water for several weeks 

without any visible precipitation.
383

 However, the dispersibility of rGO is very low 

and it tends to agglomerate and sediment, therefore hampering further processing of 

the material.
474

  

To better exploit bio-nanotechnology applications it is necessary to gain greater 

understanding of the structure-property relationships of biomolecules at graphitic 

surfaces. The main objective of this section is to study the interaction between rGO 

and helical nano-1 peptides to study the effect of a peptide’s aromatic content on 

rGO dispersion in water. 
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7.2.1.1. Synthesis of Graphene Oxide and Reduced Graphene Oxide 

In order to study the interaction of nano-1 peptides with rGO, graphite oxide was 

first synthesised by the Hummers method.
380

 The graphite oxide was probe sonicated 

for 40 min in an ice bath to exfoliated it and afford GO. Reduced graphene oxide 

(rGO) was formed by reduction with hydrazine monohydrate (N2H4. H2O), which 

generates reduced graphene oxide (rGO). GO and rGO were characterised by Raman 

spectroscopy, and TGA (Appendix D).  

 

7.2.1.2. Synthesis of Nano-1 Peptides   

The degree of folding of a peptide designed to form a helical structure depends on its 

sequence and length.
191,206

 Therefore, in order to investigate the role of peptide 

aromatic content on rGO dispersion, two versions of nano-1 peptide have been 

synthesised (see Chapter 4, Section 4.2.1). The two versions of nano-1 peptide vary 

in the number of aromatic residues on the hydrophobic surface of the helix, and have 

a different helicity.
120

 Table 7-2 shows the nano-1 peptides sequence used in the 

dispersion of rGO. 

Peptide Sequence 

Nano-1 (4) Ac-NH-EVEAFEKKVAAFESK 

VQAFEKKVEAFEHG-CONH2 

Short Nano-1 (6) Ac-NH-EVEAFEKKY- CONH2 

Table  7-2: Nano-1 peptides sequence. 
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7.2.1.3. Dispersion of Reduced Graphene Oxide with Nano-1 Peptides  

This section aims to compare the quality of rGO dispersion where two versions of 

nano-1 peptide are used as a dispersant. To make such a comparison all dispersions 

have been processed at identical concentrations. In all cases the peptide dispersed 

rGO solutions were mixed by probe sonicating the peptide solution (1.0 mL, 1.0 

mM) with rGO (1.0 mg). During the sonication, the provided mechanical energy 

overcomes the van der Waals interactions between rGO sheets and leads to rGO 

sheet exfoliation, whereas at the same time the peptide molecules adsorb onto the 

rGO surface, inhibiting their reaggregation. As this process continues, eventually the 

rGO sheets are exfoliated and become coated by peptide. Any uncoated rGO sheets 

reaggregate and are expected to be heavier than exfoliated sheets, thus having a faster 

sedimentation rate. Thus upon mixing rGO with the peptide, the solution contains 

both well dispersed and sedimentated rGO. The centrifugation process accelerates 

the separation of inefficiently dispersed and sedimentated rGO from stable and well 

dispersed rGO. Thus, the supernatant phase contains the well-dispersed and mostly 

exfoliated rGO which is then taken for UV-Vis-NIR absorbance measurement to 

determine the concentration of rGO present in solution in each case. Figure 7-28 

shows an image of rGO dispersions after sonication and centrifugation with the two 

versions of nano-1 peptide in water, together with unmodified rGO as a reference. As 

the carbon nanomaterials disperse, the solution will becomes darker. Therefore, 

solely based on the supernatant color intensity of unmodified rGO (clear), short 

nano-1(6)/rGO (gray), and nano-1(4)/rGO (dark gray), it can be indicated that the 

amount of solubilised rGO appears to have increased with an increasing number of 

aromatic amino acids in the peptide sequence.  
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Figure  7-28: A visual comparison of the aqueous supernatant of rGO dispersion with nano-1 

peptides. Dispersion from left to right: H2O/rGO (control), nano-1(4)/rGO, short nano-

1(6)/rGO.  

 

Then UV-Vis-NIR absorption spectroscopy was employed to gain further insight into 

the capability of these peptides to disperse rGO. Figure 7-29 shows UV-Vis-NIR 

absorption spectra for the two peptides with rGO dispersions in water, together with 

the spectrum from the dispersion of unmodified rGO as a control. The absorption 

spectra were obtained under identical conditions.  

 

Figure  7-29: UV-Vis-NIR absorption spectra of rGO and nano-1 peptides dispersed rGO. 

(Green line) rGO, (Blue line) short nano-1(6)/rGO, (Red line) nano-1(4)/rGO. 
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The matching absorption spectral traces of the nano-1(4)/rGO and short nano-

1(6)/rGO samples, shown in Figure 7-29, indicate that both peptides are capable of 

dispersing rGO. However, nano-1 (4)/rGO dispersion a displays higher absorption 

compared to that of the short nano-1 (6)/rGO dispersion. In contrast, as expected the 

unmodified reference rGO sample disperse displays a negligible amount as compared 

to the peptides. The concentration of dispersed rGO in these dispersions was 

estimated from their absorbance at 660 nm by using the extinction coefficient of 

rGO. The extinction coefficient of rGO was determined experimentally at 660 nm in 

1 % SDS solution (є660 = 38.7 mL mg
-1 

cm
-1

, see Appendix B), which agrees with 

the reported value using similar conditions. According to the Lambert Beer law, the 

concentration of rGO in these dispersions is shown in Table 7-3.  

Dispersant Conc. of Dispersed rGO. 

μg mL
-1 

H2O (control) 2.6 

Short Nano-1(6)  12.1 

Nano-1 (4) 64.3 

Table  7-3: Concentration of dispersed rGO by two versions of nano-1 peptide determined 

from UV-Vis-NIR absorption after sonication and centrifugation. 

 

Both visual inspection and UV-Vis-NIR absorption spectroscopy indicated that rGO 

dispersion with longer peptide chains give a better dispersion than short ones in 

water. This result can be explained in terms of the difference in the number of the 

hydrophobic residues in the sequence between the two peptides. Nano-1 peptide 

displayed the highest capability in dispersing rGO, with more than twice the 

absorbance as measured for the short nano-1(6) dispersion. This suggests that 

increasing the number of hydrophobic residues (phenylalanine, and valine) in the 
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peptide’s sequence increases the amount of rGO that is dispersed. It has previously 

been shown that a peptide’ sequence with more hydrophobic residues to interact with 

the nanomaterials surface allow for increased π–π stacking interactions, thereby 

enhancing the dispersion. Therefore, it is believed that this noncovalent dispersion 

depends on the adsorption of the hydrophobic face of the amphiphilic nano-1 peptide 

on the hydrophobic surface of rGO sheet. As a consequence, the presence of more 

hydrophobic residues in a peptide’s chain increases adsorption to rGO, and thus the 

amount of dispersed rGO. Similar results were found using the same peptides to 

disperse purified SWNTs (Chapter 4).  

Earlier theoretical studies have found that planar graphene sheet significantly 

disrupts the helical structure when compared to CNTs. Therefore, the expectation 

was that a helical peptide, represented here by nano-1 peptide (4), would disperse 

less rGO than purified SWNTs. Indeed, by comparing the dispersion results shown in 

Table 7-4 it can be seen that the nano-1 peptide (4) shows better dispersion affinity 

towards purified SWNTs than rGO. A similar dispersion profile can be seen (below) 

when short nano-1 peptide (6) is used in the dispersion of purified SWNTs and rGO. 

Peptide Conc. of 

Dispersed rGO 

μg mL
-1

 

Conc. of Dispersed 

Purified SWNTs          

μg mL
-1

 

Nano-1(4) 64.3 586.9 

Short nano-1 (6) 12.1 167.9 

Table  7-4: Concentrations of dispersed rGO and purified SWNTs using the two versions of 

nano-1 peptide determined from UV-Vis-NIR absorption after sonication and centrifugation. 

 

This dispersion affinity can be explained in terms of both the curvature of the 

nanomaterials surface and the helicity of the peptide. Since the same peptides and 

dispersion conditions have been used in the dispersion of both rGO and purified 
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SWNTs, it is obvious that the difference in curvature (planarity) of the surface 

between rGO and SWNTs is primarily responsible for difference in the amount of 

dispersed nanomaterial. Additionally, the amphiphilicity of a dispersant peptide plays 

a key role in the dispersion of carbon nanomaterials. Usually a peptide shows its 

maximum amphiphilicity when forming an α-helix. Therefore, how it adjusts its 

secondary structure (helicity) will affect the amphiphilicity and its stability at the 

water/hydrophobic nanomaterial interface. Therefore, when the nano-1 peptide 

interacts with SWNT, it matches its hydrophobic face against the curved surface of 

SWNT by curving around it without disturbing its helical structure and achieving its 

maximum amphiphilicity. However, this is not possible in rGO because of its rigid 

planner geometry. During nano-1 interaction with rGO, the peptide is thought to 

adjust its conformation by unfolding its helicity to permit the matching of its 

hydrophobic face to the hydrophobic and flat rigid rGO surface. This conformational 

adjustment disrupts the peptide’s helical structure and thus minimises its dispersion 

ability when compared to SWNTs. Therefore, nano-1 (4) was less able to disperse 

rGO (64.3 μg mL
-1

), while the same peptide dispersed (586.9 μg mL
-1

) of purified 

SWNTs. In a peptide α-helix, the linear translation is a rise of 5.4 A˚ per turn of the 

helix, which is equal to the product of the translation (1.5 A˚) and circular rotation of 

3.6 residues per turn.
191,475

 Additionally, literature on the helical structures shows 

that the average length of helix is 12 residues. Previous theoretical research on nano-

1 peptide revealed that its helix structure is a seven residue repeating sequence, 

which completes approximately two turns of the helix. Since short nano-1 peptide (6) 

is one heptad sequence, thus it is expected to show a minimum ability to fold into a 

helix, which previously has been proven by Zorbas et al.
120

 Short nano-1 peptide (6) 

affinity to interact with rGO and SWNTs followed nano-1 peptide’s behaviour 
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towards them, as it dispersed only 12.1 μg mL
-1 

of rGO while the same peptide 

dispersed 167.9 μg mL
-1 

of SWNTs. A Raman spectrum is used to obtain the 

structural information of rGO sheets in their nano-1 peptides composite. Raman 

spectra of rGO (control) and nano-1 peptides/rGO composite have been measured by 

drop casting each sample’s aqueous dispersion on silicon substrate and left to dry in 

air. 

Raman spectra of rGO (control) and nano-1 peptides/rGO composite have been 

measured by drop casting each sample’s aqueous dispersion on silicon substrate and 

left to dry in air. Raman analyses were repeated ten times at different areas of each 

sample. Figure 7-30 shows a representative G band normalised Raman spectra of 

nano-1(4)/rGO, short nano-1 (6)/rGO along with rGO as a reference. 

 

Figure  7-30: A representative Raman spectra (532 nm) of rGO (control) and nano-

1peptides/rGO composites. (Green line) rGO, (Red line) nano-1(4)/rGO, (Blue line) short 

nano-1(6)/rGO. 
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All the Raman spectra exhibit two prominent peaks of the D band and G band as well 

as a very weak 2D band, which is typical characteristic of graphene based 

nanomaterials. Considering that the G-band of carbon nanomaterials is highly 

sensitive to the electronic effects,
476,477

 the change in the G-band position of rGO 

upon its the interaction with nano-1 peptides was investigated. Figure 7-31 compares 

the G mode feature for rGO (control) and peptide/rGO composites. 

 

Figure  7-31: A representative Raman spectra of the tangential mode features for rGO and 

peptide/rGO composites. (Green line) rGO, (Red line) nano-1(4)/rGO and (Blue line) short 

nano-1(6)/rGO. 

 

By comparing the G bands of nano-1(4)/rGO and short nano-1(6)/rGO with rGO, it 

can be seen that the G band of rGO is up shifted in its nano-1(4) and short nano-1 (6) 

composites. Table 7-5 summaries the G peak position and shift of peptide/rGO and 

rGO as a control. 
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Sample G band cm
-1 Up Shift 

cm
-1 

rGO (control) 1581.3 ± 0.7 - 

Nano-1(4)/rGO 1583.8 ± 0.7 2.5 ± 0.9 

Short nano-1(6)/rGO 1584.0 ± 0.7 2.7 ± 0.9 

Table  7-5: A comparison between the G band of rGO and peptide dispersed rGO. 

 

This upshift supports the proposed interaction mechanism between nano-1 (4) and 

short nano-1 (6) and rGO that peptides’ aromatic residues interact via π–π stacking 

with the rGO surface. Furthermore, it supplies an evidence for a weak charge transfer 

between rGO and nano-1 peptides which is in agreement with previous reports.
253,478-

482
 

 

7.2.2. Noncovalent Functionalisation of Reduced Graphene Oxide with 

(NlysNspeNspe)6 Peptoid   

There have been extensive studies on the adsorption of peptides and proteins onto 

nanomaterials which, it has been shown, can affect both the structure and function of 

these biomolecules. The adsorption of peptides and proteins on the surface of carbon 

nanomaterials is often accompanied with the loss of proteins’ native conformation, 

and this is a major concern in the development of the potential of nanomaterials in 

various applications. Among carbon nanomaterials, the CNTs and graphene-based 

nanomaterials have the capability to disrupt the α-helical structures of short peptides, 

and due to its low surface curvature, graphene possesses the additional capability to 

distort α-helical conformations.  
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Peptides have been used to disperse graphene-like materials, as they have the ability 

to interact with the graphene surface. Although graphene-like materials’ flat surface 

could be ideal for π–π stacking interaction with the aromatic residues in the peptide 

chain, however the results discussed in (Section 7.2.1) suggest that the rGO’s flat 

rigid surface might disrupt the helical conformation of the peptide upon binding and 

hence disperse only a limited amount of rGO. Compared to peptides the absence of 

hydrogen-bond donors in the peptoid’s backbone leads to a greater chain flexibility 

and prevents intra- and inter-chain hydrogen bonding. The rigidity of peptide’s 

backbone decrease its adsorption onto SWNTs.
418

 Whereas, compared to peptides the 

absence of hydrogen-bond donors in peptoid’s backbone leads to a greater chain 

flexibility and prevents intra- and inter-chain hydrogen bonding which is thought to 

help them to fold around the curved surface of the side walls of SWNTs. In a 

previous chapter (see Chapter 5) it was concluded that due to the peptoids’ 

backbone flexibility they showed a better ability, compared to nano-1 peptides, to 

curl around the curved SWNTs to disperse them in water. The 18 residue peptoid 

(NlysNspeNspe)6 (17) dispersed 672.0 µg mL
-1

 of purified SWNTs, while nano-1 

peptide (4) dispersed 586.9 µg mL
-1

. Therefore; it is thought that the flexible 

backbone of the peptoid will allow a better noncovalent interaction of the peptoid’s 

hydrophobic face with the flat rGO surface than the peptide. 

 

7.2.2.1. Synthesis of (NlysNspeNspe)6 Peptoid  

Among the tested peptoids and peptides for the dispersion of purified SWNTs, 18 

residue peptoid (17) had high dispersion affinity toward the nanotubes (see Chapter 
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5). Therefore, 18 residue peptoid (17) was chosen to study impact of the dispersant 

chain flexibility on their ability to disperse the rGO. Peptoid 17 contain six repeating 

motif of three residues with the repeating subunit structure: (NlysNspeNspe)6. Figure 

7-32 show the 18 residue peptoid (17) motif. 

 

Figure  7-32: Synthesised peptoid (17) repeating unit.  

 

The peptoids were routinely synthesised on Rink amide linker-derivatised solid 

supports using the submonomer synthesis method developed by Zuckermann.
284

 The 

peptoid 17 has an amphiphilic nature; the two hydrophobic chiral aromatic residues 

(Nspe) induce a repeated cis amide bond conformation and handedness of helical 

structure along the peptoid backbone. While the hydrophilic lysine-type side chain 

(Nlys) residue aids the water solubility of the peptoid and encourages the formation 

of an amphiphilic helix in solution, and peptoid (17) showed a strong helicity CD 

spectrum (see Chapter 5). 
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7.2.2.2. Dispersion of Reduced Graphene Oxide (rGO) with Peptoids 

1.0 mg mL
-1

 of rGO was noncovalently functionalised by dispersion in 1.0 mM 

aqueous solution of 18 residue peptoid (17) (see Chapter 5) via probe ultra-

sonication for 20 min in an ice bath. The concentration of 17 is set to 1.0 mM to 

ensure assembly of the peptoid on the rGO surface. Then, the (NlysNspeNspe)6 

(17)/rGO dispersion was centrifuged to accelerate the removal of suspended rGO that 

were not efficiently solubilised and thus aggregates, leaving the black-coloured 

supernatant aqueous solution which contains the stable and well-dispersed rGO. 

Figure 7-33 shows rGO dispersion by 17 after sonication and centrifugation, and 

rGO dispersion in water as a control. 

 
Figure  7-33: Visual comparison of rGO aqueous supernatant after sonication and 

centrifugation. Dispersion from left to right: rGO (control), (NlysNspeNspe)6 (17)/rGO. 

 

rGO sonication in water is carried out as a control; rGO sedimentation immediately 

and irreversibly after the centrifugation to give a clear supernatant. By contrast, the 

addition of 17 to the rGO suspension in water prevented rGO sheet agglomeration 

and leads to a visually homogeneous black dispersion.  

The (NlysNspeNspe)6 (17)/rGO complex supernatant was further characterised by 

UV-Vis-NIR spectroscopy. The UV-Vis-NIR spectra of rGO (control) and peptoid 

(17)/rGO dispersion solutions are shown in Figure 7-34. Due to rGO’s (control) very 
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limited dispersion in water its UV-Vis-NIR spectra did not exhibit a well-defined 

absorption peak. As expected, the peptoid 17 coated rGO sample showed a much 

higher absorbance compared to rGO (control). The peptoid works as a surfactant 

through its noncovalent interaction with the hydrophobic surface of rGO. Therefore, 

(NlysNspeNspe)6 (17)/rGO complex shows a strong UV-Vis-NIR absorbance 

corresponding to π–π* transitions of C-C bonds of rGO. Additionally, this significant 

increase in the absorbance of (NlysNspeNspe)6 (17)/rGO corresponds to a darkening 

of the solution which could clearly be seen with the eye (Figure 7-33) and indicated 

that more rGO is dispersed in the supernatant. 

 

Figure  7-34: UV-Vis-NIR spectra of (NlysNspeNspe)6 (17)/rGO composite (Orange line) 

and rGO (control) (Green line). 
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The amount of rGO retained in the supernatant after sonication and centrifugation 

was taken as a relative measure of the ability of the peptoid to disperse rGO in water. 

Such an amount was estimated by determining the absorbance of the peptoid 

(17)/rGO complex at a wavelength of 660 nm. Although rGO is known to exhibit a 

well-defined absorption peak at 268 – 270 nm (provided that the sheets have been 

well reduced), the latter wavelength was not used in the present measurements. This 

is because many peptoid displayed a strong absorbance in the 200 – 300 nm 

wavelength range, which could not be compensated for in the double-beam 

spectrophotometer. However, the peptoid 17 did not exhibit absorption at 

wavelengths above 400 nm. Thus, any absorbance measured at a given wavelength 

above 400 nm could be safely related to the amount of dispersed rGO according to 

the Beer-Lambert law and the determined extinction coefficient (see Appendix B), 

as shown in Table 7-6.  

Dispersant Conc. of Dispersed rGO 

µg mL
-1 

H2O (control) 2.6 

(NlysNspeNspe)6 (17) 93.8 

Nano-1 (4) 64.3 

Table  7-6: Concentration of dispersed rGO by nano-1 peptide (4) and (NlysNspeNspe)6 (17) 

determined from UV-Vis-NIR after sonication and centrifugation. 

 

The concentration of rGO dispersed in the supernatant after centrifugation was 

greater in the peptoid dispersed rGO then nano-1 (4) dispersed rGO (64.3 μg mL
-1

, 

see Section 7.2.1). This is likely to arise from the flexibility of the peptoid’s 

backbone compared to the peptide’s backbone, which allows assembly on the flat 

rigid surface of the rGO sheets without disrupting the peptoid’s helicity. The flexible 
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backbone of the peptoids allows assembly on the flat rigid surface of the rGO sheets, 

leading it to disperse more rGO than the nano-1 helical peptide. 

The rGO (control) and (NlysNspeNspe)6 (17)/rGO aqueous dispersions were drop 

casted to silicon wafer substrate and left to dry in air for Raman measurements. Their 

Raman spectra are normalised to G band and is repeated at least ten times from 

different areas of the sample. Figure 7-35 shows a representative Raman spectra of 

rGO (control), and (NlysNspeNspe)6 (17)/rGO complex. 

 

Figure  7-35: A representative normalised Raman spectra (532 nm) of rGO and peptoid 

dispersed rGO: (Green line) rGO (control), (Orange line) (NlysNspeNspe)6 (17)/rGO. 

 

The Raman spectra of both samples exhibit characteristic Raman bands of graphene 

based nanomaterials, namely D, G and weak 2D band. However, the G band of 

(NlysNspeNspe)6 (17)/rGO appears at 1583.3 ± 0.9 cm
-1

, while it is appears at 1581.3 
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± 0.7 cm
-1 

for
 
rGO (control), Figure 7-36. The (NlysNspeNspe)6 (17)/rGO G band 

upshift of 2.1 ± 1.1 cm
-1

 comparing to the control rGO sample indicates that there is 

a π–π stacking interaction between peptoid’s aromatic residue interacts and rGO 

surface. Moreover, this upshift suggests a weak charge transfer between the rGO and 

the peptoid. These shifts are similar to those reported by in which carbon 

nanomaterials were noncovalently dispersed with aromatic molecules.
318

 

 

Figure  7-36: A representative Raman spectra of the tangential mode features for rGO and 

peptoid/rGO composite: (Green line) rGO, (Orange line) (NlysNspeNspe)6 (17)/rGO. 

 

7.2.3. Noncovalent Functionalisation of Reduced Graphene Oxide with 

Ribonucleosides  

Most previous investigations carried out to study the interaction of DNA nucleobases 

and nucleosides with graphene were based on theoretical approaches. Therefore, this 
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section experimentally investigates a noncovalent functionalisation of reduced 

graphene oxide (rGO) with ribonucleosides (adenosine, cytidine, guanidine, 

thymidine, and uridine) and its nucleobases. 

The desired aqueous ribonucleoside solution to disperse rGO was prepared by 

diluting a stock solution (2.0 mg 10 mL
-1

). To prepare ribonucleoside/rGO complex 

dispersion, 1.0 mg mL
-1 

of rGO was added to 1.0 mM of each ribonucleoside 

aqueous solution. The ribonucleoside/rGO solution was probe sonicated for 20 min 

in an ice bath, and then centrifuged to remove inefficiently dispersed and sedimented 

rGO from stable and well dispersed rGO. Thus, the supernatant phase contains the 

well dispersed and mostly exfoliated rGO. Visual observation suggested uridine 

appears to have the highest dispersion affinity towards rGO necessary to suspend 

rGO in water compared to other tested ribonucleosides. Figure 7-37 shows rGO 

dispersions after sonication and centrifugation for the ribonucleosides series.  

 
Figure  7-37: A visual comparison between rGO aqueous supernatant with a series of 

ribonucleosides after sonication and centrifugation. Dispersion from left to right; 

adenosine/rGO, cytidine/rGO, guanidine/rGO, thymidine/rGO and uridine/rGO. 

 

This observation was confirmed by UV-Vis-NIR absorption spectroscopy, as shown 

in Figure 7-38. The UV-Vis-NIR spectra of rGO (control) exhibited an absorption 

band correspond to π–π* electronic transition, indicating that most of oxygen-

containing functional groups on the GO surface are removed and the conjugated 
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structure is restored. However, due to rGO hydrophobic nature and the absence of a 

surfactant, this peak was very weak, which indicates that the reduction removed most 

of the oxygen-containing functional groups on the GO. On the other hand, comparing 

to absorption of rGO, ribonucleoside/rGO complexes had higher absorption intensity 

due to the noncovalent interaction between rGO and the ribonucleoside. 

 

Figure  7-38: UV-Vis-NIR spectra of ribonucleoside/rGO complexes aqueous supernatant: 

(Blue line) Adenosine/rGO, (Red line) cytidine/rGO, (Green line) guanidine/rGO, (Cyan 

line) thymidine/rGO and (Orange line) uridine/rGO. 

 

rGO’s UV-Vis-NIR absorption is proportional to its concentration dispersed in 

solution. Thus, dispersion rGO’s concentration in the ribonucleoside/rGO 

supernatant was determined from their absorbance at 660 nm using Beer-Lambert 

law and calculated extinction coefficient of rGO at 660 nm (Appendix B). Table 7-7 

shows the concentration of rGO in ribonucleoside/rGO supernatant determined using 
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UV-Vis-NIR absorption. The UV-Vis-NIR absorbance intensity of uridine/rGO 

complex shows higher absorption intensity comparing to other complexes and rGO 

(control) at 660 nm, indicating that an increasing amount of rGO was in the 

uridine/rGO complex dispersed solution. 

Ribonucleoside Conc. of Dispersed rGO 
µg mL

-1 

H2O (control) 2.6 

Adenosine 21.1 

Cytidine  5.9 

Guanidine 5.1 

Thymidine  13.7 

Uridine 24.4 

Table  7-7: Concentration of dispersed rGO with series of ribonucleosides determined from 

their UV-Vis-NIR adsorption after sonication and centrifugation. 

 

Among the five tested ribonucleosides, uridine shows the highest interaction affinity 

towards rGO and guanidine shows the lowest, which is in agreement with its dark 

supernatant colour shown in Figure 7-37. The low concentration of dispersed rGO 

by the ribonucleosides suggests that there is a weak binding energy with rGO 

surface, which parallels with what has been theoretically predicted by Antony et 

al.
442

 and Varghese et al.
329

 The low amount of dispersed rGO by these 

ribonucleosides is thought to be due to the small ring (cyclic and aromatic) of these 

ribonucleosides, thus their ability to disperse rGO in the aqueous solution is quite 

limited.  

The concentration of dispersed rGO by ribose sugar alone is 22.4 µg mL
-1

,
 
which is 

less than the concentration of dispersed rGO by uridine. Figure 7-39 shows the UV-
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Vis-NIR of ribose/rGO supernatant. This indicates that the interaction between ribose 

and rGO is a nonhydrophobic interaction as the limited number of oxygen-containing 

functional groups on rGO surfaces resulted in a very weak interaction between ribose 

and rGO’s hydrophobic surface. 

 

Figure  7-39: UV-Vis-NIR of ribose/rGO after sonication and centrifugation. 

 

To investigate the effect of nucleobase moieties in ribonucleoside interaction with 

rGO, the rGO dispersion with the aid of series of nucleobases; cytosine, guanine, 

adenine, thymine, and uracil, were studied. The nucleobase/rGO complexes were 

prepared following the same dispersion method used for the preparation of 

ribonucleoside/rGO complexes. The faint grey colour of nucleobase/rGO complexes 

supernatant after the sonication and centrifugation shown in Figure 7-40 suggest that 
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the nucleobases have a very limited ability to disperse rGO compared to 

ribonucleosides (Figure 7-37).  

 
Figure  7-40: A Visual comparison between rGO aqueous dispersion supernatant with a 

series of nucleobases after sonication and centrifugation. Dispersion from left to right: 

cytosine/rGO, adenine/rGO, guanine/rGO, uracil/rGO.  

 

The rGO dispersion solution colour is proportional with its quantity in the solution. 

Therefore, Based on the above visual comparison in Figure 7-40 of nucleobases 

interaction with rGO in water, it is thought that uracil dispersed higher quantity of 

rGO than the rest of nucleobases.  

The noncovalent interaction between nucleobases and rGO was monitored by UV-

Vis-NIR spectroscopy. As shown in Figure 7-41, nucleobases/rGO complexes 

dispersion supernatant exhibited a characteristic rGO absorption peak attributed to 

the π–π* electronic transitions of sp
2
 C–C bonds in rGO. 
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Figure  7-41: UV-Vis-NIR spectra of nucleobases/rGO complexes supernatant: (Blue line) 

adenine/rGO, (Red line) cytosine/rGO, (Green line) guanine/rGO, (Cyan line) 

thymine/rGO and (Orange line) uracil/rGO. 

 

The low absorption intensity spectrum of nucleobases/rGO complexes suggests that 

the nucleobases noncovalent interaction of nucleobases’ ring (cyclic and aromatic) 

with rGO was not effective in dispersing rGO in water. Additionally, UV-Vis-NIR 

absorption spectra of nucleobases/rGO complexes were used to evaluate the 

concentration of the dispersed rGO in nucleobases/rGO complex supernatant. The 

rGO concentration in the nucleobases/rGO complexes supernatant after sonication 

and centrifugation calculated from the rGO absorbance at 660 nm using Beer-

Lambert law and calculated extinction coefficient of rGO (see Appendix B). Table 

7-8 shows the concentration of rGO in nucleobase/rGO complexes supernatant 

determined using UV-Vis-NIR absorption. 
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Nucleobase Conc. of Dispersed rGO 

µg mL
-1 

H2O (control) 2.6 

Adenine 7.8 

Cytosine 10.2 

Guanine 9.0 

Thymine 2.9 

Uracil 12.7 

Table  7-8: Concentration of dispersed rGO with a series of nucleobases determined from 

their UV-Vis-NIR absorption after sonication and centrifugation. 

 

As can be seen from Table 7-8 the low amount of dispersed rGO by nucleobases 

indicates that nucleobases have a very limited dispersion efficacy towards rGO. This 

indicates that there is a very weak noncovalent interaction, although, the planar 

surface of rGO is presented as an ideal system for π–π interaction with the planar 

ring of nucleobases and ribonucleosides. However, the low amount of dispersed rGO 

by nucleobases shown in Table 7-8 indicate that the small purine’s and pyrimidine’s 

ring (aromatic ring in adenosine and guanosine purine ribonucleosides and cyclic 

ring in cytosine, thymidine, and uracil pyrimidine ribonucleosides) has a limited 

interaction efficiency towards rGO. Therefore, it is thought that there is a very weak 

π-π stacking interaction between the nucleobases and the hydrophobic surface of the 

rGO, due to the small ring size of the nucleobases. Similar results were found when 

ribonucleosides were used in dispersing purified SWNTs (Chapter 6), indicating 

that π–π interaction probably is not the main interaction driving SWNTs dispersion 

in water. Thus, it is thought that the high dispersion affinity of ribonucleosides 

towards oxidised SWNTs (Chapter 6, Section 6.2.2.2) is due to the nonhydrophobic 

interaction.  
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Pervious theoretical studies have shown that the size and curvature of carbon 

nanomaterials play an important role in their non-bonded interactions. Although, the 

above experimental results suggests that ribonucleosides have limited dispersion 

efficiency towards the hydrophobic surface of both rGO and SWNTs. It also 

indicated that ribonucleosides had higher dispersion affinity towards rGO then 

purified SWNTs, as uridine dispersed 24.4 µg mL
-1

 of rGO, while it dispensed 0.2 µg 

mL
-1 

of purified SWNTs. This is probably is due topological difference between rGO 

and SWNTs. Since the ribonucleosides tend to have π–π stacking type of interactions 

with the hydrophobic surface of rGO and purified SWNTs, thus as the curvature 

decreases, there will be more efficient stacking between the rGO and the 

ribonucleoside surface. These results parallel with pervious theoretical studies which 

show that molecules binding energy increases as the curvature decreases and reaches 

the maximum for graphene.
420,449

 

Raman spectroscopy was also used to probe the ribonucleoside’s impact on the 

electronic structure of the rGO. The Raman analyses were measured by drop casting 

each sample’s aqueous dispersion on silicon substrate left to dry in air. The Raman 

analyses were repeated ten times at different areas of the sample. Figure 7-42 shows 

representative Raman spectra of rGO (control) and ribonucleoside/rGO normalised to 

G band.  
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Figure  7-42: A representivtive Raman spectra (532 nm) of rGO and ribonucleoside/rGO 

complexes: (Blue line) Adenosine/rGO, (Red line) cytidine/rGO, (Green line) 

guanidine/rGO, (Cyan line) thymidine/rGO, (Orange line) uridine/rGO and (Black line) 

rGO (control).  

 

Raman spectra of rGO and its ribonucleoside composites show the characteristic G 

and D band of graphene base nanomaterials at 1581 – 1588 and 1338 – 1350 cm
-1

, 

respectively. Previous studies have demonstrated that the tangential vibrational 

modes for carbon nanomaterials are sensitive to doping. Specifically, the G band 

peak was shown to shift to lower frequencies for electron donor dopants and to 

higher frequencies for electron acceptor dopants. The G band peak of all 

ribonucleoside/rGO dispersions are up shifted with respect to that of rGO (control). 

Figure 7-43 compares the G mode feature for rGO (control) and ribonucleoside/rGO 

composites.  
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Figure  7-43: A representivtive Raman spectra showing the tangential mode features for rGO 

and ribonucleoside/rGO complexes: (Blue line) Adenosine/rGO, (Red line) cytidine/rGO, 

(Green line) guanidine/rGO, (Cyan line) thymidine/rGO, (Orange line) uridine/rGO and 

(Black line) rGO (control). 

 

The small G band upshift of ribonucleoside/rGO composite comparing to rGO are 

summarised in Table 7-9. 

Dispersion G band (cm
-1

) G band Upshift 

cm
-1 

rGO (control) 1581.3 ± 0.7 - 

Adenosine/rGO 1589.0 ± 1.2 7.7 ± 1.4 

Cytidine/rGO 1589.8 ± 1.9 8.5 ± 2.0 

Guanidine/rGO 1588.4 ± 0.9 7.1 ± 1.1 

Thymidine/rGO 1586.2 ± 0.8 4.9 ± 1.1 

Uridine/rGO 1587.2 ± 1.2 5.9 ± 1.4 

Table  7-9: A summary of tangential mode features for rGO and ribonucleoside/rGO 

complexes. 
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These shifts suggest that there is a weak charge transfer between the rGO and 

ribonucleosides. Thus, it suggests that there is weak hydrophobic interaction in 

between ribonucleosides and rGO. 

 

7.2.4. Covalent Functionalisation of Reduced Graphene Oxide with Cell 

Penetrating Peptoid (Ac-Nglu-Nlys-Nlys-Nlys-Nphe) 

GO and rGO has been considered to be a potential carrier for drug delivery 

system,
483,484

 because their 2D structural feature has a large surface area. As a result, 

drugs can be loaded onto both sides of the graphene sheet. For the practical 

application high dispersion stability of graphene based nanomaterials has to be 

provided through biofunctionalisation process, mainly through π–π stacking, 

covalent binding, hydrophobic and electrostatic interaction.
389

 Although noncovalent 

chemistry is attractive because of the preservation of the conjugated π system, 

however, adsorption of water insoluble drugs (such as peptide, protein, and DNA) on 

planar graphene depends mainly on weak hydrophobic interactions, resulting in a 

lower drug loading ratio.
485

 Therefore, covalent functionalisation methods have been 

widely utilised for the preparation of biofunctionalised GO or rGO.
486-488

 

The cellular uptake of free biomolecules in general and peptides in particular is 

extremely poor; therefore conjugation of these molecules onto carbon nanomaterials 

surfaces may allow improvements in the delivery of such biological molecules.
489

 

However, cell penetrating peptides (CPPs) often display an inefficient bioavailability 

due to their proteolysis and opsonisation in the presence of serum.
490

 Unlike CPPs, 

cell penetrating peptoids (CPPos) are highly stable against enzymatic degradation 
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and less toxic mimetics of CPPs.
491-493

 Although CPPos do not always resemble the 

conformational constraints of the respective peptides, as the chirality of the α-carbon 

is lost, they can be modified by a large variety of functional side chains offering a 

toolkit for the development of artificial cell penetrating moieties. The cellular uptake 

mechanism is not yet revealed in all details; however, it is found that the polycationic 

character is a very important feature of CPPos. It is assumed that the positive charges 

allow the CPPos to interact strongly with the negatively charged structures and the 

head groups of membrane phospholipids on the extracellular side of the plasma 

membrane.
494

 A peptoid (17) was previously used for the noncovalent 

functionalisation of rGO and showed limited dispersion ability (93.8 μg mL
-1

). Thus, 

the main focus of this section is to study the covalent functionalisation of CPPos with 

rGO not only to improve the solubility of rGO in water but also to bring a biological 

function to it. 

 

7.2.4.1. Synthesis of Cell Penetrating Peptoid (CPPo) 

The chosen CPPo sequence, shown in Figure 7-44, was previously reported by 

Kölmel et al.
490

 to have an efficient entry into human cells by endocytosis with 

subsequent endosomal release. The hydrophilic side chain (Nlys) is critical for the 

CPPo’s hydrophilicity and the ability to dissolve in biological fluids. The 

hydrophobic side chain (Nphe) is included in the sequence to support the passage 

through the lipid bilayer cell membrane. The charged residues (Nlys) play an 

important role in the CPPo (18) ability to penetrate the cell membrane.
490

 Thus, in 

order to preserve the Nlys residues in 18, glutamic acid residue (Nglu) has been 
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added to the original CPPo’s sequence. One of the carboxylic groups has been 

acetylated, while the second one left free to react with amino group on the amidated 

rGO. 

 

Figure  7-44: The structure of CPPo (18) and its monomers. 

  

The CPPo was synthesised by Hannah L. Bolt (Cobb group) on Rink amide linker-

derivatised solid supports using the submonomer synthesis method developed by 

Zuckermann.
284

 The synthesis of 18 was achieved following the same methods used 

for the synthesis of peptoids previously mentioned in (Chapter 5). Following the 

synthesis of the peptoids, pure samples were obtained following RP-HPLC and 

confirmed using ESI-MS (Figure 7-45).  



Chapter 7 

224 

 

 

Figure  7-45: LC-MS of purified CPPo (18). 

 

7.2.4.2. Synthesis of Amidated Reduced Graphene Oxide (Am-rGO) 

For medical and biological applications, rGO sheets should be thoroughly dispersed 

in the water. Hence, the first step is to generate the active sites in rGO, where the 

chemical moieties of the CPPo (18) can be introduced to facilitate their dispersion in 

the water. In order to prepare amidated rGO (Am-rGO), carboxylic acid groups as 

active sites were introduced at edges and defect sites of rGO sheets by oxidation 

using (8 M) nitric acid reflux for 24 h at 100  C. The oxidised rGO (Oxi-rGO) has 

higher water dispersion than the hydrophobic rGO, due to introduction of oxygen 

functional groups to the rGO sheet. The concentration of dispersed oxidised-rGO in 

water is 86.7 µg mL
-1

, while dispersed rGO control concentration is 2.6 µg mL
-1

. The 
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thermal decomposition properties of Oxi-rGO were probed using TGA (Figure 7-

46).  

 

Figure  7-46: TGA of Oxi-rGO and rGO under N2. 

 

The TGA profile of rGO shows a high thermal stability, which indicates a low 

amount of oxygen-containing groups on its surface. TGA curve of rGO show a 2.8 % 

loss at 200 °C which is assigned to the decomposition of the residual oxygen 

containing groups, and a 10.5 % loss from 440 to 590 °C which is associated with the 

pyrolysis of the carbon skeleton of rGO.
495

 The oxidation of rGO introduces 

carboxylic groups at the defect sites and edges of rGO, thus, shows a higher weight 

loss as seen in Oxi-rGO. Whereas rGO lost 16.2 % of its dry mass at 900 °C Oxi-

rGO lost 36.5 %, this indicates that in Oxi-rGO there are more functional groups 
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present, hence the higher mass loss, and so the material has successfully been 

oxidised.  

The second step is the formation of amino-terminated rGO by amidation of Oxi-rGO. 

Ethylenediamine (EDA) coupled with the carboxylic groups of Oxi-rGO to 

synthesise amidated rGO. This approach involves first transformation of the 

oxidatively introduced carboxyl groups in Oxi-rGO to rGO-COCl by refluxing with 

an excess of thionyl chloride (SOCl2) in the presence of a small amount of N,N- 

dimethylformamide (DMF). Excess thionyl chloride was removed by filtration, and 

then acylated-rGO product was washed with anhydrous DMF to remove from the 

traces of residual thionyl chloride (Scheme 7-1). 

 

Scheme  7-1: Acetylation of Oxi-rGO with thionyl chloride (SOCl2).  

 

Subsequently, the acylated sample was reacted with excess EDA in the presence of 

N,N-Dimethylformamide (DMF) as a catalyst at room temperature for 24 hours 

under nitrogen atmosphere. Loading of EDA molecules on rGO-COCl through amide 

linkage afforded the EDA-rGO, which was washed several times with ethanol to 

remove residual EDA. As can be seen in Scheme 7-2, this approach has its own 
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downside represented by inter and intra crosslinking between the amidated rGO, 

which may lead to aggregated and/or minimise the available free amino groups to 

react with CPPo. 

 

Scheme  7-2: Amidation of rGO-COCl with ethylenediamine. 

 

7.2.4.3. Covalent Functionalisation of Am-rGO with CPPo 

In order to prepare the CPPo functionalised rGO (CPPo-rGO), the CPPo’s (18) 

carboxylic acid is activated using benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP
®

) in anhydrous DMF which form of the active-OAt 

ester, which then reacts with the amino group of the EDA-rGO. In order to enhance 

the activation of carboxyl group, DIEA has been used. After 15 min of activation, the 

EDA-rGO dispersion/DMF was added to the CPPo (18) mixture, and then stirred for 

4 hours at 40  C. The CPPo-rGO was the vacuum-filtered and washed extensively 

with excess methanol, and then dried in a vacuum oven at 60  C for 8 hours. Scheme 

7-3 illustrates the proposed covalent functionalisation route of rGO with the 

synthesised CPPo (18).  
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Scheme  7-3: Covalent functionalisation of CPPo (18) with EDA-rGO. 

 

The aqueous dispersion of EDA-rGO and CPPo-rGO was prepared by probe 

sonication for 20 min in an ice bath, 1.0 mg of each sample in 1.0 mL of deionised 

water. The sonication was followed by centrifugation and separating the supernatant 

from aggregated material. Figure 7-47 compares between the samples supernatant 

after sonication and centrifugation. 
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.   

Figure  7-47: A visual comparison between aqueous supernatant of EDA-rGO (control) and 

CPPo modified rGO supernatant after sonication and centrifugation. Dispersion from left to 

right: CPPo-rGO, EDA-rGO (19).  

 

The light grey colour of CPPo-rGO’s supernatant compared to EA-rGO indicates that 

a limited amount of CPPo-rGO has been dispersed. As expected the dispersion of 

rGO in water (control) gave a clear solution. The dispersions are further 

characterised with UV-Vis-NIR spectroscopy to determine concentration of the 

dispersed rGO in each sample. The dispersed rGO concentration in each composite’s 

supernatant was determined from optical absorption spectroscopy using the Beer-

Lambert law and the calculated rGO extinction coefficient of 38.7 mL mg
-1

 cm
-1

 and 

absorption values at 660 nm (see Appendix B). Table 7-10 shows the concentration 

of rGO in each supernatant. 

Sample Conc. of Dispersed rGO 

µg.mL
-1 

H2O 2.6 

EDA-rGO 40.2 

CPPo-rGO 21.2 

Table  7-10 : Concentration of dispersed rGO in the supernatant of the aqueous dispersion of 

rGO (control), EDA-rGO and CPPo-rGO after sonication and centrifugation. 
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The UV-Vis-NIR absorption spectra of rGO (control), EDA-rGO and CPPo-rGO 

dispersion in water are shown in Figure 7-48. The absorption spectra of EDA-rGO 

supernatant shows a strong absorption peak at 231 nm which is almost overlapping 

with a small shoulder at 300 nm, which corresponded to the π–π* transitions of the 

aromatic C=C bond and the n–π* transition of the C=O bond, which is arising from 

the conjugated system of GO. However, the absorption spectrum of CPPo-rGO has a 

weak absorption peak at 231 nm indicating that a limited amount of EDA-rGO has 

been covalently grafted with CPPo (18). The control sample, rGO dispersion in 

water, does not show any absorption peak.  

 

Figure  7-48: UV-Vis-NIR spectra of rGO (control) (Green line), EDA-rGO (Blue line) and 

CPPo-rGO (Red line). 
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The limited dispersion of EDA-rGO in water indicates that the chlorine atom has 

been substituted not only by the amide group of the EDA, but also that other 

reactions may have occurred which link the rGO sheets together to make big poorly 

dispersed aggregates. Additionally, the very low dispersion CPPo-rGO in water 

supports the assumption that a crosslinking reaction occurs between EDA-rGO. This 

results in limited number of free amino group for amidation reaction with the 

carboxylic group of CPPo (18). Therefore, only the EDA-rGO with a free amine 

group would react with the carboxylic group of CPPo (18). As a consequence, the 

limited number of CPPo is grafted on reduced graphene sheet, thus only               

21.2 µg mL
-1

 of rGO is dispersed in water. Similar results have been found from 

comparing the thermal gravimetric analysis (TGA) under N2 of CPPo-rGO with 

EDA-rGO (Figure 7-49).  

 

Figure  7-49: TGA of EDA-rGO (Red line) and CPPo-rGO (Blue line) under N2. 
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The TGA of EDA-rGO under nitrogen reveals a major mass loss of about 61.2 % in 

the temperature range of 160 − 260 °C. By comparison, the TGA of the CPPo-rGO 

shows a slight weight loss of about 55.5 % until the temperature reaches 900 °C 

while EDA-rGO lost 77.1 % at the same temperature. These results indicate that the 

amino groups in rGO have formed heat-stable structures via covalent bonding with 

the CPPo (18). Raman spectroscopy is an efficacious tool to probe the structural 

characteristics and properties of graphene-based materials. Figure 7-50 shows a 

representative of G normalised Raman spectrum of rGO (control) and CPPo-rGO. 

The samples are drop casted on a silicon wafer and left to dry in air. The 

measurement repeated 10 times at different areas of the sample.  

 

Figure  7-50: A representative normalised Raman spectra (532 nm) of rGO (Green line), and 

CPPo-rGO (Red line). 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0927776510004157#fig0025
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In the spectrum of rGO, the peak at 1581.3 ± 0.7 cm
−1

 (G-band) corresponds to an 

E2g mode of graphite and is related to the vibration of sp
2
-bonded carbon atoms in a 

2D hexagonal lattice. The peak at 1338.6 ± 0.7 cm
−1 

(D-band, the breathing mode of 

A1g symmetry) is associated with vibrations of carbon atoms with dangling bonds in 

plane terminations of disordered graphite. The Raman ID/IG ratio is widely used to 

evaluate the quality of graphene and graphene-based materials. The ratio is a 

measure of the disorder in the sample, which can be edges, ripples, or any other 

defects, such as doping organic functions in graphene. From the Raman spectrum 

obtained of CPPo-rGO, a ID/IG of 1.4 ± 0.02 can be calculated, compared with ID/IG 

of rGO which is about 1.3. The ID/IG ratio of CPPo-rGO increases in comparison 

with that of starting material, implying the functionalisation process of graphene 

skeleton has introduced an amount of structural disorder in the graphene lattice, 

which also demonstrates that rGO has been chemically modified with CPPo 

molecules. 

 

7.2.5. Covalent Functionalisation of Graphene Oxide with Thymidine and 

Adenosine   

The discussed results in (Section 7.2.3) suggest that there was a very weak 

noncovalent interaction between nucleobases and ribonucleosides with reduced 

graphene oxide (rGO). Therefore, this section studied the covalent functionalisation 

of rGO with ribonucleosides to improve its dispersion in water.  

GO was prepared by a Hummers method using graphite as precursor. As-synthesised 

graphite oxide (50 mg) was exfoliated with deionised water to a concentration of 1.0 
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mg mL
-1

 by probe sonication for 40 min in an ice bath to produce graphene oxide 

(GO). The acetylation of the freeze dried GO (50 mg) was refluxed in an excess 

amount of thionyl chloride (SOCl2) (20 mL) in the presence of anhydrous N,N-

dimethylformaide (DMF) at 80  C for 24 h to yield acyl chloride-bound GO (GO-

COCl). The product was vacuum-filtered and washed with anhydrous DMF. The 

GO-COCl powder was collected immediately and divided into two, then separately 

reacted with a ribonucleoside solution (adenosine, and thymidine) in DMF in the 

presence of catalytic amounts of triethylamine (Et3N) at 130 °C for 72 hours under a 

nitrogen atmosphere. The acetyl chloride reaction with amine group forms hydrogen 

chloride (HCl), which protonates the amine, making it less nucleophilic. Therefore, 

the Et3N is added to neutralise the acid by forming triethylamine hydrochloride salt, 

thus freeing the amine for attack on the acid chloride and allows the reactions to 

proceed to completion. Finally, both of the ribonucleoside/GO composites 

(adenosine/GO, thymidine/GO) were washed with HCl solution (0.5 mM L
-1

) to 

remove any adsorbed ribonucleoside on rGO surface, then and washed with 

deionised water and dried in a vacuum oven at 45 °C. The synthetic route for 

preparation of water-dispersible ribonucleoside/GO composites is illustrated in 

Scheme 7-4. 
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Scheme  7-4: The synthesis route of ribonucloside/GO composite. 

 

To examine the dispersion ability of the prepared ribonucleoside/GO composites, 1.0 

mg of each composite was dispersed in deionised water to make a 1.0 mg mL
-1

 

solution by probe sonication for 20 min in an ice bath. The image shown in Figure 7-

51 provides a visual observation on the dispersion states of each sample. 

 
Figure  7-51: Visual comparison between the aqueous supernatant after sonication and 

centrifugation. Dispersion from left to right: adenosine-GO, thymidine-GO, rGO, and GO 

(control). 

 

In comparison to rGO, GO showed a better water dispersion stability due to the 

presence of covalently bonded oxygen containing groups on the surface. However, 

GO tends to form irreversible agglomerates into multilayeric graphite via strong π–π 

stacking and van der Waals interaction, indicated by the existence of a solid at the 
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bottom of the vial. In contrast, the color of adenosine/GO and thymidine/GO 

supernatant indicates good dispersion efficiency in water. The aqueous dispersions of 

the composites were stable for at least 2 weeks without aggregates. The presence of 

the ribose fragment in the nucleoside moiety covalently grafted to the GO sheet, 

allows the dispersion of the different ribonucleoside/GO complex (i.e. 

adenosine/GO, and thymidine/GO) in water.  

UV-Vis-NIR absorption was used for a direct measurement of the concentration of 

dispersed ribonucleoside/GO supernatant in aqueous supernatant via the Beer-

Lambert law and estimated extinction coefficient of rGO at 660 nm                             

(є660 = 38.7 mL mg
-1

 m
-1

) (Appendix B). The concentration of ribonucleoside/GO 

complexes dispersed in water is shown in Table 7-11.  

Composite Conc. of Dispersed rGO.  

µg mL
-1 

Adenosine/GO 20.8 

Thymidine/GO 22.5 

Table  7-11: Concentration of dispersed ribonucleoside/GO composite in the supernatant 

determined from their UV-Vis-NIR absorption after sonication and centrifugation. 

  

The concentration of thymidine/GO in the supernatant after centrifugation was 

greater than the adenosine/GO. This indicates that the covalent grafting of thymidine 

on graphene was more successful that adenosine. Figure 7-52 illustrates the UV-Vis-

NIR absorption spectra of adenosine/GO, thymidine/GO, GO, adenine, and 

thymidine in water. Both of the ribonucleosides, adenine and thymidine, show a 

sharp peak centred at ~ 260 nm, which is due to the π–π* transition of conjugated 

electrons of the ribonucleoside ring.
496

 While, adenosine/GO and thymidine/GO 
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complexes exhibited a broad peak at around 280 nm and strong peak at ~ 200 nm. 

These results indicate that the utilised high temperature reaction condition resulted in 

a covalent attachment of these ribonucleosides to GO and also a reduction of the GO 

to rGO. However, due to attachment of these groups on GO the resulting composite 

had good dispersion efficiency in water compared to rGO.  

 

Figure  7-52: UV-Vis-NIR absorption spectra of the dispersion supernatant of (Red line) 

adenosine/GO, and (Blue line) thymidine/GO.  

 

The attachment of each ribonucleoside to the graphene sheets was further analysed 

using TGA by heating under a nitrogen atmosphere to 900 °C at a rate of 10 °C. 

min
−1

. Figure 7-53 shows the thermogravimetric profiles of adenosine/GO, 

thymidine/GO, GO. The TGA of GO reveals a major weight loss of about 30 % in 

the temperature range of 200 – 240 °C corresponding to the decomposition of labile 
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oxygen-containing groups and illustrating its thermally instability. Grafting of a 

ribonucleoside on the graphene sheet in adenosine/GO and thymidine/GO may 

increase the thermal stability of GO leads to low weight loss. While GO lost 65 % at 

350 °C adenosine/GO and thymidine/GO showed a lower weight lost. These results 

indicate that the oxygen-based groups in GO have formed heat-stable structures via 

covalent bonding with the thymidine and adenosine moieties. Additionally, the 

difference in the amount of weight loss between the two composites suggested that 

thymidine the covalent attachment of was more successful than the adenosine.  

 

Figure  7-53: TGA of (Blue line) GO, (Red line) thymidine/G, (Black line) adenosine/GO 

under N2. 

 

To verify the selective molecular recognition by the complementary ribonucleosides; 

thymidine and adenosine on GO, the aqueous dispersion of adenosine/GO, and 
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thymidine/GO composites were shaken for 2 min. immediately after that the mixture 

start to precipitate was formed as shown in Figure 7-54. 

 
Figure  7-54: The mixture of aqueous dispersion of adenosine/GO and thymidine/GO after 2 

min shaking. 

  

The presence of complementary hydrogen bonding arrays, i.e. donor sites comprising 

the NH amide and NH amine, and acceptor sites comprising the O and N 

functionalities, allow ribonucleosides to oligomerise via hydrogen bonding.
497

 Thus, 

the interaction between ribonucleoside groups attached to GO shown in Scheme 7-5 

affects the dispersibility behaviour of ribonucleoside-rGO in H2O as polar solvents 

able to interact via H-bonds with the complementary sites of ribonucleoside.  

 

 

Scheme  7-5: Schematic representation of the recognition processes between complementary 

base pairs, adenosine-GO/thymidine-GO. 

 

The changes of structure from GO to ribonucleoside grafted GO are also reflected in 

the Raman spectroscopy. The Raman spectra of adenosine/GO and thymidine/GO are 

compared with GO, thymidine and adenosine in Figure 7-55.sipersions were drop 
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casted on silicon wafer and left to dry in air , their Raman were repeated at less 10 

times at different areas of the sample. 

 

Figure  7-55: A representative Raman spectra (532 nm) of adenosine (Black line), thymidine 

(Red line), GO (Blue line), adenosine/GO (Green line), thymidine/GO (Pink line). 

 

The Raman spectrum of GO displays broadened G band at 1597.6 ± 1.5 cm
–1 

and D 

band at 1344.0 ± 1.7 cm
–1

. Similar bands are seen in the Raman spectra of 

adenosine/GO and thymidine/GO. However, both composites show an additional 

band fused into their D band. This additional peak is assigned to presence of 

ribonucleosides. 
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7.3. Conclusion  

In this chapter, rGO was covalently and noncovalently functionalised with a series of 

biomolecules. It was found that nano-1 peptide had the highest capability in 

dispersing rGO compared to its short version, short nano-1 peptide. This suggests 

that increasing the number of hydrophobic residues (Phe, and Val) in the peptide’s 

sequence increases the amount of rGO that is dispersed. Thus, it is believed that this 

noncovalent dispersion depends on the adsorption of the hydrophobic face of the 

amphiphilic nano-1 peptide on the hydrophobic surface of a rGO sheet. However, the 

concentration of dispersed rGO by these peptides was found to less than that of 

purified SWNTs (Chapter 4). This is thought to be due the planarity of rGO surface 

and the helicity of the peptide. It was believed that the interaction of biomolecules 

with higher backbone flexibility can show a higher dispersion affinity towards rGO. 

Thus, a peptoid with an 18 residues was used in the dispersion of rGO. It was found 

that the concentration of rGO dispersed by the peptoid was higher than that of nano-1 

peptides. This shows that the flexibility of the peptoid’s backbone compared to the 

peptide’s backbone allows it to assembly on the flat rigid surface of the rGO sheets 

without disrupting the peptoid’s helicity.   

In a similar context, rGO was noncovalently functionalised with ribonucleosides, 

nucleobases, and ribose. The optical absorption of these composites indicated that 

ribonucleosides and its nucleases, and ribose moieties have very limited dispersion 

affinity towards rGO. Thus, it was that thought that there is a very weak π–π stacking 

interaction between the ribonucleosides and the hydrophobic surface of the rGO; due 

to the small ring size of the ribonucleosides they show very dispersion affinity 

towards rGO. However, they dispersion ability is still higher than nucleobases. This 
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is thought to be due the presence of the ribose moiety in ribonucleosides, which 

decreases its hydrophobicity and thus increases its solubility in water. In all pervious 

dispersions, the Raman spectroscopy of dispersion of rGO composites showed a shift 

in its G band comparing to rGO (control). This up shift provides evidence that the 

interaction mechanism between these biomolecules and rGO depends on the 

biomolecule’s aromatic residues via π stacking with the rGO surface. Furthermore, it 

supplies an evidence for a weak charge transfer between them. 

This chapter also studied the covalent functionalisation of rGO with a cell 

penetrating peptoid (CPPo), thymidine, and adenosine. In both cases, the rGO was 

converted to its acetylated form then reacted with the biomolecules. The 

concentration of the aqueous dispersion of CPPo/rGO, thymidine/rGO, and 

adenosine/rGO found to higher than the unmodified rGO. Furthermore, The TGA 

analysis of the covalently functionalised rGO with these biomolecules showed a 

higher weight loss than the unmodified rGO. This provided is further evidence for 

the covalent grafting of rGO with biomolecules. The Raman spectra of the covalent 

rGO composites shows increases in the ID/IG comparison with that of starting 

material, implying the functionalisation process of graphene skeleton has introduced 

an amount of structural disorder in the graphene lattice. 

 

. 

. 
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8.  Thesis Conclusion  

 

The focus of this thesis has been the exploration SWNTs and rGO covalent and 

noncovalent functionalisation with peptides, peptoids, and ribonucleosides in water 

to gain a better understanding on the factors that controls the dispersion of 

nanomaterials with biomolecules.  

The results in Chapter 4 showed that peptide N-terminus acetylation has a greater 

effect on short sequence peptide ability to disperse SWNTs compared to long 

sequence peptide. It was found that acetyled short nano-1 had a better tendency to 

disperse the purified SWNTs than its free N-terminus version. While N-terminus 

acetylation of long sequence nano-1 peptide did not a significant effect on their 

ability to disperse purified SWNTs.  

Additionally, the 
19

F NMR signal of fluorinated nano-1 peptide used to study the 

interaction between the peptide with the side wall of purified SWNTs disappeared 

from the spectra after its interaction with the nanotubes. This is thought to be due to 

peptide’s noncovalent bonding to the nanotube side wall. However, the signal did not 

appear after the sedimentation of nanotubes. This is thought to be due to the fact that 

the peptide has sedimented from the dispersion while still noncovently attached to 

the SWNTs.  

Finally, this chapter investigated the enzymatic degradation of peptide/SWNTs 

composite. It was found that when Ac nano-1 (6) was non-covalently mixed with 

SWNTs that it was enzymatically digested more slowly than short Ac nano-1 peptide 

(4) by trypsin. This thought to be due to the more rapid exchange that short Ac nano-
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1 peptide (6) will have between its SWNT bound and unbound forms compared to to 

full length Ac nano-1 (4) 

In Chapter 5 a series of chiral amphiphilic peptoids which vary in the number of 

aromatic residues on the hydrophobic surface of the helix yet have the same 

hydrophilic/hydrophobic ratio were synthesised. The absorption spectra of the 

peptoid/SWNTs dispersions revealed that the peptoids ability to disperse individual 

SWNTs increases with increasing the number of aromatic residues in the peptoid. 

Also the stability of these dispersions with respect to time has been studied. It was 

found that peptoid/purified SWNTs dispersion stability increased with increasing the 

number of residues in the peptoid. The Raman G band peak shift to higher 

frequencies suggested that peptoid acts as an electron acceptor and the SWNT acts as 

an electron donor (charge-transfer interaction). Altogether, these results suggest that 

the noncovalent peptoid/SWNT interaction does not perturb the electronic structure 

of SWNTs. In this context, designed peptoid may provide an accessible means to 

incorporate the desired electrical properties of SWNTs into biocompatible nanoscale 

electronic devices. TEM and AFM measurements reveal that the chosen peptoids are 

capable of fully coating the SWNT surface and dispersing individual SWNTs and 

will facilitate many applications of SWNTs to medical problems; such as artificial 

muscles or biomedical sensors that can be placed inside the human body. Hybrids of 

biomolecules and nanomaterials are promising candidates in the development of 

novel therapeutics and electronic devices. Since peptoids are known for their 

potential application as a drug due to their resistance to proteases and long life in the 

human body. The next step for this work would be to study the toxicity, cell 

penetration, and cellar uptake of the biological active peptoid/SWNT composite. 
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These biological tests will test the possibility of improving the biological activity of 

peptoids upon their interaction with CNTs. This will open the possibility of using 

peptoid/CNTs composites in biological and medical applications 

The noncovalent interaction of ribonucleosides, nucleobases, and ribose sugar with 

purified and oxidised SWNTs was investigated in Chapter 6. The results indicated 

the interaction of these biomolecules with oxidised SWNTs vary in the dispersion 

ability toward nanotubes depends on the number of oxygen-containing functional 

groups on the nanotube’s surface and the competition between water molecules 

which can from hydrogen bonds with oxidised nanotubes, with ribonucleosides and 

nucleobases over adsorption sites. Additionally, it was found that mixing two 

complementary ribonucleoside/oxidised SWNTs resulted in precipitation of the 

nanotube due to the Watson Crick pairing. These results suggest that the interaction 

depends on a nonhydrophobic interaction between the nucleobase moiety in a 

ribonucleoside interacts with oxygen functional groups on nanotube surface. While, 

its ribose sugar moiety interacts with water molecules. This interaction will 

undoubtedly provide a new and exciting playground in the ribonucleosides self-

assembly for the development of novel make functional architectures. 

Finally, in Chapter 7 the noncovalent and noncovalent functionalisation of rGO with 

series of biomolecules including peptide, peptoid, and ribonucleosides has been 

studied.  

The aqueous dispersion of rGO with peptides and peptoids indicated that the 

interaction of rGO with biomolecules with higher backbone flexibility can show 

higher dispersion affinity towards rGO. Thus, the concentration of rGO dispersed by 
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the peptoid was higher than that of nano-1 peptides. This shows that the flexibility of 

the peptoid’s backbone compared to the peptide’s backbone allows it to assembly on 

the flat rigid surface of the rGO sheets without disrupting the peptoid’s helicity. 

In a similar context, rGO noncovalently functionalised with ribonucleosides, 

nucleobases, and ribose was studied. The optical absorption of these composites 

indicated that ribonucleosides and its nucleases, and ribose moieties have very 

limited dispersion affinity towards rGO. Thus, it was that thought that there is a very 

weak π-π stacking interaction between the ribonucleosides and the hydrophobic 

surface of the rGO; due to the small ring size of the ribonucleosides they show very 

dispersion affinity towards rGO. However, they dispersion ability is still higher than 

nucleobases. This is thought to be due the presence of the ribose moiety in 

ribonucleosides, which decreases its hydrophobicity and thus increases its solubility 

in water. The Raman G band peak up shift provides evidence that the interaction 

mechanism between these biomolecules and rGO depended on the biomolecule’s 

aromatic residues via π stacking with the rGO surface. Furthermore, it supplies an 

evidence for a weak charge transfer between them. 

Finally this chapter studied the covalent functionalisation of rGO with a cell 

penetrating peptoid (CPPo), thymidine, and adenosine. In functionalisations, the rGO 

was converted to its acetylated form then reacted with the biomolecules. Although 

the concentration of the aqueous dispersion of CPPo/rGO, thymidine/rGO, and 

adenosine/rGO was very limited, it was higher than the concentration of unmodified 

rGO in water. 
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9. EXPERIMENTAL SECTION 

 

9.1. Materials and Reagents  

All reagents used in this project were purchased from Sigma Aldrich and used 

without further purification unless otherwise specified. Peptide synthesis grade DMF 

was obtained from AGTC Bioproducts (Hessle, UK), PyBOP from Apollo Scientific 

(Stockport, UK) and NMR solvents which were purchased from Cambridge Isotopes 

Inc., supplied by Goss Scientific (Crewe, UK). All resins were purchased from 

Novabiochem (Darmstadt, Germany). These chemicals were used without further 

purification and stored under appropriate conditions, as detailed in the 

manufacturer’s instructions. Solvents were removed under reduced pressure using a 

Büchi Rotavapor R11. The following centrifuges were used: an Eppendorf centrifuge 

5415D (for 1.5 mL tubes). Aqueous solutions were lyophilised using a Christ Alpha 

1-2 LD Plus freeze-drier. 
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9.2. Equipment Methodology 

9.2.1. Raman Spectroscopy 

Raman spectra were recorded using a Horiba Jobin Yvon LabRam Evolution HR 

spectrometer in a back scattered confocal configuration using a Nd:YAG laser (532 

nm, 2.33 eV.) for graphene based nanomateriales and He:Ne Laser (633 nm, 1.96 

eV.) for carbon nanotube samples. The spectrometer was equipped with a CCD 

detector.  The samples were prepared by drop casting them onto silicon slides then 

left to dry in air before analysing. All spectra were referenced to the position of the 

A1g Raman active mode of Silicon at 520 cm
-1

. All spectra were nomliaed to the G 

band. Analysis of the data was performed using the proprietary Labspec 6 data, 

where peak fits were obtained using classical least square (CLS) fitting with 

lineshapes that were permitted to have asymmetric, Gaussian and Lortenzian 

character.  

 

9.2.2. Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) Spectroscopy  

UV-vis spectroscopy was performed on a Perkin Elmer Lambda 900 UV/Vis/NIR 

spectrometer over a wavelength range of 200 – 1300 nm. Where necessary the 

samples were diluted prior to measurement, such that the absorbance of the sample 

remained below 2.5, and the absorbance of the original solution was found by 

multiplying the obtained value by the dilution factor. Measurements were taken 

using 0.2 cm paired quartz cuvettes for the sample and the blank. 
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9.2.3. Sonication of Carbon Nanomaterials 

Dispersions of graphitic material were prepared by probe sonicating (probe model: 

Cole Parmer Ultrasonic Processor (750 W), ¾” probe tip) 1 mg of the sample in 1 mL 

of selected solvent for 15 min for CNTs and 20 min for graphene nanomaterials (30 

% amplitude, pulse 5 sec on: 5 sec off (total time 30 min and 40 min, respectively)). 

External ice baths was used to cool the mixture during sonication. Then the 

dispersion is centrifuged at 6.000 rpm for 90 sec.  

 

9.2.4. Atomic Force Microscopy (AFM) 

Analyses were carried out in Tapping‐Mode (TM‐AFM), in air at r.t., using a using a 

Nanoscope IV scanning probe microscop. The surfaces for AFM analyses were 

prepared as follows: the carbon nanomaterial dispersion was drop casted on a freshly 

cleaved mica surfaces. Then they left to dry in air. Surfaces were imaged with nitride 

‐doped silicon tips (cantilever: thickness = 25 μm, length = 25 μm, frequency f0 = 70 

kHz, force constant k = 0.4 N/m; Veeco). Analysis of the AFM images was carried 

out using Nanscope analysis 1.5 software.  

 

9.2.5. Transmission electron microscopy (TEM) 

Microscopy was conducted on a JOEL-2100 FEG TEM operated at 80 kV under high 

vacuum conditions. Samples for TEM were prepared by drop depositing onto holey 

carbon TEM grids (Cu, 300 mesh, SPI Supplies) a dispersion of the nanomaterial. 

https://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&sqi=2&ved=0CCEQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FTransmission_electron_microscopy&ei=bFEEVfO_OIqM7Qag14DICA&usg=AFQjCNHRCrsXRKv53Ccz9lQiv8t-xg7Gag&sig2=Zwsb7qWSlypxIM-nq2PoRA
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Samples were left to dry in air before imaging and then loaded into the TEM using a 

Gatan model 914 single tilt holder. HRTEM images were collected on a Gatan Orius 

camera. Data analysis was conducted using the proprietary Digital Micrograph 

software. 

 

9.2.6. Thermogravimetric Analysis (TGA) 

TGA was carried out using a Perkin Elmer Pyris I. Carbon samples (1 – 10 mg) were 

heated in a ceramic boat from 30 – 120  C/10 
°
C per min, the temperature was then 

held at 120 °C for 30 min to remove any residual solvent. After this the sample was 

heated under compressed air in a ceramic pan from room temperature to 900 
°
C at a 

rate of 10 
°
C per min. 

 

9.2.7. Thermogravimetric Analysis – Mass Spectrometry (TGA-MS) 

TGA– MS was performed on a Perkin-Elmer Pyris 1 TGA in a helium atmosphere. 

The TGA was coupled to a HIDEN HPR20 mass spectrometer which used evolved 

gas analysis to determine the released species. Carbon samples (1 – 3 mg) were 

heated in a ceramic boat from 30 – 120  C/10 
°
C per min, the temperature was then 

held at 120 °C for 30 min, and then heated to 900 °C at a rate of 10 
°
C per min. 

. 
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9.2.8. Mass Spectroscopy (MS) Liquid Chromatography Electrospray 

Ionisation Mass Spectrometry (LC-MS) 

Analytical LC– MS data were obtained using a triple quadrupole mass spectrometer 

equipped with an Acquity UPLC (Waters Ltd, UK) and a photodiode array detector. 

Samples were injected onto the Acquity UPLC BEH C8 column 1.7 μm (2.1 mm × 

50 mm) with a flow rate of 0.6 mL min
-1

 and a linear gradient of 5–95 % of solvent 

B over 3.8min (A = 0.1 % formic acid in H2O, B = 0.1 % formic acid in MeCN). The 

flow was introduced into the electrospray ion source of the Aquity TQD mass 

spectrometer. 

 

9.2.9. Matrix Assisted Laser Desorption/Ionisation-Time of Flight Mass 

Spectrometry (MALDI-TOF MS) 

MALDI-ToF mass spectra were obtained using an Autoflex II ToF/ToF mass 

spectrometer with a 337 nm nitrogen laser (Bruker Daltonik GmBH) operating in 

positive mode. Samples were dissolved in 1:1 deionised water (0.1 % TFA)/MeCN. 

The sample solution (1mg mL
-1
) was mixed with the matrix solution (an α-cyano-4-

hydroxycinnamic acid matrix) in a ratio of 1:9 and 1 µL of this was spotted onto a 

metal target and placed into the MALDI ion source. 
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9.2.10. Circular Dichroism Spectroscopy (CD) 

Circular dichroism measurements were conducted using a Jasco Model J-1500 

spectropolarimeter fitted with a Jasco J815 MCB-100 mini circulation bath. All 

measurements were carried out using 0.1 cm path length and 500 µL quartz cuvette. 

The peptoid and peptide concentration are based on their dry weight after 

lyophilisation. Samples were made to 1 mM in distilled water, and then diluted to 50 

µM for the peptoid and 100 μM for the peptide in a phosphate buffered solution 

(PBS). 300 µL of this solution was transferred to a cuvette for the measurements. All 

data collection was taken at room temperature and data was collected as an 

accumulation of 10 measurements, adjusted by the background spectrum of the PBS 

buffer. Scans were conducted at 50 nm/min between 260 – 190 nm, 1 nm data pitch, 

5 mdeg sensitivity and a 2 sec response. 

Mean residue molar ellipticity [θ] was obtained using the equation: 

θ] =  

Where θobs is measured ellipticity (degrees), M is the molecular weight (g mol
-1

), n 

is the number of residues, l is path length (cm), and c is the concentration of 

biomolecule (mg mL
-1

). 

 

9.2.11. High Performance Liquid Chromatography (HPLC) 

Crude biomolecules (peptides, and peptoids) were purified by reversed-phase high-

performance liquid chromatography (RP-HPLC) using a Speck and Burke Analytical 
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C-18 column (5.0 µm, 10.0 x 250 mm) attached to a PerkinElmer Series 200 LC 

Pump and 785A UV/Vis Detector. For preparative runs, concentrations up to 30 mg 

mL
-1

 (1.0 mL) were injected and peak fractions of interest pooled and lyophilised. 

All samples were prepared by dissolving their crude powder in H2O/acetonitrile then 

centrifuged before injection to remove undissolved material. A flow rate of 2 mL 

min
-1

 was used for all separations. The aqueous phase (solvent A) consisted of a 

mixture (v/v) 95 % H2O/5% CH3CN with 0.1 % TFA while the organic phase 

(solvent B) consisted of a mixture (v/v) 5 % H2O/95 % CH3CN with 0.1 % TFA. 

Initial injections of each biomolecule sample were set to 45 to 90 min for linear 

gradients of 0-100 % of solvent B to detect different compound peaks, and either 

shorter times or shorter gradients (from solvent A to B) applied for subsequent 

injections depending on each peptide sequence. A UV-Vis lamp was used as detector 

and 280 nm was the wavelength selected in all cases to monitor and detect the 

chromophore of the aromatic residue–which was part of the synthesised peptides and 

peptoids sequence. 

 

9.2.12. Nuclear Magnetic Resonance (NMR) 

1
H, 

13
C, 

19
F NMR spectra were obtained on the following machines; Varian 

Mercury-400 and 700 MHz, Varian VNMRS-600 MHz and Bruker Avance-400 and 

700 MHz spectrometers. Chemical shifts are reported in parts per million (δ ppm) 

and are referenced to residual solvent peaks. J couplings are reported in megahertz 

(MHz). Multiplicities: s = singlet, d = doublet, dd = doublet of doublets, ddd = 

doublet of doublet of doublets, dt, doublet of triplets, m = multiplet, t = triplet, q = 
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quartet, bd = broad doublet, bs = broad singlet, app s = apparent singlet, app d = 

apparent doublet, app t = apparent triplet, app td = apparent triplet doublet. All 

organic synthesis reactions were monitored by TLC using Merck precoated silica gel 

plates.  

 

9.3. General experimental procedures 

9.3.1. Negishi Chemistry 

Acid washed zinc dust (4.00 eq.) was placed in a pyrex test tube flask fitted with a 

screw top that could b opened when chemicals were added at the time that vacuum or 

argon were applied. The reaction flask was evacuated under heating at 100 ˚C for at 

least 30 minutes with vigorous stirring. After this the reaction mixture was cooled to 

70 ˚C and vacuum line stopped, then placed under a positive pressure of argon. Then 

anhydrous DMF (0.5 mL) and I2 (0.015 g) were added and the light grey suspension 

stirred for a further 20 min. The reaction mixture was then cooled to 50 ˚C followed 

by the addition of the corresponding iodoalanine (1.00 eq.) in anhydrous DMF (0.5 

mL). After stirring for 20 minutes under argon, addition of the catalyst Pd(dba)2 

(0.03 eq.), the 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl (SPhos) (0.010 eq.) 

and the relevant aryl halide (1 eq.) were added and the resulting black mixture stirred 

at 50 ˚C under argon for a minimum of 5 hours. The reaction mixture was sealed to 

keep in the Argon and cooled to room temperature whilst stirring overnight. The 

cooled reaction mixture was purified via column chromatography without work-up 

(SiO2; 80/20 hexane/EtOAc → 100 % EtOAc and if impure a second column was 

run using SiO2; 100 % CH2Cl2).  
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9.3.2. Fmoc-SPPS Peptide Synthesis  

9.3.2.1. Microwave Assisted Automated Fmoc-SPPS 

Peptide syntheses were undertaken on a CEM Liberty microwave peptide synthesiser 

fitted with a Discover microwave unit and a 30 mL PTFE reaction vessel. Pre-

synthesis swelling of the resin was carried out in DMF for 1 h at room temperature. 

Microwave assisted coupling cycles were carried out for 10 min at 75 °C (25 W) 

with amino acid (5.0 eq.), TBTU (5.0 eq.) and DIPEA (10.0 eq.). In the case of 

double couplings, the vessel was drained after the first cycle and coupling cycle was 

repeated with fresh reagents. The Fmoc deprotection step was carried out for 10 min 

at 75 °C (45 W) with a solution of 20 % piperidine in DMF.  

 

9.3.2.2. Manual Fmoc-SPPS 

Manual SPPS was carried out at room temperature for 2 hours with amino acid (4.0 

eq.), TBTU (5.0 eq.) and DIPEA (10.0 eq.) in a fritted polypropene vessel. For 

successive couplings the vessel was drained after the each coupling cycle and the 

coupling cycle was repeated with fresh reagents. The Fmoc deprotection step was 

carried out for 15 min with a solution of 20 % piperidine in DMF, followed by a 

further treatment for 15 min with a fresh solution of 20 % piperidine in DMF. In all 

steps agitation was provided by rolling.  
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9.3.2.3. Peptide Cleavage  

Pre-cleavage the peptide-resins, in a fritted polypropene vessel, were washed with 

DCM (x 3) and ether (x 3) and left to air dry for 5 min. Subsequently the peptide-

resins were treated with a (4 mL per 0.1 mmol of resin) solution of 2.5 % TIPS and 

2.5 % H2O in TFA for 4 h at room temperature. The resin was then removed by 

filtration and the filtrate was added dropwise to ice-cold diethyl ether. After 

centrifugation the supernatant was removed and the pellets suspended in fresh ether 

and centrifuged again. Following further centrifugation, the supernatant was 

discarded. The resulting solid peptide was dissolved in deionised water and 

lyophilised. 

 

9.3.2.4. Peptide Sequences Capping 

Acetylation of the peptide N-terminus was accomplished by suspending the peptide-

resin in a 20 % (v/v) solution of acetic anhydride in DMF in a fritted polypropene 

vessel for 45 min. For successive acetylation the vessel was drained after the 

acetylation reaction was repeated with fresh reagents. 

 

9.3.3. Synthesis of Peptoids (Carried out by Hannah L. Bolt, Cobb Group) 

Fmoc-protected Rink Amide resin (normally 100 – 300 mg, 0.1 – 0.3 mmol) was 

swollen in DMF (minimum 1 h, room temperature, overnight preferred) and 

deprotected with piperidine (20 % in DMF v/v, 2 x 20 min). After DMF washing, the 
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resin was treated with bromoacetic acid (8 eq. wrt. resin, 2 M in DMF) and DIC (8 

eq. wrt. resin, 2 M in DMF) for 15 min at 50 ˚C on a heated shaker with a metal 

block (400 rpm). The resin was washed three times with DMF, before the desired 

amine submonomer was added (4 eq. wrt. resin, 1 M in DMF) and allowed to react 

for 15 min at 50 ˚C. The resin was washed three times with DMF again. The 

bromoacetylation and amine displacement steps were repeated until the final 

submonomer had been added and the desired peptoid sequence had been obtained. 

Cleavage was performed with TFA (95 %), TIPS (2.5 %) and H2O (2.5 %) for 90 

min at room temperature. The cleavage cocktail was collected in a 50 ml falcon tube 

and precipitated with 50 mL diethyl ether. The solution was centrifuged for 15 min at 

5,000 rpm. Afterwards, the ether phase was decanted. The crude was dissolved in 

acidified H2O (with 0.1 % TFA) or a mixture of acidified H2O and MeCN, and 

lyophilized. The crude products were redissolved in acidified H2O (with 0.1 % TFA) 

or a mixture of acidified H2O and MeCN, and purified by RP-HPLC. A typical 

method used for the purification was 0 – 50 % B over 60 min then 50 – 100 % B 

over 15 minutes (A = 0.1 % TFA in 95 % H2O and 5 % MeCN, B = 0.1 % TFA in 5 

% H2O and 95 % MeCN) at 250 nm wavelength. Relevant fractions were collected, 

lyophilised and analysed by LC-MS and MALDI-TOF. 
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9.4. Peptide Synthesis 

9.4.1. Synthesis of Nano-1 First Section (1) 

General procedure for microwave assisted automated Fmoc-SPPS synthesis outlined 

in Section 9.3.2.1 was followed on a 0.10 mmol scale with rink amide resin (0.77 

mmol g
-1

). Fmoc-His(Trt)-OH double coupling was carried out at a reduced 

temperature (10 min at 50 °C (25 W). The peptide left on resin. The MALDI-MS m/z 

[M + H]
+
 = 1962.8. 

 

9.4.2. Synthesis of Nano-1 peptide (2) 

The synthesised first section of nano1- peptide (1) was reloaded into CEM and the 

automated Fmoc-SPPS synthesis (Section 9.3.2.1) was continued to from nano-1 

peptide (2). A small amount of the synthesised peptide was cleaved for 

characterisation (MALDI-MS [M + H] 
+
 = 3312.8).   

 

9.4.3. Synthesis of Free N-terminus Nano-1 (3) 

Half of the synthesised nano-1 peptide (2) manually cleaved form the resin (Section 

9.3.2.3), purified by HPLC (Section 9.2.11). Maldi TOF MS proves the formation of 

the acetylated nano-1,3, MALDI [M + H]
+
 = 3312.8.   

 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CEQQFjAA&url=http%3A%2F%2Fwww.abrf.org%2FABRFNews%2F1997%2FJune1997%2Fjun97lennon.html&ei=1KmiT6GoIK7P4QTV8syCCQ&usg=AFQjCNFoApfg40pWNOyiwTwV00qqrtYNsg&sig2=_Q4qisrFqlI-fMvxZZhRwQ
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CEQQFjAA&url=http%3A%2F%2Fwww.abrf.org%2FABRFNews%2F1997%2FJune1997%2Fjun97lennon.html&ei=1KmiT6GoIK7P4QTV8syCCQ&usg=AFQjCNFoApfg40pWNOyiwTwV00qqrtYNsg&sig2=_Q4qisrFqlI-fMvxZZhRwQ
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CEQQFjAA&url=http%3A%2F%2Fwww.abrf.org%2FABRFNews%2F1997%2FJune1997%2Fjun97lennon.html&ei=1KmiT6GoIK7P4QTV8syCCQ&usg=AFQjCNFoApfg40pWNOyiwTwV00qqrtYNsg&sig2=_Q4qisrFqlI-fMvxZZhRwQ
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9.4.4. Synthesis of Acetylated N-terminus Nano-1 Peptide (4) 

The second half of nano-1 peptide (2) was acetylated following the method outlined 

in Section 9.3.2.4. Finally the peptide cleaved from the resin (Section 9.3.2.3) and 

purified by RP-HPLC (Section 9.2.11). MALDI confirms the formation of the 

acetylated nano-1, 4, m/z [M + H]
+
 = 3353.4 

 

9.4.5. Synthesis of Free N-terminus Short Nano-1 Peptide (5) 

The synthesis of short nano-1 peptide was carried out using the automated Fmoc-

SPPS synthesis (Section 9.3.2.1) on 0.05 mmol scale with rink amide resin (0.77 

mmol g
-1

). MALDI proves the successful synthesis of free-N terminus short nano-1 

peptide, 3, m/z [M + H]
+
 = 1141.6.  

 

9.4.6. Synthesis of Acetylated Short Nano-1 Peptide (6) 

Acetyled short nano-1 peptide (6) synthesised following the general Fmoc-SPPS 

synthesis on a 0.05 mmol scale with rink amide resin (0.77 mmol g
-1

). Then N 

terminus of the peptide was acetylated by method outlined in Section 9.3.2.4. 

Finally, it is cleaved from the resin using the procedure outlined in Section 9.3.2.3. 

The peptide was purified by RP-HPLC (Section 9.2.11). Acetylated N-terminus short 

nano-1 peptide MALDI, 6, m/z [M + Na]
+
 = 1205. 
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9.4.7. Synthesis of Fluorinated Nano-1 Peptide (13)   

The resin attached first section nano-1 (1) was manually double coupled to the 

synthesised fluorinated amino acid (12) following the general manual peptide 

synthesis outlined in Section 9.3.2.2. A small amount of the peptide was cleaved for 

characterization (MALDI-MS m/z [M
+
 + H] =2203.2 confirmed that product. Then 

the peptide-resin was reloaded into CEM and the automated Fmoc-SPPS synthesis 

(Section 9.3.2.1) was continued to from fluorinated amino acid (12). Finally, the 

peptide was cleaved from the resin using the procedure outlined in Section 9.3.2.3. 

The peptide was purified by RP-HPLC (Section 9.2.11).  

 

9.5. Synthesis of Peptoids 

The following table shows the amine sub-monomers used to synthesise peptoids. All 

peptoids were synthesised (Section 9.5), cleaved from the resin and purified by RP-

HPLC. 

Monomer Chemical Structure Amine Sub-monomer 

 

Nlys 

N-(4-aminobutyl) glycine 

 

 

N-Boc-1,4-diaminobutane 

 

Nspe  

N(S-phenylethyl) glycine 

 

(S)-(−)-α-

Methylbenzylamine 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CEQQFjAA&url=http%3A%2F%2Fwww.abrf.org%2FABRFNews%2F1997%2FJune1997%2Fjun97lennon.html&ei=1KmiT6GoIK7P4QTV8syCCQ&usg=AFQjCNFoApfg40pWNOyiwTwV00qqrtYNsg&sig2=_Q4qisrFqlI-fMvxZZhRwQ
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Nphe  

N-(phenylmethyl) glycine 
 

Benzylamine 

Nglu                                       

N-(2-carboxyethyl) glycine 

 

 

Table1: Monomers and sub-monomer precursors used for peptoid synthesis.  

 

Sequence LC-MS 

m/z = [M+H]
+
 

*m/z = [M+2H]
2+

 

Accurate Mass  

m/z = [M+2H]
2+

 

RP-

HPLC 

Elution 

(% 

MeCN) 
Calculated Observed Calculated Observed 

(NlysNspeNspe)2 (14) 917.55 917.58 459.7842 459.7801 34% 

(NlysNspeNspe)3 (15) 1368.82 1368.26 684.9157 684.9142 35% 

(NlysNspeNspe)4 (16) 1819.08 1818.97 910.0473 910.0494 40% 

(NlysNspeNspe)6 (17) *1360.30 *1360.73 1360.8119 1360.8058 47% 

(Ac-Nglu-Nlys-Nlys-

Nlys-Nphe) (18) 

719.43 720.17 - - 45% 

Table 2: Analysis data for synthesised peptoids 

 

9.6. Synthesis of Small Organic Molecules  

9.6.1. (S)-tert-butyl-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-

hydroxypropanoate  (9) 

t-Bu-2,2,2,-trichloroacetimidate (2.03 g, 9.29 mmol) in 

EtOAc (20 ml) was added to a stirred solution of  

Fmoc-Ser-OH, 8 (2.0 g, 6.14 mmol) and the resulting 

solution was left to stir overnight. Solvent was removed under reduced pressure and 

the crude product obtained was purified via column chromatography (Hex-EtOAc, 

80:20) to yield the desired product, 9 (1.50 g, 63 %) as a white solid. m.p: 130 
o
C;                    

1
H-NMR δH (400 MHz; CDCl3), 1.49 (s, 9H, CO2

t
Bu), 3.92 (dd, 2H, J = 11.0 β-

CH2), 4.23 (m, 1H, J = 7.5 Fmoc-CHCH2), 4.32 (m, 1H, J = 7.6, α-CH), 4.41 (d, 2H, 

J = 7.1, Fmoc-CHCH2), 5.68 (d, 1H, J = 6.8, NH), 7.30 to 7.33 (appt, 2H, Fmoc-
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ArH), 7.38 to 7.42 (appt, 2H, Fmoc-ArH), 7.60 (d, 2H, J = 7.2, Fmoc-ArH), 7.78 (d, 

2H, J = 7.3, Fmoc-ArH); Spectral data obtained matched that previously 

reported
241,498

. 
1
H-NMR analysis of the product after column purification showed a 

minor impurity. The impurity was removed by re-dissolving the product in ether (20 

ml) and washing with water (3× 10 ml).  

 

9.6.2.  (R)-tert-butyl-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-iodo-

propanoate (10) 

PPh3 (0.99 g, 3.78 mmol), imidazole (0.25 g, 3.78 

mmol) and iodine (0.96 g, 3.78 mmol) were added 

sequentially to a stirred solution of 9  (1.50 g, 3.91 

mmol) in DCM (20 ml) and the reaction mixture as left to stir at rt for 16 h. Removal 

of the solvent under reduced pressure provided the crude product which was purified 

via column chromatography (Hex-EtOAc, 90:10) to afford 10 (1.00 g, 68%) as a 

thick yellow oil. 
1
H-NMR (400 MHz; CDCl3), 1.51 (s, 9H, CO2

t
Bu), 3.59 (dd, 2H, J 

= 3.3, 2.0 Hz, β-CH2), 4.23 (t, 1H, J = 7.2 Hz, Fmoc-CHCH2), 4.33 (dd, 1H, J = 10.4, 

7.2 Hz, α-CH), 4.44 – 4.37 (m, 2H, Fmoc-CHCH2), 5.66 (d, 1H, J = 6.7 Hz, NH), 

7.75 (d, 2H, J = 7.5 Hz, Fmoc-ArH), 7.60 (d, 2H, J = 7.4 Hz, Fmoc-ArH), 7.39 (appt, 

2H, J = 7.2 Hz, Fmoc-ArH), 7.31 (m, 2H, J = 7.5, 2.6, 1.0 Hz, Fmoc-ArH); MS (ESI 

+ve) m/z 516.3 [M + Na]
 +

. Spectral data obtained for 10 matched that previously 

reported.
499,500
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9.6.3. (S)-tert-butyl-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-

(trifluoromethyl)phenyl)propanoate (11). 

The synthesis of the amino acid was performed using the 

Negishi reaction outlined in Section 6.2.1. After finishing the 

reaction, the solvent was removed under reduced pressure 

provided the crude product which was purified via column 

chromatography (Hex-EtOAc, 70:30) to afford the purified product 11 (0.29 g, 65%) 

as a white solid. vmax (solid)/cm
-1

 2979 (w, C-H), 2239.7 (w, C≡N), 1719.6 (s , bd 

C=O amide), 1500.6 (m, bd N-H), 1450.2 and 1369.5 (m, C-H), 1318.5 (m, C-N), 

1286.5 and 1258.4 (C-O ester), 1176.6 and 1136.7 (s, bd C-F), 1050 (C-O ester), 794 

and 740 (m, bd C-H); 
1
H-NMR (400 MHz; CDCl3), 1.39 (9H, s, CO2

t
Bu), 3.19 (dd, 

2H, J = 10.8, 6.3, β-CH2), 4.18 (t, 1H, J = 6.8, Fmoc-CHCH2), 4.41-4.35 (m, 1H, α-

CH), 4.50 (dd, 2H, J = 19.1, Fmoc-CHCH2,), 5.33 (d, 1H, J = 7.6, NH), 7.30 (appt, 

2H, Fmoc-ArH), 7.39 (m, 2H, Fmoc-ArH), 7.56 (m, 2H, Fmoc-ArH), 7.71 (m, 1H, 

ArH), 7.76 (d, 2H, ArH) 7.90 (m, 1H, ArH), 7.99 (m, 2H, ArH), 8.01 (m, 1H, ArH);
 

13
C-NMR δC (100 MHz; CDCl3) 169.5, 155.5, 143.5 (d, 1C, J = 12.5), 142.4 (d, 1C, 

J = 38.5), 141.3 (d, 1C, J = 5.2), 135.7, 134.6, 133.3, 130.0, 127.8, 127.0 (d, 1C, J = 

3.1), 125.6 (m, 1C, CF3), 125.5 (d, 1C, J = 10.2), 120.0 (d, 1C, J = 3.6), 115.3, 114.7, 

108.63, 83.5, 66.9, 54.6, 47.3, 38.3, 27.9 (d, J = 7.0 Hz) ; F-NMR δF (376 MHz; 

CDCl3) -62.84 (bs, 2F, Ar-CF3), -62.97 (bs, 1F, Ar-CF3); MS (ESI +ve) m/z 

537.1999 [M + H]
 +

. 
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9.6.4. (S)-tert-butyl-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-

(trifluoromethyl)phenyl)propanoic acid  (12) 

Trifluoroacetic acid (4 ml) was added dropwise to a 

solution of 11 (0.29 g, 0.54 mmol) in DCM (4 ml). The 

resulting solution was stirred at room temperature for 

5h. Removal of the solvent under reduced pressure and 

the residue washed and concentrated twice with ether 

(10 ml). This yielded the product 76%. 
1
H-NMR δH (400 MHz, CDCl3), δH 3.33 (dd, 

1H, J = 13.8, 5.6 Hz, β-CH2, 3.17 (dd, 1H, J = 14.0, 5.2 Hz, β-CH2), 4.16 (appt, 1H, J 

= 6.2 Hz, Fmoc CHCH2), 4.51–4.37 (m, 2H, Fmoc CHCH2), 4.67 (d, 1H, J = 6.5 Hz, 

α-CH), 5.27 (d, 1H, J = 7.3 Hz, NH), 7.28 (m, 2H, J = 7.4, Fmoc-ArH), 7.35 (m, 2H, 

J = 7.4, Fmoc-ArH),7.39 (m, 1H, J = 7.6, ArH), 7.50 to 7.55 (m, 2H, Fmoc-ArH), 

7.69 (m, 1H, ArH), 7.75 (appd, 1H, ArH,), 7.90 (appd, 1H, J = 8.4, ArH), 8.00 (appt, 

2H, J = 7.6, Fmoc-ArH), 12.89 (1H, s, CO2H). 
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9.7. Preparation of CNTs  

9.7.1. Purification of SWNTs 

As-synthesised SWNTs produced by the HiPco method and supplied by Unidym, 

USA (6 wt % Iron impurities, 35 wt % Ash impurities) were purified by heating in 

air at 400 °C for 30 min, then soaking in 6.0 M HCl at rt. overnight. They were then 

filtrated over a polycarbonate membrane (0.45 μm), and washed with copious 

amounts of high-purity water until pH-neutral. Finally, the nanotubes were dispersed 

in ethanol, filtered, removed from the membrane and allowed to dry in vacuum oven 

overnight at 60 °C.  

 

9.7.2. Oxidation of SWNTs 

Two batches of oxidised HiPco SWNTs were prepared. Purified HiPco SWNTs (100 

mg) were refluxed in 100 mL nitric acid (2 M, and 8 M) for 4 h at 120 °C to yield     

2 M and 8 M oxidised HiPco SWNTs, respectively. Following the reflux, both 

samples were treated similarly: after the sample had cooled it was filtered over a 

polycarbonate membrane (0.45 μm), and then rinsed with water, until the filtrate was 

colourless and reached the pH of the distilled water. The sample was then washed 

with 500 mL of sodium hydroxide (NaOH, 0.05 M), producing a yellow/brown 

filtrate. The base washing was continued until the filtrate is colourless. The resulting 

nanotubes were then washed with distilled water until neutral. Finally, the product 

was washed with hydrochloric acid (HCl, 0.05 M, 500 mL) and again returned to 

neutral with distilled water. Finally, the oxidised nanotubes were dried in a vacuum 

oven at 60 °C for 24 h.  
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9.8. Preparation of Graphene Based Nanomaterials  

9.8.1. Synthesis of Graphene Oxide  

Graphene oxide was synthesised using Hummer’s method
380

 as shown Figure 1:  

 

Figure 1: Synthesis of GO by Hummer’s method.  

 

Firstly, graphite powder (1.0 g, 1.0 eq. wt.) and sodium nitrate (NaNO3, 0.5 g, 0.5 eq. 

wt.) were dispersed by stirring in concentrated sulphuric acid (H2SO4, 23 mL, S.G. 

1.83, 1 eq. wt.) at 0 °C using a Grant LTD6G recalculating cooler. Then potassium 

permanganate (KMnO4, 3 g, 3.0 eq. wt.) was slowly added to the suspension, 

ensuring that the reaction temperature did not rise above 10 °C. Then the reaction 

was heated to 35 °C in a water bath for 30 min, during this time the viscosity of the 

reaction mixture increased greatly and it becomes difficult to stir. High purity water 

(46 mL, 2.0 eq. vol.) was then added causing an exothermic reaction to occur. This 
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increase in temperature was supplemented with external heating and the reaction was 

heated to 95 °C for 15 min. Following this, the reaction was cooled to room 

temperature and decanted into 140 ml (6.1 eq. vol.) of high purity water. The 

remaining active manganese species were quenched by the addition of H2O2 (1 mL, 

30 %) over a period 15 min. The colour of the suspension changed to bright yellow. 

Secondly, several workups were followed to isolate and purify the graphite oxide 

produced by the reaction; centrifugation and washing with high purity water until 

neutral. Finally, graphite oxide samples were exfoliated to form GO by probe 

sonication. Samples were dispersed in high purity water at concentrations of 1.0 mg 

ml
-1

 and probe sonicated for a total of 40 min (Section 9.2.3). 

 

9.8.2. Synthesis of Reduced Graphene Oxide (rGO) 

Exfoliated GO at a concentration of 1.0 mg mL
-1

 in high purity water was added to 

hydrazine monohydrate (N2H4. H2O, 1.0 μL per 3 mg of GO) and refluxed at 80 °C 

for 24 h. The solution quickly changed from a dark brown to a black colour, 

indicative of the formation of rGO. Then the reaction was cooled to room 

temperature and the rGO produced was isolated via vacuum filtration over a 

polycarbonate membrane (pore size 0.25 μ).  
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9.8.3. Synthesis of Oxidised rGO (Oxi-rGO) 

(100 mg) of rGO was refluxed in 100 mL of 8 M HNO3 for 24 h at 100 °C. The 

oxidised rGO was collected via vacuum filtration over a polycarbonate membrane 

(0.25 μ), then rinsed with deionised water, dried in vacuum at 60 °C overnight. 

 

9.8.4. Synthesis of Synthesis of Acylated-rGO (rGO-COCl) 

The oxidised rGO (100 mg) was refluxed in a mixture of thionyl chloride (SOCl2, 5 

mL) and dimethylformamide (DMF, 20 mL) at 80 °C overnight. Then filtered via 

vacuum filtration over a polycarbonate membrane (pore size 0.45 μm), and washed 

with dry DMF. 

 

9.8.5. Synthesis of EDA-rGO 

(100 mg) of acylated-rGO (rGO-COCl) was stirred in 10 mL of 50:50 mixture of 

ethylene diamine (EDA) and dimethylformamide (DMF) under nitrogen atmosphere 

at rt. over night. Then washed with ethanol several times and dried at 60 °C 

overnight in vacuum. 
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9.8.6. Synthesis of CPPo-rGO 

A mixture of 15.0 mg CPPo (18), 8.0 mg PyBOP, 10.0 ml DIEA in 3 ml anhydrous 

DMF was prepared in order to enhance activation of carboxyl groups by DIEA. After 

15 min of activation, EDA-rGO (10.0 mg) dispersed in anhydrous DMF (15 mL) 

were added to the mixture. The obtained mixture was then sonicated for 4 h at 40 °C. 

The product was then diluted with 300 mL of methanol and vacuum-filtered using a 

polycarbonate membrane (0.05 mm pore size), after which the filtranate was washed 

extensively with excess methanol. Finally, CPPo-rGO was dried in a vacuum oven at 

60 °C for 8 h. 

 

9.8.7. Synthesis of of Thymidine/GO and Adensine/rGO Composites 

Freeze dried GO (50 mg) was acetylated by refluxing it in an excess amount of 

thionyl chloride (SOCl2, 20 mL) in the presence of anhydrous N,N-

dimethylformamide (DMF, 5 mL) at 80  C for 24 h to yield GO-COCl. The GO-

COCl powder was collected immediately by distillation and washed with anhydrous 

DMF. Then divided into two, and then separately reacted with a 125 mg 

ribonucleoside solution (adenosine, and thymidine) in 10 mL of DMF in the presence 

of 0.5 mL of triethylamine at 130 °C for 72 h in nitrogen atmosphere. The produced 

adenosine/rGO was further washed with HCl solution (0.5 mMol) once and 

deionised water three times and dried at vacuum oven at 45 °C for 8 h 
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Appendix A: Characterisation of Purified SWNTs 

 

Figure 1: UV-Vis-NIR absorption of purified SWNTs in 1% SDS after sonication and 

centrifugation. 

 

Figure 2: TGA-Ms of purified SWNTs under N2 atmosphere.  
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Figure 3: TGA-Ms of purified SWNTs under air atmosphere. 

 
Figure 4: A representative Raman spectra (633 nm) of purified SWNTs normalised to the G 

band.  
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Appendix B: Extinction Coefficient of Carbon Nanomaterials 

1. Extinction Coefficient of Purified SWNTs:  

 

Figure 5: UV-Vis-NIR absorption of purified SWNTs at different concentrations in water. 
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2. Extinction Coefficient of 2 M Oxidised SWNTs 

 

Figure 6: UV-Vis-NIR absorption of oxidised SWNTs (2 M) at different concentrations in 

water. 
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3. Extinction Coefficient of 8 M Oxidised SWNTs 

 

Figure 7: UV-VIS-NIR absorption of oxidised SWNTs (8 M) at different concentrations in 

water. 
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4. Extinction Coefficient of Reduced Graphene Oxide (rGO) 

 

Figure 8: UV-Vis-NIR absorption of rGO in water. 
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Appendix C: Characterisation of Peptoids 

1. Characterisation of (NlysNspeNspe)2 (14) 

Figure 9: HR-LC MS of (NlysNspeNspe)2 (14) 
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2. Characterisation of (NlysNspeNspe)3 (15) 

 Figure 10: HR-LC MS of (NlysNspeNspe)3 (15) 
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3. Characterisation of (NlysNspeNspe)4 (16) 

 Figure 11: HR-LC MS of (NlysNspeNspe)4 (16) 
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4. Characterisation of (NlysNspeNspe)6 (17) 

 Figure 12: HR-LC MS of (NlysNspeNspe)6 (17) 
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5. Characterisation of Ac-Nglu-Nlys-Nlys-Nlys-Nphe (18) 

 Figure 13: HR-LC MS of Ac-Nglu-Nlys-Nlys-Nlys-Nphe (18) 
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Appendix D: Characterisation of GO and rGO 

 

Figure 14: TGA curves of graphite (Blue line), GO (Red line), and rGO (Pink line). 

 

 
Figure 15: A representative Raman spectra (532 nm ) of GO (Blue line), and rGO (Red 

line) normalised to G band. 

 


