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Abstract 
The importance and application of nanomaterials is constantly increasing in the world today. This 

makes it vital to research and understand fully their properties and biological impacts. Carbon 

nanohorns are of particular interest for their potential biological applications including drug delivery 

systems, biosensors, photodynamic therapeutic agents and their potential for use in 

radiosensitisation methods. It becomes vital, therefore, that the chemical properties after various 

functionalisations can be analysed and tested in biological systems to determine their 

biocompatibility.  

In this project the impact of various surface functionalisations was investigated by measuring the 

chemical and physical changes to carbon nanohorns and other nanomaterials, as well as completing 

cell testing studies to help determine how biocompatible these materials are. By chemically 

engineering various surface functional groups onto the carbon nanohorns, and by using these 

functional groups as supports for further modifications, the properties and variability of a range of 

carbon nanohorns and carbon nanohorn composite systems was determined.  
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Chapter 1

Introduction 
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1.1. Nanochemistry and Nanotechnology  

Nanomaterials are of increasing interest and application in the world today. They have been used 

throughout history in art and materials for their properties, such as for their lustrous colours1 and 

physical strength2. More recently they have been found to possess a wealth of novel properties 

which give them potential for application across many industries.  

Nanomaterials can be made from a large range of starting materials and have a wide variety of 

chemical and physical properties. There are many types of nanomaterials including metal 

nanoparticles, polymer nanomaterials, magnetic nanoparticles, carbon nanomaterials and 

semiconductor nanomaterials. With each type of nanomaterial, a range of synthesis methods, 

shapes and sizes are possible. To be defined as a nanomaterial, a material must have at least one 

dimension which does not exceed 100 nm in length3. Nanomaterials are of interest due their size 

specific properties, such as their increased surface area to volume ratio, their optimal size for 

cellular uptake, their new behaviours that materials at the nanoscale have different from the bulk 

material and the potential for quantum effects for materials on the nanoscale. Various types of 

nanomaterials are shown below in Figure 1.1. 

 

Figure 1.1 Scale of nanomaterials
4
 

In general, we can consider four categories of nanomaterial: 0D, 1D, 2D and 3D. In 0D nanomaterials, 

all of the nanomaterial’s dimensions are less than 100 nm in length. In 1D nanomaterials one 

dimension exceeds 100 nm, in 2D nanomaterials two dimensions exceed 100 nm and 3D materials 

consist of nanomaterials which are packed together to achieve an overall 3D structure. The synthesis 

methods of nanomaterials vary largely, with wide range of methods of self-assembly5,6 and in situ 
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growth7–9 used. Depending on the nanomaterials type and method of synthesis, control of chemical 

and physical properties can be achieved. In this way, nanoparticles can be generated with 

application specific properties.  

Metal nanoparticles such as silver nanoparticles and gold nanoparticles have optical properties due 

to their surface plasmon resonance, which occurs due to oscillation of their conduction 

electrons10,11. The wavelength of the nanoparticles’ surface plasmon resonance is size dependant, 

and is typically measurable within the optical range, see Figure 1.2, which allows for applications in 

sensors and biosensors12–15. Metal nanoparticles can also have other applications, such as catalysis 

and radiosensitisation which will be discussed in Section 1.9. Metals such as platinum and palladium, 

which are used in catalysis at the macroscale can benefit from the physical advantages that 

nanomaterials have, such as their increased surface area to volume ratio, which improves their 

catalytic efficiency16,17.  

Figure 1.2 Surface plasmon resonance of AuNPs (left)
18

, applications of magnetic nanoparticles (right)
19

 

Carbon nanomaterials have a wide range of properties and applications. Polymer nanomaterials can 

have a range of applications from biological to electrical depending on the material they are made 

from and their conformation20,21. Semiconducting nanomaterials can be made from the combination 

of a large range of organic and inorganic systems with nanocrystals and metal nanoparticles and 

their size dependent band gap allows for tuneable emission22–25. Magnetic nanoparticles, which 

commonly contain Iron Oxide, have biological applications including hyperthermal effects, remote 

manipulation as well as catalytic applications, electrical applications and sensor applications26–30 31,32.  
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The biological interaction of nanomaterials is an area which has received much interest in recent 

years. Nanomaterials have shown great potential for enhancing currents methods in the healthcare 

industry including the areas of drug delivery, diagnostics, antibacterial materials, biosensing and in 

combination with existing techniques such as in radiosensitisation and photodynamic therapies18,33–

38. For this reason, the effects of increasing exposure to nanomaterials and the factors which can 

mitigate hazards are essential to understand. There are known factors of nanomaterials which 

impact their cellular uptake and the nature of their interactions, which include nanomaterial size, 

charge, functionality, composition, shape and the applied cellular conditions post-uptake39–42 as 

shown in Figure 1.3.      

Figure 1.3 Diagrams showing the nanoparticle properties which govern their physiological response
40,43

 

Through modifying these properties accordingly, nanomaterials can be designed to have 

immunosuppression or immunostimulation effects, to induce cell death or to deliver vital drug 

moieties for cell survival39,42. Size and surface charge have been well researched for their impacts as 

they are two of the most fundamental properties that distinguish nanoparticles and can affect the 

uptake pathway and final destination of nanomaterials within cells43,44.  

1.2. Carbon Nanomaterials 

Carbon nanomaterials are a very diverse family of nanomaterials with a range of sizes, shapes, 

chemical properties and physical properties. Carbon nanomaterials can be made in all three 

dimensionalities, see Figure 1.4, and have a wide range of size and composition dependent 

properties such as optical, electric, catalytic and mechanical properties.  Carbon nanomaterials are 
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also often used in composites with other types of nanomaterials to combine their innate properties 

with those of other desirable nanomaterials, usually to enhance the chemical and physical attributes 

of both. 

 

Figure 1.4 Types of carbon nanomaterials
45

 

The smallest nanomaterial type in the carbon nanomaterial family are fullerenes, with 

Buckminsterfullerene, C60, measuring at approximately 1 nm in diameter. Fullerenes consist of sp2 

hybridised carbon atoms in the formation of fused pentagons and hexagons46. Fullerenes have 

optical properties that can be measured on a UV-Vis absorbance spectrum. By doping fullerenes 

with metal atoms, a range of additional properties can be generated such as photoemission,  

electrical and thermal transport properties, magnetic properties and superconductivity46–49.  

Carbon dots are well-known nanomaterials, due to the increasing interest in their development and 

applications in recent years. They are 0D nanomaterials, see Figure 1.5, with a typical size of less 

than 10 nm and can be either amorphous or nanocrystalline in nature. Carbon dots can be 

synthesised in a variety of ways and can be surface modified both during and after their synthesis. 

Carbon dots have many optical, electrochemical and electrical properties which can be influenced 

further by heteroatomic doping50–52. As a result of these properties, carbon dots are commonly 

applied in sensors, bioscience, energy technologies and catalysis51,53.  

 

 

 

 

 
Figure 1.5 Three 0D carbon nanomaterials

46,54
 

Fullerene Graphene quantum 
dot 

Carbon nano 
dot 
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Another type of carbon nanomaterial is the nanodiamond. Nanodiamonds are made up of sp3 

carbon and are crystalline in structure. They can be synthesised in a range of sizes and with a variety 

of tuneable surface gropus55,56. Like most carbon nanomaterials, nanodiamonds have many useful 

properties including optical, electronic, biocompatibility, semiconducting and mechanical strength 

properties56–59, which afford them a range of applications across industries.  

Carbon nanotubes are another commonly known carbon nanomaterial, due to their wide range of 

applications. They are 1D nanomaterials made of rolled graphene sheets and can be single layered or 

multiple layered60. Depending on the orientation of graphene rolling, as shown in Figure 1.6, carbon 

nanotubes can have different electronic properties61.  Additionally, carbon nanotubes are widely 

researched and have numerous applications as a result of their many attractive properties including 

optical, sensing, electro-catalysis, storage and semiconducting properties60,62–64. One of the major 

disadvantages facing carbon nanotubes is their size dependent potential for toxicity65. 

Figure 1.6 Three conformations of carbon nanotube possible depending on graphene rolling orientation
66 

Graphene sheets are a very important and well researched 2D carbon nanomaterial. Graphene is a 

polymer of sp2 hybridised, planar carbon67. In addition to its wealth of other applications, graphene 

is also use to make other types of carbon nanomaterials such as graphene quantum dots53 and 

carbon nanotubes60. Graphene and the related nanomaterial graphene oxide have many properties 

desirable and useful properties including optical, catalytic, thermal and particularly impressive 

electrical properties.  These properties ensure that graphene and graphene based nanomaterials 

have a wide range of applications including electronic circuits, transistors, sensors, catalysts, support 

frameworks and biological applications68–74. 

1.3. Carbon Nanohorn Properties and Applications 

Carbon nanohorns (CNHs) are part of the carbon nanomaterial family. They have a similar chemical 

structure to nanotubes with mostly sp2 hybridised carbon making up the bulk of their structure, but 
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unlike nanotubes they are conical in shape. They are typically 40 – 50 nm in length and have a 

diameter of 2 – 5 nm at the open end. However, unlike nanotubes, CNHs assemble into a dahlia 

structures from large groups of individual CNHs with typical overall diameters of  about 100 nm75, 

shown in Figure 1.7. 

Figure 1.7 (left) an individual CNH and a CNH cluster (right) CNH aggregates produced from CO2 laser ablation 

of graphite using Ar as carrier gas (760 Torr), showing dahlia structure
76

 

CNHs have many of the desirable properties associated with other carbon nanomaterials such as 

optical properties77,  biocompatibility78 and their ease of modification through both heteroatom 

doping79 and surface functionalisation through both covalent and non-covalent bonding 

methods80,81.  For these reasons CNHs have potential for biological applications75, energy harvesting 

applications82, energy storage applications83 gas storage applications84, electrical applications85 and 

biosensor applications78,86.  

CNHs can be synthesised by CO2 laser ablation of graphite in an Ar atmosphere. They can also be 

synthesised as by-products during arc-discharge fullerene production75. A significant advantage that 

CNHs have over carbon nanotubes and other nanomaterials is their metal free synthesis which 

removes the potential biological risks of metal contamination of the nanomaterials75,77,87. 

1.4. Surface Functionalisation of Carbon Nanohorns 

As prepared, pristine CNHs are insoluble and form aggregates. However, their solubility and 

dispersibility is greatly improved by covalent and non-covalent surface functionalisation.  One very 

common form of covalent functionalisation is the introduction of carboxylic acid groups onto the 

CNHs through oxidation. This can be achieved through a number of methods, including treatment 

with strong acids such as Nitric acid, heat treatments of CNHs in the presence of oxygen containing 

4
0

 –
 5

0
 n

m
 

2 – 5 nm 

100 nm 
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gases and light assisted oxidation. Following this surface functionalisation, the oxidised CNHs 

become more stable in aqueous solutions, in correlation with the number of carboxyl groups 

installed. The surface carboxylic acid groups allow for facile further functionalisation of the CNHs 

with a variety of groups from organic and inorganic moieties, to smaller nanoparticles, see Figure 

1.8.  

 

Figure 1.8 Oxidation of CNHs and covalent functionalization of oxidized CNHs adapted from Karousis et al
75

. 

Through the addition of specific groups, such as light active groups, antibody proteins or inorganic 

metal nanoparticles, new properties from emission to targeted biological transport to magnetism 

can be incorporated into the CNH systems. Non-covalent bonding through electrostatic interactions 

and  bonding of molecules can also change CNH properties, such as the synthesis of a cationic CNH 

– amine containing polymer hybrid for biosensor applications, through non-covalent surface addition 

of the polymer78. 

 

1.5. Carbon Nanomaterial Purification Protocols 

The oxidation process required to stabilise the CNHs in aqueous solution and provide surface 

functionality is known to generate graphene oxide fragments during the oxidation reaction. These 

carbonaceous fragments can then remain adsorbed onto the CNH surface. The toxicity of 

carbonaceous fragments, particularly those of graphene oxide and graphene oxide derivatives has 

received a great deal of attention and research in recent years. The pulmonary toxicity of carbon 

nanotubes has already been documented65 and has been attributed to its physical impacts on cells 

as a result of its dimensions and shape. Graphene oxide flakes of a range of sizes have been 

investigated for their toxicity in vivo and in vitro, and some recurring mechanisms for their toxicity 

have been proposed. The in vivo toxicity testing of single layer oxidised graphene fragments in 

Caenorhabditis elegans indicated that exposure to graphene oxide from concentrations as low as 1 
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mg L-1 exhibited negative effects on the subject. Studies also demonstrated an increase in reactive 

oxygen species after graphene oxide exposure, leading to apoptosis in the Caenorhabditis elegans. 

These studies also demonstrated the effects that graphene oxide exposure has on impairing stress 

resistance and decreasing immune reactivity in the Caenorhabditis elegans88,89 

Studies performed in vitro on human cell lines have also generated similar results, with graphene 

oxide sheet fragments causing apoptosis in similar mechanisms. Additionally, the adhesion of 

graphene oxide to membrane protein receptors leading to damage of the cellular membrane’s 

transport and energetic processes was identified90 This was then further linked to the generation of 

reactive oxygen species within cells which ultimately led to cell death91. Figure 1.9 presents another 

mechanism of graphene oxide toxicity which has been identified both in vitro with human T 

lymphocyte cells and in vivo is the damage to DNA after interaction with the graphene oxide 

particles91,92. In a Paramecium caudatum in vivo study, an LD50 of 0.94 mg mL-1 was determined for 

graphene oxide nanosheets92. 

Figure 1.9 Impact of pristine Graphene oxide (p-GO) and functionalised derivatives (GO-COOH and GO-PEI) on 

T lymphocytes via membrane protein adhesion and membrane damages
91

 

To remove the graphene oxide fragments and their associated toxicity, a purification protocol, which 

involves the incubation of the aqueous CNH solution at a basic pH of 12 for 3 hours, is utilised. By 

suspending the CNH in a basic solution, the surface carboxyl groups present on the oxidised CNHs 

repel each other more in the basic solution, allowing the removal of the carbonaceous fragments 

from the CNH surface into the basic solution. Mass separation of the basic solution will result in 

isolation of the much heavier CNHs while the carbonaceous graphene oxide fragments remain 

dispersed in solution due to their much smaller size and mass, see Figure 1.10 below. 
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Figure 1.10 Schematic representation of pH induced desorption and adsorption of carbonaceous fragments 

from the CNH surface. (Figure based on Wang 2009)
93

 

Another purification method used for the CNHs is the separation of CNHs based on their chemical 

properties, by modifying the suspension polarity with organic solvents. By varying the polarity of the 

solution, the stability of the CNHs in solution can be controlled and modified. As there is a slight 

variation in CNH surface chemistry and functionality, the change in polarity will allow isolation of 

CNHs with a specific set of chemical and physical properties. 

1.6. Carbon Nanohorn Biological Interactions and Applications 

The uptake of both unfunctionalized and functionalized with various surface groups CNHs into 

cellular media has been investigated, with the conclusion that the most common uptake mechanism 

is endocytosis, as demonstrated in Figure 1.11. A common approach to targeting the cellular uptake 

of functionalized CNHs involves the addition of targeting groups, such as antibodies, to carbon 

nanohorns. These targeting groups are selected for their specificity in in increasing uptake in target 

cell over healthy cells. One commonly used method is to functionalize CNHs with the antibodies 

which are complementary to overexpressed surface groups found on the target cell94.  
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Figure 1.11 Endocytosis mechanism for carbon nanohorns
95

 

Another commonly approached mechanism for cellular uptake of CNHs is the enhanced permeability 

and retention (EPR) effect in cancerous cells96. This mechanism is used in the uptake of anticancer 

drugs into tumour tissue and has been demonstrated to work more efficiently in conjunction with 

photothermal heating 38-97.  CNH aggregate structures with various types of surface functionalization 

have been sized in the range of 80 - 210 nm, ideal for the EPR effect as a means of cellular uptake. It 

has also been investigated how CNHs without surface functionalization and in the absence of tumour 

cells will interact in vivo98. By labelling CNHs with embedded Gd2O3, their uptake was analysed. The 

results of this study demonstrated that the majority of unfunctionalized, untargeted CNHs (< 70%) 

could be found in the liver, specifically in the Kupffer cells. This study demonstrated a high 

concentration of CNHs in phagosomes inside the Kupffer cells, indicating the cellular uptake to be 

endocytosis, as was also demonstrated in detail for drug functionalized carbon nanohorns99. 

Work previously completed within the group demonstrated the cellular uptake of oxidised CNHs and 

their ability to surface adsorb and transport porphyrin molecules into cells, followed by 

photoactivated cell death, as demonstrated in Figure 1.12. In the cellular uptake studies, oxidised 

CNHs were covalently modified with a fluorophore molecule with switchable fluorescence, 

depending on its media. In cellular media fluorescence was switched on and in extracellular media, 

fluorescence was switched off, allowing cellular uptake to be tracked through both the presence and 

location of the observed fluorescence100. In the molecular transport studies, two types of porphyrin 

molecules were surface loaded onto oxidised CNHs through non-covalent -stacking interactions 

and successfully transported into cells. After the cellular uptake of the loaded systems, irradiation of 

the cells at the Q-band absorbance of porphyrin, 546 nm, caused cell damage and death, resulting 

from singlet oxygen generation101. 
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Figure 1.12 Cellular uptake of fluorophore loaded CNHs after varying incubation periods adapted from 

Devereux et al 
100

(left) and induced cell death of porphyrin loaded CNHs after irradiation at 546 nm
101

 (right) 

The cellular uptake of CNHs has been exploited for a number of potential applications, including for 

drug delivery systems and other therapeutic systems38. Non-covalent loading of anti-cancer drugs, 

such as cisplatin which is shown in Figure 1.13 below, has been well researched, and targeting of the 

nanohorn system has been explored via different pathways38,94,102. 

Another interesting property of nanohorns, which has previously been mentioned, is their potential 

for applications in photodynamic therapy as a result of their near infra-red absorbance38. The 

manipulation of those properties when in conjunction with CNH deployment as a drug carrying 

system can increase the release and effects of drug molecules and the cells receiving the drug 

molecules103. 

Figure 1.13 CNH carrying cisplatin as a drug delivery system
102 (left) CNHs as a drug delivery system used in

combination with photothermal therapy
38 (right) 

Another useful aspect of molecularly loaded CNH systems is the potential for enhanced targeting 

accuracy of drug delivery systems. Antibody targeting of the CNH and loaded drug molecule system 
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is a popular and efficient way of ensuring the accuracy of the structure94,99. CNHs as drug delivery 

systems can be loaded with a range of drug types including anticancer drugs97 and anti-inflammatory 

drugs 37. 

Outside of their biological applications, molecule loaded CNHs also have other attractive properties 

which give them advantages in applications including electro-chemical properties which have made 

porphyrin CNH composite systems useful for electronic applications such as light harvesting104,105,106. 

Another useful application of CNHs when they have been labelled with fluorescent molecules which 

then allow them to function as sensors107. 

 

1.7. Gold Nanoparticles Properties and Applications  

Gold nanoparticles are another fascinating and multifunctional type of nanomaterial. Gold 

nanoparticles can be easily synthesised in a large range of sizes from 1 nm to several hundred nm in 

diameter5,108, and can be synthesised into a large range of shapes including gold nanospheres, 

nanorods, nanocubes, nanoshells, nanopyrimids as well as more complicated structures109. As 

illulstrated in Figure 1.14, gold nanoparticles can also frequently be readily modified with surface 

functionalities which provides them with a wide range of tuneable properties5,7,108,10.  

  

Figure 1.14 Gold nanoparticles summary of size, shape and functionalisations
110 
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Gold nanoparticles can be synthesised by a variety of methods including chemical synthesis through 

reduction of gold salts, radiolysis through reduction from gamma radiation and seed-growth from 

small gold nanoparticle seeds111. In the chemical synthesis through reduction of gold salt, reduction 

and capping agents are used to stabilise gold nanoparticles. Commonly used capping agents are thiol 

groups, phosphenes, polymers with cyano groups, dendrimers and molecules such as trisodium 

citrate112.  Reduction and capping agents impact the size and solvent stability of gold nanoparticles. 

Trisodium citrate and sodium borohydride are two examples of reduction agents used in gold 

nanoparticle synthesis, and trisodium citrate is a common capping agent used to stabilise the gold 

nanoparticles after synthesis 5,112. Both agents work by reducing gold salt in aqueous solution to 

produce gold nanoparticles. Sodium borohydride, a stronger reduction agent that trisodium citrate, 

reduces the gold salt at a greater rate, leading typically to smaller sized gold nanoparticles. 

Increasing the concentrations of reduction agents, capping agents and reaction temperature can 

also alter the reaction rate to change the size of the gold nanoparticle synthesised, with low 

concentrations of capping agents producing larger particles111. The steps involved in the growth of 

gold nanoparticles are demonstrated below in Figure 1.15. 

Figure 1.15 Growth of gold nanoparticles
113

 

Gold nanoparticles have excellent properties including their optical, electrochemical, biocompatible, 

electro-catalytic and thermal properties34,114–116. Because of this, gold nanoparticles have found 

applications across many industries. Their size tuneable optical properties including their surface 

plasmon resonance have made gold nanoparticles excellent candidates for sensors and biosensors, 

and for photodynamic therapeutics34,117,118. Gold nanoparticles have electrocatalytic properties 

which makes them useful as catalysts for both biological and chemical reactions115,116,119. They also 

have electrochemical properties which promotes their application in energy harvesting processes6 

and thermal properties which have diverse uses including therapeutics and materials 

applications18,114,120. 
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With their multifunctional properties and highly diverse range of sizes, shapes and functionalities, 

gold nanoparticles are one of the most attractive and useful nanomaterials available today. 

1.8. Carbon Nanohorn composites with Nanometals 

CNHs have many attractive properties, as discussed above. By modifying CNHs with other 

nanomaterials to make composite materials, the attractive properties and applications of both 

materials can be combined, with the potential to also develop new properties in the process.  

Composite formation between CNHs and nanometals of many different types has been carried out. 

CNH and nanometal composites can be formed through both covalent and non-covalent bonding 

methods and several different synthesis methods have been developed. For some types of 

composites, nanometal can be formed directly on the carbon nanohorn, depending on the bonding 

and synthesis type. One such example of in situ formation of gold nanoparticles onto CNH surface is 

demonstrated in Figure 1.16 below. 

For CNH composites with gold nanoparticles, multiple new properties and applications can result 

from the combination of two such materials. The addition of small gold nanoparticles of sizes be-

tween 4 – 10 nm onto CNHs through both covalent and non-covalent methods has been well estab-

lished121,122. The combination of the optical properties of the gold nanomaterials and biological com-

patibility of the CNHs present the potential for photodynamic therapeutic agents123. The additional 

new properties and applications which arise from the formation of CNH and gold nano material 

composites include new catalyst systems, electronics systems and improved sensors and 

biosensors124–126.  

 

Figure 1.16 Functionalisation of CNHs with block polyelectrolyte allow in situ gold formation on gold 

nanoparticle and CNH composites
121
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Carbon nanomaterial composites with palladium nanoparticles and palladium – metal alloy nanopar-

ticles have also been synthesised. Given the strong catalytic properties of the precious metal, the 

increased surface area of nanomaterial sized palladium particles greatly increases its catalytic activi-

ty and the composite with the CNHs provide increased support and stability as well as providing po-

tential adsorption sites for the material being catalysed127. This property alone gives the palladium 

CNH composite the potential for clean, carbon-neutral energy generation128. 

Another advantageous outcome of composite formation between CNHs and palladium nanoparticles 

is their ability to adsorb and then capture hydrogen molecules effectively, with a strong potential for 

application in Hydrogen storage129.  

 

 

Figure 1.17 Titanium oxide coated palladium nanoparticles with CNH composites for a electrocatalysis
128

 (left) 

Titanium oxide nanoparticle and porphyrin dye functionalised CNH composites for biosensing
86

 (right) 

 

Similarly, composites formed between CNHs and platinum nanoparticles also demonstrate enhanced 

catalytic properties130 and a proposed mechanism for hydrogen capture using the metal nanoparticle 

and storage in the inner CNH void131. The use of CNHs as a stable support for platinum nanoparticles 

during catalysis has also been highlighted, with potential for a system of this type to be implemented 

into fuel cell technology132. Another very important CNH and nanometal composite is made with iron 

oxide nanoparticles. Iron oxide nanoparticles are well known for their magnetic properties and have 

found application in conjunction with nanoparticles for their use in support systems with the poten-

tial of producing magnetically retrievable catalysts87. However, beyond their magnetic properties 

iron oxide nanoparticle have a wealth of other properties including electronic properties which give 

application for supercapacitor electrodes133. Another way in which the magnetic response of these 

systems could be manipulated is for magnetic targeting for drug delivery processes via the CNH as 

the drug carrier134. 
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Some other, less typically explored, CNH and nanometal composites include titanium oxide nanopar-

ticles which display the potential for both biological applications in biosensors and electronic appli-

cations in improved battery electrodes. Some examples of titanium oxide based nanoparticles on 

CNHs are shown above in figure 1.17. Nickle metal nanoparticles with organic frameworks have ap-

plications as electrocatalytic systems, based on their properties135.  Germanium nanoparticles in 

composite with CNHs also have electronic properties which make the ideal for energy storage appli-

cations136. 

1.9. Radiosensitisation 

Radiosensitisation is the use of radiosensitive agents in combination with applied radiation to 

enhance therapeutic treatment. It is carried out by directing radiosensitive agents into cells followed 

by irradiation with high energy radiation, such as X-rays and  rays, for the purpose of inflicting direct 

damage to the cell’s nuclear DNA. It has been shown that mitochondrial DNA can also be damaged 

by radiosensitisation, which gives it further use in instances where nuclear uptake is inhibiited.137  

Radiosensitisation can also cause direct damage through the ejection of an electron which upon 

contact with DNA results in damage. Indirect damage to cells by the generation of reactive oxygen 

species is also a cell damaging mechanism of radiosensitisation138. Radiosensitisation enhances the 

effects of radiotherapy alone, which can encounter challenges such as damaging the surrounding 

healthy cells and the hypoxic nature of tumour cells139.  

Metal nanoparticles have shown promising results as radiosensitisors in recent years139 and some 

examples of the properties which promote this are demonstrated in Figure 1.18 below. Gold 

nanoparticles in particular have shown excellent properties for radiosensitisation due to their strong 

photoelectric absorption coefficient138. By maximising the cellular uptake of gold nanoparticles, their 

radiosensitisation ability will also be increased.  
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Figure 1.18 Nanomaterials methods as radiosensitisors
139 

1.10. Characterisation methods in project 

1.10.1. UV-Visible Absorbance 

UV-visible (UV-Vis) absorbance is a spectroscopic technique which uses light in the UV and visible 

range of 200 nm to 800 nm to promote electronic transitions in the sample which can be measured 

and analysed to provide information about the bonding present in the sample. In UV-Vis absorbance, 

electronic transitions from σ bonds, π bonds and non-bonding electrons can briefly take place from 

their bonding orbital to higher energy, unoccupied orbitals from the absorbance of light at a 

corresponding wavelength. The wavelength at which this takes place and the amount of light 

absorbed provides quantitative and qualitive information about the sample.  

In the case of nanomaterials, of UV-Vis absorbance measurements can be used to monitor the 

presence of CNHs, which are characterised by distinct π – π transitions. In addition, the position and 

the intensity of the AuNPs’ surface plasmon resonance, which arises from the collective oscillation of 

conduction electrons on metal nanoparticles will occur at a specific frequency of incident light, 

which can be used to identify the nanoparticles in solution. The position of this surface plasmon 

resonance is size, shape and composition dependent in nanometals and so can give some qualitive 

information on the sample in addition to quantitative information. The extinction coefficient of the 

nanoparticles is found to increase significantly with size. 
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The Beer-Lambert law is used to correlate a sample’s absorbance (A) to its concentration (c, units 

M), according to the equation below, using the extinction coefficient (ε, units M-1 cm-1) and sample 

path length (l, units cm).  

 

1.10.2. Dynamic Light Scattering 

Dynamic light scattering is a powerful tool for measuring the size of a sample based on the 

measured polydispersity dispersity index (PDI) of the sample and the hydrodynamic diameter of the 

sample. The hydrodynamic diameter of a particle is a combination of the particle’s diameter and the 

surrounding solvation layer of ions in solution, which increase its observed size. 

Incident light on a sample is scattered in the case of samples composed of very small particles, 

known as Rayleigh scatterers. These particles in a solution move with Brownian motion where 

smaller particle move faster than larger ones. As a result of this movement, particles will scatter 

incident light to varying extents, and their Correlation as a function of time can be measured. From 

this, the Diffusion coefficient, Dt, (m
2/s) value for the particles can be mathematically extracted and 

used in conjunction with the Stokes-Einstein equation to determine the hydrodynamic diameter of 

the particle.  

Stokes-Einstein Equation 

 

In the Stokes-Einstein equation above, T is temperature (K), η is the absolute viscosity (kg/ms) and 

kB is the Boltzmann constant (J/K).  

An important condiseration when carrying out dyanimic light scattering mesaurements is the way in 

which the data is presented. In Figure 1.19 a hypothetical example provided below from Malvern 

Ltd., a sample containg a 1:1 ratio of particles of 5 nm and 50 nm radius are presented together. 

Depending on the presentation method chosen, the ratio of the 5 nm material to the 50 nm material 

present in the sample can appear vastly different. This is explained by considering the parameters by 

which the size is measured. In the measurement presented by number percent, the ratio of the small 

particle’s peak to the large particle’s peak is equal, as their number is equal. In the measurement 

presented by volume percent, the large particles collectively have a volume that is 103 times larger 

than that of the small particle, giving them a larger representative peak. In the measurement 

presented by intensity percent, intensity scattered light occurs at a ratio of 106 times the particles 
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diameter, giving the larger particles a significantly greater representative peak. All three 

measurement presentations accurately present different parameters of the sample, for this reason it 

is important to select the presentation method which accurately presents the desired parameters 

for polydispese samples. 

Figure 1.19 Hypothetical DLS peaks obtained from a solution containing an equal number of small (5nm) and 

large (50 nm) particles represented by number, volume and intensity. (Malvern Instruments Ltd) 

1.10.3. Zeta Potential 

Charged particles in solution have a Stern layer of strongly attracted ions in and a diffuse layer of 

ions which are attracted to the Stern layer. The combination of both these ion layers is known as the 

electrical double layer. The zeta potential of a particle is an indication of the particle’s charge at the 

boundary between the particle’s electrical double layer of ions and solution, as demonstrated in 

Figure 1.20 below. 

Figure 1.20 Electron double layer and zeta potential position on a particle
140 
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In order to measure this zeta potential value, an electrical field is applied across a sample and the 

resultant movement of the particles is measured. The ratio between the particle’s movement and 

the external applied field, known as the electrophoretic mobility (µe, μm·cm/V·s), can then be 

determined. By substituting this value into the Henry equation, the zeta potential (z, mV) of the 

particle can be determined. In this equation,  is the viscosity (m2/s),  is the dielectric constant 

(Fm−1) and f(k.) is Henry’s function. 

1.10.4. Atomic Force Microscopy 

Atomic force microscopy (AFM) is a high-resolution type of scanning probe microscopy. In AFM, a 

very sensitive probe attached to a cantilever whose movement during scanning reflects light at 

differing angles which correlate to the topography of the sample being measured. The interactions 

between the sample and the probe cause this movement and these can occur through three 

measurement methods; non-contact mode in which the atomic force between the sample and 

probe cause the cantilever to move, tapping mode in which the atomic force between the sample 

and probe in addition to physical contact cause the cantilever to move and contact mode in which 

the physical contact between the sample and probe cause the cantilever’s movements. Because of 

its high sensitivity, AFM can be used to determine the height and size of particles which are smaller 

than even a nanometer.  

1.10.5. Transition Electron Microscopy 

Transition electron microscopy (TEM) is a powerful technique used to size particles. In TEM an 

electron beam is transmitted through a sample and from this transmittance an image of the sample 

is generated. As the de Broglie wavelength of electrons is smaller than of visible light, TEM is far 

more sensitive than light microscopy.  

1.11. Project Objective 

CNHs are a promising carbon nanomaterial with many potential uses, especially in biological 

applications. Their metal free synthesis, biocompatibility and facile modification are a few of the 
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properties which have established them in many areas of biomedical research, and which made 

them an ideal material for the basis of this research.  

This project is motivated by the potential to develop improved therapeutic materials for drug 

delivery and radiosensitisation and to enhance the properties of the CNHs to allow fluorescent 

imaging and tracking of the materials. 

The aims of this project were to: 

1) Investigate the extent to which the properties of CNHs could be chemically modified while

retaining the integral properties which are key to their biocompatibility.

2) Examine the nature of the biological interactions of the CNHs when their properties are varied,

which is critical for any biological application of CNHs

3) Develop CNH based metal composite systems which could be utilised for improving current

therapeutic applications, such as radiosensitisation.

The summary of these aims are visualised in the many different types of modified CNH shown below 

in Figure 1.21. 

The work plan for this project was comprised of three main sections. Part one of the work involved 

the initial surface modifications and purifications of the CNHs to determine the range of properties 

which could be achieved on these particles.  Part two of this work involved the luminescent labelling 

of the modified CNHs with biocompatible fluorophores and studying the new properties and cellular 

uptake into HeLa cells of these labelled CNHs. Part three of this work involved synthesising a range 

of gold nanomaterials with varying properties and implementing the previous research on CNH 

surface modifications to attach the desired gold nanoparticles onto the CNHs to product nano-gold 

and CNH composite materials with variable properties and surface coverages. 
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Figure 1.21 CNH modifications; dyes (circled), surface functionalisations and gold nanoparticles (red spheres) 
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Chapter 2 

Functionalisation of Carbon Nanohorns for 

Cellular Studies 
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2.1. Introduction 

Carbon nanohorns are a carbon nanomaterial of approximately 100 nm in diameter, which are coni-

cal in shape as individuals and combine at their open base into dahlia shaped clusters. They are 

made up of sp2 hybridised carbon and have a wide range of interesting properties, as previously de-

tailed. Carbon nanohorns are readily modified to produce a range of surface functionalities and 

properties, which extends the range of their applications even further. As a result, CNHs find applica-

tions across many areas, particularly in biological applications. It is of increasing importance to un-

derstand their biological impacts and cellular interactions so that their full range of their properties 

can be harnessed.   

Many of the new and innovative applications of CNHs are in the biological applications domain, such 

as for nanoparticle supports141, in biosensing applications78 and most commonly in drug delivery sys-

tems38,96. For this reason, it becomes necessary to understand not only how CNHs are transported 

into cells, but also where they accumulate within cells, their transport capabilities for other attached 

materials and how they are biodegraded and removed from cells. 

The first aim of this work was to produce two oxidised CNH systems with contrasting properties, to 

make them more accessible to biological applications. This included purifying both CNH systems to 

remove toxic by-products and selectively isolate CNHs based on their functionalisation. 

The second aim of this work was to install surface functionalities onto the oxidised CNHs to further 

modify across a large range the size, charge and dispersibility of the CNH systems. 

The third aim of this work was the label each of three differently designed CNH systems with fluoro-

phore dye molecules to generate a dye labelled CNH system which could be tested in cellular media. 

The fourth and final aim of this work was to then place the labelled CNH systems in cellular media 

and track their uptake and cellular interactions through fluorescence of the attached dye moieties. 
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2.2. Oxidation and Amine functionalisation of Carbon Nanohorns 

Pristine CNHs are typically sp2 hybridised in structure, have no substantial quantity of surface 

chemistry modifications and most importantly, are very poorly dispersible in aqueous solutions. 

Surface oxidation of CNHs is an important step in the generation of water-soluble systems for use in 

cellular studies. This oxidation can be carried out in a number of ways, most commonly in the 

presence of strong acids or extended heating in the presence of oxygen containing gases. Other 

methods include light assisted oxidation in the presence of hydrogen peroxide75, microwave 

irradiation132 and reactions with free radicals142. It has been generally observed that type and 

strength of acid, the reaction temperature and reaction time all impact the extent of oxidation 

observed for CNHs. Oxidation reactions with harsh conditions can cause damage to the CNH 

structures, leading to fragments of the CNHs breaking away from the CNH clusters. The removal of 

these potentially toxic materials is an important step in developing CNHs for use in biological 

applications. 

2.2.1. 120-minute Oxidation of Carbon Nanohorns 

Pristine CNHs were oxidised in 5 M nitric acid for 120 min at 125°C to functionalise them with 

carboxylic acid groups. After oxidation, they were cooled and washed to a neutral pH, as 

represented in Scheme 2.1 below. They were then base washed by suspension in a pH 14 aqueous 

solution for 3 hours, at room temperature. The base washed oxidised CNHs were then washed with 

deionised water via centrifugation at 11,500 rpm until they had returned to a neutral pH, at which 

state they were analysed. During the washing process, the supernatant material was reserved to 

examine for the presence of carbonaceous materials. Following oxidation and base washing, an inky 

black, well dispersed suspension of oxidised CNHs (o-CNH(120)) resulted, contrasting with the 

pristine CNH aggregates previously observed in aqueous solvent. 

Scheme 2.1 Oxidation reaction of CNHs, washed to pH 7 

The UV-visible absorbance spectrum recorded for the base washed o-CNH(120) after returning the 

aqueous solution to a neutral pH is shown in Figure 2.1(A). The absorbance peak for the o-CNH(120) 

is seen at 258 nm, similar to results previously seen within the group101. An absorbance profile from 
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consistently increasing o-CNH(120) volume by 2 µg from 0 – 20 µg was carried out. This absorbance 

profile showed a proportional increase in absorbance with each aliquot, in agreement with the Beer 

Lambert Law. The o-CNH(120) were sized by dynamic light scattering (DLS) and determined to have a 

hydrodynamic diameter of 126 nm in deionised water, with a PDI of 0.118. Their zeta potential was 

determined to be -58 ± 9 mV, a typical range for CNHs oxidised under these conditions78. The 

graphed data supporting these values is shown below in Figure 2.1. This negative charge is 

attributed to the presence of the carboxylic acid groups generated on the CNH surface which are 

deprotonated to have a negatively charged oxygen group at a pH of 7. 

 

Figure 2.1 o-CNH(120) (A) UV-Vis Absorbance (B) Absorbance vs concentration trend (C) size (D) Zeta potential 

 

To investigate whether the oxidation reaction had generated carbonaceous fragment materials, the 

supernatant material from the first centrifugation of the base washed CNHs was neutralised and 

analysed. The base wash supernatant showed an absorbance at 294 nm, different from the 258 nm 

absorbance observed for the o-CNH(120), as shown in Figure 2.2, indicating the presence of other 

carbonaceous materials in the supernatant. These carbonaceous materials also showed emission 

and excitation, unlike the non-emissive CNHs. The amount of carbonaceous material isolated was 

insufficient to allow definitive characterisation of the material’s nature. However, a number of 

possible species can be generated from the oxidation of sp2 materials, as shown in Figure 2.3. The 

A B 

C D 
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presence of a species with different excitation profiles within the one sample confirms that more 

than one emissive functionality is present on the carbonaceous fragments. 

 

Figure 2.2 Supernatant material (A) UV-Vis absorbance with o-CNH, (B) Emission and excitation spectra 

The UV-Vis absorption spectrum of the supernatant material displayed a new band of absorbance at 

294 nm, as mentioned, with an absorbance across the visible spectrum. This broad absorbance band 

across the visible spectrum may arise due to the presence of small CNHs. Excitation across the 

absorbance band 140 – 318 nm resulted in broad emissions between 310 and 650 nm, with a strong 

band at 420 nm. The excitation band revealed the presence of two different emitting species with 

absorbance at 272 nm (green profile, Figure 2.2) and 320 nm (orange profile, Figure 2.2). This 

emission was attributed to the presence of oxidised carbonaceous fragments.  

 

Figure 2.3. Schematic representation of oxygen containing functional groups present in amorphous carbon 
materials. (Modified from Figueirdo 2013)

143
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2.2.2. 90-minute Oxidation of Carbon Nanohorns 

Next the influence of the oxidation reaction time on the formation of surface oxidation groups and 

carbonaceous fragments was considered. In this second preparation, the CNHs were oxidised for a 

reduced time of 90 min, then washed by centrifugation to a neutral pH and analysed both prior to 

and after base washing of the sample. The absorbance peak for the non-base washed 90 min 

oxidised CNH (o-CNH(90)non-BW) was recorded at 258 nm, as previously observed for the o-

CNH(120). The o-CNH(90)non-BW had a hydrodynamic diameter of 209 nm in deionised water, with 

a PDI of 0.301 and their zeta potential was recorded at -39 ± 4 mV. The difference in the zeta 

potential compared to -57 mV observed for the o-CNH(120) is attributed to the introduction of less 

carboxyl groups at the surface. The o-CNH(90)-non-BW were then base washed with the same 

method previously outlined for the o-CNH(120) in section 2.2.  The base washed and non-base 

washed samples were compared and the impact of the base washing on the hydrodynamic size and 

surface charge of the o-CNH(90)-non-BW sample was measured, as shown in Table 2.1.  

 

Figure 2.4 o-CNH(90) before and after base washing (A) UV-Vis absorbance, (B) Size by intensity, (C) Size 

Correlogram and (D) Normalised zeta potential  

 

The hydrodynamic diameter decreased from 209 nm to 175 nm and an increase in zeta potential was 

observed from -39 mV to -46 mV, as shown in Figure 2.4 (B) and (D). This change was most likely a 

result of the liberation of surface oxygen groups which had previously been covered by the 
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C D 



30 

carbonaceous fragments. The zeta potential increase also indicated an increase in the stability of the 

CNH sample, through increased electronic repulsions resulting from increased exposed negative 

oxygen groups. As seen in Figure 2.4 (B) a significant reduction of materials of larger than 500 nm in 

size with no considerable change to materials smaller than 200 nm in size was observed after base 

washing. The decrease in size observed was greater than expected for only the removal of 

carbonaceous fragments. Thus, a large decrease in CNH aggregation was concluded as a result of 

removal of the carbonaceous materials from the sample. 

The sizes and zeta potential values of all three o-CNH types were compared in Table 2.1, with 

interesting results. As seen in Figure 2.5 (A), the base washing showed no significant impact on the 

absorbance spectra of the o-CNH(120) and the o-CNH(90) both before and after base washing. 

However, as seen in Figure 2.5 (C) and (D), the size and zeta potential results were different for all 

three samples, resulting from the oxidation conditions and purification standards adhered to.  

Table 2.1. Oxidised CNH Properties of size and zeta potential 

o-CNH(120) o-CNH(90) (non-bw) o-CNH(90) bw

Z-average size 126 nm 209 nm 175 nm 

Zeta potential -58 ± 9 mV -39 ± 4 mV -45 ± 6 mV

Figure 2.5 (A) All o-CNH Absorbance, (B) all o-CNH Size (Intensity %), (C) all o-CNH Size Correlogram, (D) all o-

CNH Zeta Potential (Normalized Intensity) 
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2.2.4. Carbon Nanohorn Solvent Dependent Sedimentation  

Following oxidation, the ethanol selective sedimentation of o-CNH species based on their extent of 

surface oxidation was investigated. As ethanol is routinely used in sterilisations for cellular studies, 

its impact on o-CNH dispersions was of interest. Ethanol and water have different dielectric 

constants, 24.3 and 80.4 respectively, meaning their solvent polarities are different. By changing the 

ethanol concentration in water, the solvent polarity was also varied, impacting the stability and 

sedimentation of o-CNHs in solution, based on the extent of surface functionalisation. In this process 

o-CNHs were added to solvents containing ethanol from 0% to 90% ethanol concentrations (v/v) in 

deionised water and were centrifuged at 11,500 rpm for 25 mins. Polar solvents were expected to 

stabilise highly functionalised o-CNHs, while less polar solvents were expected to stabilise the less 

functionalised o-CNHs. As this study was intended to investigate o-CNHs for use in cellular studies, 

the base washed o-CNH(120) and o-CNH(90) samples were used, since the non-based washed 

sample contained toxic carbonaceous fragments. 

 

The o-CNH(120) and o-CNH(90) were added to solutions with varying ethanol concentrations and the 

supernatant material for each sedimentation was retained and analysed. The absorbance of the 

supernatants was recorded and plotted as show in Figure 2.6 (A) for the o-CNH(120). The 

absorbance maximum for each sample was then plotted against the ethanol concentration (v/v), as 

seen in Figure 2.6 (B).  

 
 

Figure 2.6 o-CNHs separated in ethanol (A) UV-vis absorbance of o-CNH(120) ethanol sedimentation 

supernatants, (B) absorbance vs ethanol concentration trend for o-CNH(120) and o-CNH(90) 

 

The 0% and 50% ethanol concentrations (v/v) produced the most different o-CNH(120) supernatants 

(Figure 2.6 (B) black trend line), while the 0% and 60% ethanol concentrations (v/v) produced the 

most different o-CNH(90) supernatants (red trend line). This was explained by considering the 
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properties of the o-CNHs present. As both the o-CNH(120) and o-CNH(90) were considerably surface 

functionalised with oxygen-containing groups, a somewhat polar solvent was necessary to stabilise 

even the least oxidised species. This accounted for the decrease in o-CNH retention in the 

supernatant after 50% ethanol for the o-CNH(120) and 60% ethanol for the o-CNH(90). The 

difference in maximum retention of 50% ethanol for o-CNH(120) and 60% ethanol for the o-CNH(90) 

was also explained by considering the properties of both o-CNHs. Given that the o-CNH(90) had a 

lesser extent of surface functionalisation, as seen in Figure 2.5 above, they were more sp2 hybridised 

in character meaning their least functionalised species was stable in a less polar solvent (60% 

ethanol) than the least functionalised o-CNH(120) species (50% ethanol). 

 

This process was repeated using methanol with similar results observed. Methanol was different 

from ethanol due to its larger dielectric constant, and therefore greater polarity. The greatest super-

natant difference was again between the 0% and 50% methanol concentration (v/v) supernatants for 

the o-CNH(120) and between the 0% and 60% methanol concentration (v/v) for the o-CNH(90), as 

shown below in Figure 2.7. As identified in the previous results, solvents with an increasing majority 

concentration of methanol showed decreasing supernatant o-CNHs content. This was attributed to 

the limited solubility of the overall o-CNHs in highly non-polar solvents, compared to the stability 

observed for the least functionalised species of both o-CNHs in solvents with 50% methanol for o-

CNH(120) and 60% methanol for o-CNH(90). 

 

Figure 2.7 o-CNHs separated in methanol (A) UV-vis absorbance of o-CNH(120) methanol sedimentation 

supernatants, (B) absorbance vs methanol concentration trend for o-CNH(120) and o-CNH(90) 

 

Further analysis was carried out on the 0% and 50% alcohol sedimented o-CNH(120) and o-CNH(90) 

for both the ethanol and methanol samples, through DLS and zeta potential measurements. The size 

and zeta potential of each o-CNH sedimentation’s pellet material and supernatant material was rec-
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orded. All samples were analysed in 100% water, except the 50% ethanol and methanol superna-

tants samples, which were diluted by a factor of 10 to contain 5% alcohol and 95% water. Firstly, the 

ethanol sedimented samples were analysed. 

 

 

Figure 2.8 Pellet and supernatant size of (A) 100% water sedimented o-CNH(120), (B) 50% ethanol sedimented 

o-CNH(120), (C) 100% water sedimented o-CNH(90) and (D) b) 50% ethanol sedimented o-CNH(90) 

 

 

The hydrodynamic diameter observed for the supernatant material was typically similar to or 

compared to the pellet material for the samples shown in Figure 2.8. This could be attributed to 

faster sedimentation of large particles, compared with smaller ones, offering a physical as well as 

chemical influence for smaller, less oxidised materials to stay dispersed rather than sediment under 

the conditions of 11,500 rpm for 25 min. 
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Figure 2.9 Pellet and Supernatant zeta potential of (A) 100% water sedimented o-CNH(120), (B) 50% ethanol 

sedimented o-CNH(120), (C) 100% water sedimented o-CNH(90) and (D) b) 50% ethanol sedimented o-CNH(90) 

 

The zeta potential data in Figure 2.9 correlates well to the data observed for the DLS size data in 

Figure 2.8 above. As recorded in Table 2.2., the zeta potential of the supernatant materials was 

found to be less negative than the pellet materials, with the 50% alcohol sedimented supernatants 

having a smaller zeta potential value than the 0% alcohol equivalents in both cases. This indicates a 

smaller extent of surface functionalisation is present on these supernatant materials and therefore a 

greater sp2 character presence. All zeta potential measurements were carried out in 100% water, 

except the 50% ethanol supernatant samples which were carried out in a 5% ethanol, 95% water 

mixture. 

Table 2.2. Ethanol sedimented o-CNH pellet and supernatant properties 

CNH Sample 
O% Ethanol 50% Ethanol 

Size(PDI) Zeta Potential Size(PDI) Zeta Potential 

o-CNH(120) Pellet 128 nm (0.142) -63 ± 18 mV 136 nm (0.160) -56 ± 11 mV 

o-CNH(120) Supernatant 165 nm (0.151) -59 ± 7. mV 118 nm (0.177) -32 ± 27 mV 

o-CNH(90) Pellet 171 nm (0.178) -49 ± 7 mV 285 nm (0.298) -60 ± 12 mV 

o-CNH(90) Supernatant 141 nm (0.254) -50 ± 13 mV 145 nm (0.188) -48 ± 8 mV 

A B 

C D 
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The measurement of the DLS size was repeated with the pellet and supernatant materials from the 

methanol separations, with similar results observed to those for the ethanol equivalents. All 

measurements were carried out in 100% water, except the 50% methanol supernatant samples for 

the o-CNH(120) and o-CNH(90) which were carried out in 5% methanol, 95% water. The graphed 

data for these DLS measurements is shown below in Figure 2.10 and the numerical data is recorded 

in Table 2.3. 

Figure 2.10 (A) o-CNH(120) pellet material in MeOH size (B) o-CNH(120) supernatant material in MeOH size, (C) 

o-CNH(90) pellet material in MeOH size, (D) o-CNH(90) pellet material in MeOH size

Table 2.3. Methanol sedimented o-CNH pellet and supernatant properties 

CNH Sample 

O% Methanol 50% Methanol 

Size(PDI) Zeta Potential Size(PDI) Zeta Potential 

o-CNH(120) Pellet 128 nm (0.142) -58 ± 34 mV 202 nm (0.248) -63 ± 16 mV

o-CNH(120) Supernatant 165 nm (0.151) -53 ± 15 mV 120 nm (0.197) -45 ± 15 mV

o-CNH(90) Pellet 168 nm (0.205) -44 ± 6 mV 319 nm (0.328) -59 ± 10 mV

o-CNH(90) Supernatant 149 nm (0.241) -47 ± 9 mV 162 nm (0.245) -21 ± 50 mV

A B

C D
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Overall, the sedimentation with alcohols of varying concentrations led to isolation of o-CNH species 

with different properties for both the o-CNH(120) and o-CNH(90). It was observed that the degree of 

solvent polarity selectively stabilised o-CNH species depending on their surface functionalisation, 

with the less surface functionalised, more sp2 hybridised o-CNH species retained in the less polar 

solvent supernatants and the more surface functionalised, more sp3 hybridised o-CNH materials 

recovered in the pelleted material, as they were less stabilised in solution by the reduced solvent 

polarity. 

2.3. Surface Functionalisation of Base Washed o-CNHs 
The cellular interaction of carbon nanohorns is related to their surface functionality and surface 

charge. Carbonaceous fragments can be released from the o-CNH surface and therefore the func-

tionalisation of base washed CNHs was carried out. The first surface modification considered the 

reaction of spermine at the CNH surface. This was chosen to (1) allow investigation of the influence 

of surface charge on the cellular uptake, (2) facilitate subsequent reaction with carboxylic dye deriv-

atives and (3) facilitate the preparation of gold composites due to the high affinity of gold for amines 

(Chapter 3).  

2.3.1. Functionalization of o-CNH(120) bw with Spermine 
The spermine functionalisation of o-CNH(120and o-CNH(90) base washed samples was carried out 

via EDC/NHS carbodiimide cross linking between the o-CNH surface carboxylic groups and the 

spermine terminal primary amine groups to form the highly stable amide bond. This reaction was 

carried out at room temperature, using methods established within the group, shown in Scheme 2.2 

below. Briefly, 6 mg of o-CNHs were reacted with EDC and NHS to form an active ester at the o-CNH 

surface, which was subsequently reacted with a large excess of spermine to prevent crosslinking of 

the CNHs. The resultant spermine-CNHs showed less stability in aqueous solutions with a tendency 

to aggregate and sediment over a few hours, however they redispersed in solution with mild 

agitation.  The spermine-CNH were assessed by UV-Vis absorbance, DLS sizing and zeta potential 

measurements. 



37 
 

 

Scheme 2.2 Formation of an active ester on o-CNH through EDC and NHS followed by spermine addition. 

 

The reaction of spermine molecules with the surface carboxylic acid groups on the o-CNH resulted in 

a change of zeta potential for both the o-CNH(120) and o-CNH(90) systems to less negative values. A 

decrease of 39 mV from -58 mV to -19 mV was observed for the first spermine functionalised o-

CNH(120) (Sper1-CNH(120)-NH2) and a decrease of 35 mV from -45 mV to -10 mV was observed for 

the first spermine functionalised o-CNH(90) (Sper1-CNH(90)-NH2). This decrease in zeta potential 

was attributed to the reduction in free carboxylic acid groups after the spermine addition, which 

lowered the overall carboxylic acid group contributions to the negative CNH zeta potential, 

compared to before the spermine addition.  

 

The persistence of negative zeta potential values even after reaction with a large excess of spermine 

indicated the presence of a significant number of surface carboxylic acid groups. Thus, the spermine 

addition reaction was repeated twice more to further increase the amount of surface bound 

spermine molecules, tracked by the changing zeta potential values. With the second and third 

spermine addition reactions for both the o-CNH(120) and o-CNH(90), the zeta potential values 

changed from a negative value towards an increasingly positive value until relatively stable, 

positively charged, densely spermine functionalised CNHs were obtained as shown in Figure 2.11 

below.  

 

The size and zeta potential values changed for the CNHs after each subsequent spermine addition 

reaction, with an increase in hydrodynamic diameter observed after first two washes and a decrease 

observed after the third wash, indicating increasing colloidal stability of the CNHs.  
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Figure 2.11. Change in size and zeta potential spectra for spermine additions to CNH(120) (A & B) and CNH(90) 
(C & D) 

 

By comparing Figure 2.11 (B) and (D) was seen that the third spermine functionalised CNH(90) 

(Sper3-CNH(90)-NH2) reached a more positive zeta potential value of +29mV than the equivalent 

Sper3-CNH(120)-NH2 which reached a zeta potential of +21 mV. This difference in final zeta potential 

was due to the greater gap in zeta potential of the starting o-CNH materials. The numerical values 

associated with the data shown in Figure 2.11 are recorded in Table 2.4 below. 

 
Table 2.4. Size and zeta potentials of the CNHs after spermine addition reactions 

CNH Type 
Z-average size Zeta potential 

o-CNH(120)-BW o-CNH(90)-BW o-CNH(120)-BW o-CNH(90)-BW 

o-CNH 126 nm 175 nm -58 ± 5 mV -45 ± 3 mV 

Spermine-RXN 1 477 nm 667 nm -19 ± 4 mV -10 ± 3 mV 

Spermine-RXN 2 1549 nm 552 nm +12 ± 4 mV +21 ± 4 mV 

Spermine-RXN 3 693 nm 211 nm +21.5 ± 4 mV +29 ± 6 mV 

 

The spermine-CNH UV-Vis absorbance spectrum for the CNH(120) systems changed slightly with 

each subsequence spermine addition, as shown below in Figure 2.12, but the greatest difference 

A B 

C D 
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was observed between the o-CNH(120) and Sper1-CNH(120)-NH2 samples. A bathochromic shift of 

15 nm was measured for the CNH associated peak, which was seen at 258 nm in oxidised CNH and at 

273 nm in spermine functionalised CNH.  

Figure 2.12. UV-vis absorbance spectrum for the CNH(120) system with spermine additions 

The spermine-CNH UV-Vis absorbance spectrum for the CNH(90) system also changed slightly with 

each spermine addition, as shown in Figure 2.13. As also seen for the Sper1-CNH(120)-NH2, the 

greatest difference was observed between the o-CNH(90) and Sper1-CNH(90)-NH2. A bathochromic 

shift of 10 nm was measured from the oxidised-CNH peak at 258 nm and the first spermine 

functionalised CNH peak at 268 nm. 

Figure 2.13. UV-vis absorbance spectrum for the CNH(90) system with spermine additions 
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2.3.3. Surface functionalisation of 120 min Carbon Nanohorns with 

succinic anhydride 

Finally, the introduction of a flexible carboxylic linker was investigated by reacting by the Sper3-

CNH(120)-NH2 with succinic anhydride. The Sper3-CNH(120)-NH2 were stirred overnight with excess 

succinic anhydride, as per Scheme 2.3, to produce CNH with surface bound linking molecule chains 

of greater length. By nucleophilic attack of the succinic anhydride’s carboxyl group by the spermine 

terminal primary amine, an amide bond was formed, creating a succinic acid–spermine linking chain 

on the CNH surface. 

 

Scheme 2.3 Addition of succinic acid to spermine modified CNHs 

The addition of the succinic anhydride to the spermine modified CNHs resulted in a change to both 

the length of the surface linking groups on the CNHs and the properties of the linking groups. The 

succinic acid addition to the CNHs results in a terminal carboxylic acid group on the CNHs. At neutral 

pH, the terminal carboxylic acid group is deprotonated in aqueous solvents leading to a negative sur-

face charge on the CNHs. The progress of surface functionalisations on the CNHs can be readily mon-

itored by the changing zeta potential values, as seen in Figure 2.14 

 

Figure 2.14. Zeta potential for CNHs with different surface functionalisation 
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The succinic anhydride addition reaction was carried out in two different aprotic solvents, DMF and 

DMSO, to determine which solvent better facilitated the reaction. While both reactions resulted in 

CNHs with very similar surface charges, the DMF resulted in CNHs with a smaller, more disperse size.  

 

2.4. Carbon Nanohorn Dye Labelled Systems 
The use of dyes for labelling of nanoparticle systems for biological studies is well established. For 

monitoring the cellular uptake and interactions of non-emissive nanoparticles, labelling with a 

trackable molecule is essential. In this section, the process of dye labelling of the previously non-

emissive CNHs was carried out to investigate the efficiency of CNH labelling and the cellular uptake 

of dye labelled CNH systems. A wide range of dyes are commonly used in cellular studies144, however 

the properties of the CNH systems and their functional groups generated more specific requirements 

for the dye labels to be selected. Oregon Green 488 was one dye chosen for its availability with 

modified linker groups, its common use in similar dye labelling processes145 and its proven tendency 

to minimally interact with cellular bilipid layers, in comparison to many other common fluorophores 

chosen for similar processes144. The second dye chosen for this dye labelling process was Cyanin3 

Amine which, similar to the Oregon Green 488 dye, had the desired functional groups for the specific 

NP substrates generated, was established for its use in labelling processes already and showed good 

optical properties in aqueous solutions. The key bond formed between the dyes and the systems 

they were labelling was an amide bond, which due to its hydrolysis resistance, was stable in the 

aqueous conditions the reactions were carried out in. One key difference between the Oregon Green 

488 and the Cyanine3 Amine dyes was their extinction coefficient difference. Cyanine3 Amine with 

an extinction coefficient of 150,000 M-1 cm-1
, had almost double the extinction coefficient of the 

Orgon Green 488 dye at 76,000 M-1 cm-1, meaning their absorbance values could not be directly 

compared in UV-Vis spectra. 

 

2.4.1. Oregon Green and Cyanine 3 Amine Dyes 

Oregon Green 488 (O.Gr) was one of two dyes used to label CNHs from both the 120 min and 90 min 

groups. Two forms of the Oregon green 488 dye were used, which had different terminal linker 

groups with different functionalities. The Oregon Green 488 cadaverine 5-isomer dye used in this 

work had a terminal primary amine group, allowing it to react with carboxylic acid groups for amide 

formation. The second form of the Oregon Green 488 dye had a different linking group with a 

terminal carboxylic acid functionality which allowed amide bond formation through reactions with 
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primary amine groups, such as those on the spermine molecule. For the Oregon Green 488 

cadaverine 5-isomer, an absorbance maximum at 493 nm and an emission maximum at 521 nm 

were observed. For the Oregon Green 488 carboxylic acid 5-isomer, an absorbance maximum at 483 

nm and an emission maximum at 517 nm were observed, as seen in Figure 2.15(A). 

Cyanine3 amine was the second dye used to generate labelled CNH systems on the o-CNH(90). Its 

terminal amine group gave it the potential to form amide bonds through reactions with carboxylic 

acid groups, such as those of the surface of an o-CNH(90). Cyanine3 amine had a smaller UV-Vis 

absorbance peak at 512 nm and a larger peak at 543 nm in its spectrum and an emission maximum 

peak at 567 nm, with a second smaller shoulder of emission at 607 nm, as seen in Figure 2.15(B).  

 

 

 

 

 

 

 

Figure 2.15 Normalised Absorbance and Emission of (A) Oregon Green 488 dye and (B) Cyanine3 Amine dye 

The molecular structures of the Oregon green and Cyanine3 amine dyes are shown below in Figure 

2.16. 

 

Figure 2.16 Chemical structures for Oregon Green 488 dyes and Cyanine3 Amine dye 

Oregon Green Cyanine3 Amine 
A B 
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2.4.2. Oregon Green labelled Carbon Nanohorn Systems 

In the first dye labelled system the o-CNH(90) were labelled with Oregon Green 488 cadaverine 5-

isomer, as this dye had a terminal primary amine group which could form amide bonds with the 

carboxylic acid groups on the oxidised CNH surface. In part of the amide bond formation an 

activated ester was formed on the CNH surface carboxylic acid group. Two approaches for coupling 

of the dye by activated ester formation were considered for this system, as shown in Scheme 2.4, by 

using an EDC coupling for the first and a HATU coupling for the second. The effectiveness of both 

coupling agents could then be compared from the resultant Oregon Green 488 cadaverine labelled 

CNH systems (o-CNH(90)-O.Gr). 

 

One key difference in the conditions of both the EDC and HATU reactions was the solvent used. In 

the case of the HATU reaction the aprotic solvent DMSO was used, while in the EDC reaction the 

protic solvent water was used. Given the large quantity of carboxylic acid surface groups on the 

CNHs and their tendency to be deprotonated at neutral pH, at which both reactions took place, a 

lack of hydrogen bonding between the CNHs and solvent reduces their stability in solution 

significantly. This leads to a greater aggregation tendency for the o-CNH(90) in the DMSO solvent 

compared to the good dispersion observed in water-based solutions.  

 

 

Scheme 2.4 Oregon Green 488 addition via both (A) EDC and (B) HATU coupling. 

 

The washing of excess dye from the CNH solution was monitored by UV-Vis absorbance, see Figure 

2.17. In Figure 2.17 A the first supernatant is in the same solvent as the solvent chosen for the 

reaction and the following supernatants are in Ethanol. 
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Figure 2.17 o-CNH(90)-O.Gr supernatant dye washes from the (A) EDC and (B) HATU reaction. Supernatant 

(A)1 was recorded in H2O, Supernatant (b)1 was recorded in DMSO with all following washed recorded in Eth-

anol

From the absorbance spectra recorded for both of the dye-CNH systems, in Figure 2.18 below, the 

EDC coupling mechanism showed a larger relative dye associated peak on the labelled CNH system 

than the equivalent HATU modified system. The dye labelled CNH coupled with EDC had an 

absorbance peak at 496 nm associated with the dye, which was a bathochromic shifted of 3 nm from 

the equivalent absorbance peak of the free dye at 493 nm. This bathochromic shift was a result of a 

change in the dye’s chemical environment from covalently bonding with the CNH surface carboxylic 

acid groups. The presence of this shift indicated successfully bound dye via EDC coupling. The 

absorbance spectra of the HATU coupled system showed a slight increase in absorbance in the range 

of the dye’s peak absorbance, however a much lower absorbance was recorded in comparison with 

the EDC coupled system. 

Figure 2.18 o-CNH(90)-O.Gr (A) normalised absorbance and (b) emission and excitation spectra of both dye 

labelled systems 

A difference in emission and excitation maxima was observed for both of the dye labelled systems, 

with the EDC coupled system showing a strongly emitting profile with similar peaks to the Oregon 

A B

A B
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Green 488 cadaverine dye, but slightly shifted on the CNH labelled system, due to CNH bonding. The 

HATU coupled system however had very low emission and excitation maximums and did not clearly 

show the emission or excitation profile of the dye labelled system as the EDC coupled sample had. 

Therefore, one conclusion of these results was that the coupling which takes place through the EDC 

mechanism was significantly more effective in attaining a dye labelled CNH system which can retain 

the dye’s absorbance and emission properties, than the coupling mechanism for HATU. 

Table 2.5. Change in 90 min size and zeta potential with spermine functionalisation reactions 

o-CNH O-CNH(90)-O.Gr (EDC) O-CNH(90)-O.Gr (HATU)

Z-average size 180 nm 163 nm 186 nm 

Number mean 109 nm 120 nm 133 nm 

Zeta potential -48 ± 7 mV -29 ± 7 mV – 40 ± 7 mV

The zeta potential measurements revealed a change from -48 mV to -29 mV for EDC and to -40 mV 

for HATU, as shown in Table 2.5 above. This was explained by considering the reaction of the amine 

group with the negatively charged CNH carboxylic acid groups, where the overall negative charge on 

each CNH cluster decreased as a result of amide bond formation. These results agreed with the 

observed UV-Vis absorbance spectra in which the dye labelling of the CNHs is indicated on both EDC 

and HATU coupled CNHs to varying extents. While the zeta potential for both labelled CNH systems 

decreased, their final values remained reasonably stable ensuring minimal aggregation. With the 

decrease in negative surface charge of the CNH clusters, the associated diffusion layer of ions 

decreased in size, giving a smaller value for the product CNH hydrodynamic diameter. This also 

caused the zeta potential of the dye labelled system to decrease. A significant factor in the reaction’s 

success was the solvent used. For the HATU mechanism, the aprotic solvent DMSO was used to 

ensure that only the desired CNH carboxylic acid groups reacted. As the starting oxidised CNH 

contain negatively charged oxygen groups, they are less stabilised in aprotic solvents, such as DMSO, 

than in protic solvents. However, the EDC coupling reaction which took place in water used a solvent 

in which the negatively charged starting o-CNH were stabilised by the solvent through both polar 

and hydrogen bonding interactions. The improved dispersion in the aqueous solvent allowed more 

surface carboxyl groups to be available as a result of lower aggregation, leading to a greater dye 

uptake overall. 

Once the conditions of the Oregon Green 488 dye labelling of o-CNHs were optimised with the o-

CNH(90), the reaction was repeated with the o-CNH(120). As the EDC coupling reaction had resulted 

in a greater dye uptake, as shown in Figure 2.25, this dye coupling method was selected for the fol-
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lowing reactions. The first of the CNHs(120) to be labelled with the Oregon Green 488 dye was the o-

CNH(120). This CNH system had surface oxidised carboxylic acid groups, so it was reacted with the 

terminal amine containing Oregon Green 488 cadaverine 5-isomer. EDC activation of the o-CNH car-

boxyl group produced an activated ester, which promoted amide bond formation between the dye 

and CNH, as demonstrated above in Scheme 2.4. The absorbance and emission properties of the Or-

egon Green 488 dye were again observed on the CNH dye labelled system, shown in Figure 2.20. The 

removal of the excess dye was monitored by UV-Vis absorbance of the CNH supernatant, seen be-

low. 

 

Figure 2.19 o-CNH(120)-O.Gr Supernatant washes UV-Vis absorbance 

 As seen previously, the absorbance peak associated with the dye underwent a bathochromic shift of 

3 nm after binding to the CNH and the emission and excitation spectra showed significant signal.  

 

Figure 2.20 o-CNH(120)-O.Gr (A) normalised absorbance and (b) emission and excitation spectra of the dye 

labelled CNH system 

 

A B 
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The dye labelled system increased in size as a result of the reaction, with a small amount of aggre-

gated material present due to the lower colloidal stability of the product CNH system. A large change 

in zeta potential of 38 mV was observed from -63 mV to -25 mV, as shown in Table 2.6. As previous-

ly, this change in zeta potential was attributed to the reaction of in exposed carboxyl groups con-

tributing to the overall negative zeta potential. This shift in zeta potential to less negative values and 

the changes in the optical properties in Figure 2.19 indicated the successful modification of the o-

CNH’s with Oregon Green. 

Table 2.6. Change in size and zeta potential from dye labelling reaction to o-CNH(120) 

 

 

 

 

After dye labelling of both the o-CNH(120) and o-CNH(90) with the Oregon Green 488 cadaverine 5-

isomer, the systems were compared to see which had taken up dye to a greater extent. Interesting 

results were found from this comparison, where the ratio of the dye peak to the CNH peak on the o-

CNH(120)-O.Gr was greater than that of the o-CNH(90)-O.Gr systems, however the emission from 

the CNH(90) system showed greater intensity, as shown in Figure 2.21 below. One explanation for 

this observation was that the greater surface concentration of bound dye on the CNH(120) clusters 

could lead to partial shielding of the emission with the greater amount of surface bound molecules, 

compared to the lower surface density of the dye on the o-CNH(90)-O.Gr whose surface packing 

would cause less shielding of emission. 

 

Figure 2.21 Comparison of o-CNH(120)-O.Gr and o-CNH(90)-O.Gr by (A) UV-Vis absorbance and (b) excitation 

and emission spectra 

 o-CNH O-CNH(120)-O.Gr 

Z-average size 129 nm 265 nm 

Number mean 87 nm 146 nm 

Zeta potential -63 ± 15 mV -25 ± 5 mV 

A B 
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The second 120 min dye labelled CNH system synthesised was Spermine modified CNH(120) func-

tionalised with the dye Oregon Green 488 carboxylic acid 5-isomer (Sper3-CNH(120)-O.Gr), as per 

scheme 2.5 below. In contrast to the previous reaction, in this reaction the CNH contained the ter-

minal primary amine group for forming an amide bond with EDC activation of the carboxylic acid 

group on the Oregon Green 488 dye. Washing of the dye labelled system was required to remove 

the excess Oregon Green 488 dye, as with the previous CNH(120) dye labelled system, so the super-

natant absorbance was monitored to determine when the CNHs had been sufficiently washed to 

ensure that the only remaining dye in the labelled CNH system was covalently bound to the CNHs 

surface. The resultant dye labelled system showed poorer dispersibility in aqueous solution com-

pared to the o-CNH sample. 

 

Scheme 2.5 Oregon Green 488 addition to spermine functionalised CNHs 

With the addition of the spermine molecule linking the dye to the CNH, a dye labelled CNH system 

larger in size and with a different zeta potential was expected in this reaction than the previous reac-

tion. The supernatant absorbance was monitored to track the decreasing excess dye after subse-

quent washing, in Figure 2.22 below. The first supernatant was measured in the reaction solvent and 

subsequent supernatants were recorded in ethanol. 

 

Figure 2.22 UV-Vis absorbance of Supernatant washes. Supernatant 1 is in dd-H2O, all others are in Ethanol 
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Similar to the previous reaction, however, the absorbance and emission peaks associated with the 

dye were present on the dye labelled system with a bathochromic shift of 5 nm seen in the 

absorbance spectrum, due to amide bond formation between the dye carboxyl groups and the CNH 

terminal amine groups. Potentially due to the lesser steric hinderance of amide bond formation at 

the terminal of the linking spermine molecule, a greater dye associated peak was observed on the 

spermine modified CNH compared to the o-CNH(120)-O.Gr. This larger dye associated peak in the 

absorbance spectrum and strong emission and excitation signals of the labelled CNH system were 

shown below in Figure 2.23. 

 

Figure 2.23 Sper3-CNH(120)-O.Gr (A) UV-Vis absorbance and (b) excitation and emission spectra 

 

While this dye labelled system showed promising optical properties associated with the Oregon 

Green 488 dye, the CNH size and zeta potential values were significantly differed to previous results 

for the oxidised CNH labelling. The Sper3-CNH(120)-O.Gr’s very low zeta potential of -9 mV, as 

shown in table 2.7 below, indicated poor colloidal stability, which led to considerable aggregation of 

the CNH clusters which was reflected in an increase in the measured hydrodynamic diameter. 

Table 2.7. Change in size and zeta potential from dye labelling reaction to o-CNH(120) 
 

 

 

 

The third 120 min dye labelled CNH system was succinic acid modified CNH functionalised with the 

Oregon Green 488 cadaverine 5-isomer dye (Suc-CNH(120)-O.Gr), as shown in Scheme 2.6 below. As 

previously seen with the oxidised CNH sample, an amide bond was formed between the terminal 

 Sper3-CNH(120)-NH2 Sper3-CNH(120)-O.Gr 

Z-average size 725 nm 1524 nm 

Number mean 306 nm 1254 nm 

Zeta potential 22 ± 4 mV -9 ± 4 mV 

A B 
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amine on the Oregon Green 488 cadaverine dye and the carboxylic acid group present on the CNH. 

However, in contrast to the oxidised CNH sample, the reacting carboxylic acid functional group in 

this reaction was located on the succinic acid terminal of the succinic acid-spermine-surface 

carboxylic acid chain attached to the CNH. This resulted in the most extended linking chain between 

the CNH surface and the dye molecules of all the dye labelled CNH systems. In theory, this longer 

linking chain would lead to a larger dye labelled system and steric repulsions of the dye molecules 

would be minimised by the greater inter-dye distance afforded from the extended linking chain. 

Scheme 2.6 Oregon Green 488 addition to succinic acid functionalised CNHs 

As with the previous two CNH(120) dye labelled systems, the supernatant material from the dye 

washing was monitored for this reaction also to ensure that the excess dye from the CNH had been 

removed, as shown in Figure 2.24 below. 

Figure 2.24 Suc-CNH(120)-O.Gr supernatant washes 

Similar to previous systems, the Suc-CNH(120)-O.Gr also had an absorbance peak associated with 

the dye, with a bathochromic shift of 2 nm between the free dye peak and the bound dye peak, 

shown in Figure 2.25. The dye labelled system had strong emission and excitation spectra, further 

proving that the optical properties of the free dye had translated onto the dye labelled CNH system, 

as seen for previous systems above also. The Suc-CNH(120)-O.Gr showed good dispersibility in 

aqueous solvent, similar to the precursor CNH, and while some sedimentation was observed with 
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time, the CNHs redispersed in solution upon minimal agitation. This correlated well to the zeta 

potential observed for these systems, which had a reasonably colloidally stable value of -24 mV. 

 

Figure 2.25 Suc-CNH(120)-O.Gr (A) normalised absorbance and (b) emission and excitation spectra  

By adding two sequential linking groups onto the CNH surface, the steric hinderance between the 

terminal bound Oregon Green 488 cadaverine dye molecules would be expected to decrease most 

for the Suc-CNH(120), giving these CNH the potential to more favourably take up the Oregon Green 

488 cadaverine dye molecules than the oxidised and spermine modified CNH. However, a significant 

difference between the starting Suc-CNH(120) and o-CNH(120) which favoured the oxidised system 

was the initial zeta potential value. While the zeta potential of the starting Suc-CNH(120) was -28 

mV, the o-CNH(120) system  has a much larger value of -63 mV. The o-CNH(120) therefore had a 

significantly larger number of carboxyl groups present and capable of bonding with dye molecules.  

The zeta potential of the Suc-CNH(120)-O.Gr, at -24 mV (as shown in Table 2.8 below), underwent a 

smaller change than either of the previous two dye labelled systems, indicating that dye uptake by 

the Suc-CNH(120) took place to a lesser extent for this system. From comparisons of the UV-Vis 

spectrum for both Oregon Green 488 cadaverine dye labelled systems, the absorbance peak at 496 

nm after dye labelling was 3.8 times larger in the o-CNH(120)-O.Gr than the Suc-CNH(120)-O.Gr. 

 

Table 2.8. Change in size and zeta potential from dye labelling reaction to o-CNH(120) 

 Suc-CNH(120) Suc-CNH(120)-O.Gr 

Z-average size 459 nm 331 nm 

Number mean 154 nm 174 nm 

Zeta potential 28 ± 4 mV -24 ± 4 mV 

 

 

A B 
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Overall, the three types of dye labelled CNH(120) resulted in systems with different surface groups, 

varying sizes and a wide range of zeta potential values and allowed a broad study of dye labelled 

CNH system to be carried out. From the results obtained for the UV spectrum, size data and zeta 

potential data of all three labelled systems, it was demonstrated that the optical properties of the 

dye could be successfully transferred onto CNH systems to produce dye labelled systems with a 

range of sizes and zeta potentials. The extent to which dye binding reaction took place also varied 

depending on the CNH surface functionality, as seen in the absorbance spectra for the labelled 

systems and in the size and zeta potential values for each of the systems. The number of surface 

groups available for uptake of the dye molecules was the limiting factor for all three labelled 

systems, and as the spermine modified system was generated from the oxidised system and the 

succinic acid modified system was then generated from the spermine modified system, the extent to 

which dye uptake could take place was therefore theoretically highest for the o-CNH(120) and 

lowest for the Suc-CNH(120), which reflects the results observed. 

For the o-CNH(120) system, the dye addition reaction produced a large decrease in zeta potential 

and a small increase in CNH system size. This dye labelled system, which underwent the largest 

change in surface potential, also showed the greatest increase in dye associated absorbance at 496 

nm. For the spermine functionalised CNH system, the dye addition reaction caused the second 

largest change in zeta potential value, which coincided with the second largest increase in 

absorbance at the peak wavelength of the bound dye at 489 nm. However, unlike the previous 

system, the final zeta potential value of this system lead to colloidal instability and aggregation of 

the CNH in solution. The graphed data for these systems is compared below in Figure 2.26 and the 

numerical values are compared in Table 2.9 below. 
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Figure 2.26 Comparative zeta potentials all functionalised CNH(120) before and after dye labelling 

Table 2.9. Size and Zeta Potential comparison for all 120 min CNH dye labelled systems 

 o-CNH(120)-O.Gr Sper3-CNH(120)-O.Gr Suc-CNH(120)-O.Gr 

Z-average size 265 nm 1524 nm 331 nm 

Number mean 146 nm 1254 nm 174 nm 

Zeta potential -25 ± 5 mV -9 ± 4 mV -24 ± 4 mV 

 

Finally for the succinic acid functionalised CNH system, the dye addition reaction led to the smallest 

change in zeta potential in addition to the UV-Vis absorbance spectrum for this dye labelled system 

having the smallest increase in absorbance at the wavelength of the bound dye peak at 496 nm. 

However, as the zeta potential of the Suc-CNH(120)-O.Gr was more stable than that of the Sper3-

CNH(120)-O.Gr system, its hydrodynamic diameter was also smaller, indicating less aggregation. 

 

2.4.3. Cyanine3 Amine labelled Carbon Nanohorn Systems 

The final dye labelled system was Cyanine3 Amine labelled o-CNH(90) (o-CNH(90)-Cy3), as shown 

below in Scheme 2.7. This dye was selected, as previously stated, for its established use in biological 

studies and as its primary amine terminal group could form an amide bond with the carboxylic acid 
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groups on the oxidised CNH surface. By forming an activated ester on the carboxylic acid CNH 

surface using EDC, the covalent amide bond between the dye molecules and the CNH clusters was 

formed and the absorbance and emission properties of the dye were translated onto the dye 

labelled CNH system.  

Scheme 2.7 Cyanine3 Amine dye labelling of o-CNH(90) 

The dye labelled CNH system retained absorbance peaks associated with the Cyanine3 dye, with a 

bathochromic shift of 19 nm observed for both of the dye’s signature peaks. The first dye peak was 

shifted from 512 nm for free dye to 531 nm for CNH bound dye and the second dye peak was shifted 

from 543 nm for free dye to 562 nm for bound dye. This absorbance shift was caused by a change in 

the dye’s chemical environment from covalent bond formation with the o-CNH. As the stokes shift 

for this dye was recorded at a narrow 15 nm, to profile the full emission and excitation spectra, 

excitation of the Cy3-CNH labelled system was carried out at the lower absorbance peak of 530 nm 

for both the free dye and the composite dye. The excitation spectrum was also recorded based on 

the emission observed at 580 nm, which allowed the full excitation profile to be recorded.  

As part of this reaction, washing of the dye labelled system was required to ensure that excess dye 

had been removed from the solution, as seen previously in section 2.4.2 with the Oregon Green 488 

dyes. However, one large difference between the cyanine3 amine dye and the Oregon Green 488 

dye, which has been previously mentioned, is the extinction coefficient, which is almost double for 

the cyanine3 dye, meaning trace amount of the dye remaining in solution would show more readily 

in the supernatant’s UV than the equivalent concentration of the Orgon Green dye. For this reason, 

the o-CNH(90)-Cy3 required significantly more washing than the previous Oregon Green labelled o-

CNH systems. The absorbance and emission for the o-CNH(90)-Cy3 are shown in Figure 2.27 below. 
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Figure 2.27 o-CNH(90)-Cy3 (A) normalised absorbance and (b) emission and excitation 

This cyanine3 dye labelled system increased in size from the oxidised precursor at 180 nm to 240 nm 

for the labelled CNH product. This increase in size was attributed to the surface bonding of the long 

chain cyanine3 dye molecules with the CNH clusters, and was also attributed to the change in zeta 

potential observed and its impact on CNH stability and aggregation. After dye addition, the o-

CNH(90)-Cy3 were more susceptible to minor, gradual aggregation than the o-CNH(90) precursor. 

This observation was explained by looking at the system zeta potential values, which showed to have 

decreased, as expected, during the dye addition from -48 mV to- 24 mV. 

Figure 2.28 Cy3-CNH (A) size by percent intensity and (b) size by percent number of the dye labelled system 

The surface loading of the dye indicated by the decrease in the zeta potential of the CNH systems, as 

shown in Figure 2.28, which occurred due to the positively charged dye reacting with the negative 

oxygen groups on the CNH and decreasing the overall amount of available negatively charged 

surface groups. It can be seen from Table 2.10 below that a decrease of 24 mV was observed for this 

reaction, where the oxidised CNH precursor had a zeta potential of -48 ± 7 mV and the final dye 

labelled CNH system had a zeta potential of -24 ± 6 mV. Given the decrease from relatively stable to 

A B

A B



56 
 

a lesser stability as a result of dye labelling, the size increase of the dye labelled CNH system can be 

explained by considering the zeta potential impacts on stability. 

 

Table 2.10 Change in o-CNH(90) size and zeta potential from dye labelling with cyanine3 amine 

 o-CNH Cy3-CNH 

Z-average size 180 nm 240 nm 

Number mean 109 nm 140 nm 

Zeta potential -48 ± 7 mV -24 ± 6 mV 

 

 

2.5 Cell Imaging of Dye Labelled Carbon Nanohorn systems 

Cell Imaging of the labelled CNH was carried out to determine their cellular uptake and movement 

within cells. The cell imaging experiments were performed in collaboration with Prof. Jeremy 

Simpson, Chair of Cell Biology, UCD. 

 

2.5.1. Cell Imaging of Cyanine3 labelled 90 min oxidised Carbon Nanohorn 

The cytotoxic responses of cultured HeLa cells to o-CNHs was compared to that of cells treated with 

cell culture medium (negative control) and with staurosporine (STS), a protein kinase C inhibitor 

(positive control) using the CellTiter-Glo® cell viability assay. These measurements were performed 

under pulse chase conditions, specifically incubating the cells with CNHs for 1 h (a time widely 

considered to be sufficient to allow interaction of nanoparticles with cells, as well as activation of 

various internalisation mechanisms), followed by washing and continued incubation in medium for a 

further 24 h, revealed very good cell tolerance for the o-CNHs, see Figure 2.29. In these pulse-chase 

experiments, no toxicity was observed at concentrations up to 10 µg/ml, with more than 85% cell 

viability remaining even at the highest o-CNH concentration of 20 µg/ml. 
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Figure 2.29: Cell viability in the presence of increasing concentrations of unlabelled o-CNHs. Cell viability was 

assessed following pulse-chase for 1 hour and 24 hours incubation with 5, 10, and 20 μg/ml o-CNH. Negative 

controls are cells incubated with sf-DMEM followed by c-DMEM. Staurosporine (STS) (20 µM)-treated cells 

were used as a positive control. Values represent mean plus or minus s.e.m. of 3 independent replicates. 

Student’s t-tests were performed against the negative control; *p<0.05. 

 

The o-CNHs are intrinsically non-luminescent and so cannot be imaged using fluorescence confocal 

microscopy. Therefore, to learn about the destination of the nanohorns confocal measurements on 

the labelled o-CNH-Cy3 was performed.  Significantly, the o-CNH(90)-Cy3 sample also showed little 

toxicity to cells, even at concentrations of 20 µg/ml (see Figure 2.30 (A) below).  
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Figure 2.30 Cell viability and cellular uptake in the presence of increasing concentrations of o-CNH-Cy3. (A) Cell 

viability was assessed following pulse-chase for 1 hour and 24 hours, respectively of treatment with 5, 10, and 

20 μg/ml o-CNH-Cy3. Negative controls are cells incubated with sf-DMEM followed by c-DMEM. Staurosporine 

(STS) (20 µM)-treated cells were used as a positive control. Values represent mean plus or minus s.e.m. of 3 

independent replicates. Student’s t-tests were performed against the negative control; *p<0.05. (B) Confocal 

fluorescence microscopy of uptake profile of o-CNH-Cy3 into HeLa cells as a function of concentration. Cells 

were pulse-chased as for the viability experiment, prior to being fixed and imaged. Cell nuclei are shown in 

blue, o-CNHs in red. Scale bar, 10 μm. 

 

Nanoparticles in biological media often attract proteins present in solution, based on the size and 

surface properties of the nanomaterial type. By having serum present in solution, the NP uptake and 

interactions with cells can be reduced. This may be related to the increase of surface associated 

proteins. As a result of this, the initial studies were carried out in serum free media. Dose-dependent 

experiments performed over 120 min incubation for the o-CNH(90)-Cy3 concentrations between 1 

μg/mL and 10 μg/mL showed strongest fluorescence in the cells at the 10 μg/mL concentration. 
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Chapter 3 

Gold Nanoparticles and Carbon Nanohorn 

Composites
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3.1 Introduction 

Gold nanoparticles are a versatile and well-studied nanomaterial with many of the interesting 

properties associated with metal nanoparticles. Their wide variety of synthesis methods, shapes, 

sizes and surface functionalities have given them the advantage of being adaptable to many 

different applications including use in sensors, catalysis, drug delivery systems and more, as 

discussed previously in section 1.7.  

In particular, the use of gold nanoparticles as radiosensitisation agents has proved to be a highly 

effective system. Recent studies have shown a significant impact on tumour cell ablation where gold 

nanoparticles were taken up by cells in combination with X-ray radiation treatment146.  The 

aggregation of gold nanoparticles, which has been observed in cellular media, can negatively impact 

their uptake and cellular interactions147. Key factors for reducing the aggregation of gold 

nanoparticles is the choice of capping agent used and their impact of solvent dispersibility. Capping 

agents such citrate capped gold nanoparticles increase dispersibility in aqueous solution, which is 

associated with reduced aggregation148. Examples of different capping agents on gold nanoparticles 

are shown below in Figure 3.1. 

Figure 3.1 Synthesis of gold nanoparticles followed by capping with B. citrate groups, C. sulphur groups and D. 

modified sulphur groups
149

. 

A lower concentration of gold nanoparticles present in cells will reduce their impact in 

radiosensitisation application. Therefore, a means of transporting gold nanoparticles effectively into 

cells in high concentrations would greatly enhance their impact in radiation therapies. Previous work 

within the group has demonstrated the capacity to functionalise amine containing polystyrene beads 
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with gold nanoparticles150. Based on these results, the addition of gold nanoparticles to CNHs and 

their properties was of much interest. Given the greater biocompatibility of CNHs over polystyrene 

as a result of its biodegradability95, a composite material of CNHs and gold nanoparticles could 

combine the properties of cellular uptake and radiosensitisation found in each separately.  

The first aim of this work was to synthesise a composite system which could encompass both the 

cellular transport mechanisms of carbon nanohorns and the radiosensitisation properties of gold 

nanoparticles, by first synthesising two gold nanoparticle types and then adding them to the CNHs. 

The second aim of this work was to modify the composite system with varying gold concentrations 

and investigate the impacts of the composite’s properties. 

The third aim of this work was to further investigate the ability of CNHs to work as transport 

systems, through surface functionalisation with the hydrophobic molecule Astaxanthin, a compound 

which has a diverse range of applications in the health industry. 
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3.2 Carbon Nanohorn and Gold Nanoparticle Composites 

In this section, the synthesis of two types of gold nanoparticles was considered. Citrate stabilised 

gold nanoparticles and borohydride stabilised gold nanoparticles. Both nanoparticles were typically 

smaller than 10 nm with strong negative zeta potentials, giving them the optimal properties to form 

composite materials with positively charged, spermine functionalised CNHs. For these composites, 

the Sper3-NH(90)-NH2  were chosen, for their greater zeta potential and smaller system size.  

3.2.1. Citrate Stabilised Gold Nanoparticles 

Citrate stabilised gold nanoparticles were prepared at room temperature, according to the Murphy 

preparation method by Jana et al112. Sodium citrate was used as the capping agent for these AuNPs. 

During the synthesis, a colour change from faintly yellow tinged solution to vivid red was observed, 

after the addition of the sodium borohydride reducing agent, as represented in Scheme 3.1 below. 

 

 

Scheme 3.1 Citrate stabilised gold nanoparticle synthesis 

The AuNP’s properties were measured through UV-Vis absorbance, DLS sizing and zeta potential 

measurements. The UV-Vis absorbance spectrum shows an absorbance peak at 511 nm, a typical 

SPR band for AuNPs prepared according to this method and of this size. The DLS results of the gold 

nanoparticles, shown below in Figure 3.2, were presented in both size by intensity and size by 

number data. According to the size by number data, their mean size was 5.5 ± 0.3 nm. What can be 

seen from the comparison between Figure 3.2 (b) and (C) is that although there are some larger 

particles present in the gold nanoparticle samples, the majority of the CNH are smaller materials. 

The particles were found to be negatively charged with a zeta potential of -28 ± 12 mV, as expected 

from particles of this type112. These values are compared below in Table 3.1. 

Sodium Borohydride 

Chloroauric Acid 

Trisodium Citrate 

Stirring, RT, H
2
O 
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Figure 3.2 Citrate stabilised gold nanoparticles (A) Absorbance spectrum (b) Size by intensity, (C) Size by 

number and (D) Zeta Potential. 

Table 3.1. Gold nanoparticles size and zeta potential 

Citrate AuNP 

Z-average size 96 nm 

Number mean 5.5 nm 

Zeta potential -28 ± 12 mV

3.2.2. Borohydride Stabilised Gold Nanoparticles 

Borohydride stabilised gold nanoparticles were then synthesised from a modification of the 

preparation by Martin et al5. Briefly, a 50 mM solution of chloroauric acid in hydrochloric acid was 

reduced with a 50mM solution of sodium borohydride in sodium hydroxide, to produce gold 

nanoparticles.  These gold nanoparticles were made at room temperature, and as previously seen 

with the citrate stabilised gold nanoparticles, a vivid colour change was observed from very pale-

yellow tinged solution to a bright red colour after addition of the sodium borohydride solution, as 

shown in Scheme 3.2 below. 

A B

C D
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Scheme 3.2 Borohydride stabilised gold nanoparticle synthesis 

These gold nanoparticles were then imaged and sized using AFM. From this, their average size was 

found to be 4.6 ± 2.5 nm, from averaging across 302 measurements, as shown in Figure 3.3 below. 

This agreed with the size expected for gold nanoparticles from this method of synthesis5. 

 

Figure 3.3 AFM image of the borohydride stabilised gold nanoparticles and histogram of AFM sizes 

 

The SPR band of the borohydride stabilised gold nanoparticles at 508 nm was consistent with AuNPs 

of this size, made according to this preparation5 and with the bright red colour observed from the 

solution. The slight difference between the SPR band of the borohydride stabilised gold 

nanoparticles (Figure 3.4 (A)) and of the citrate stabilised gold nanoparticles (Figure 3.2 (A)) could be 

associated with a small difference in size between the two types of gold nanoparticles. Accordingly, 

the size data measured by DLS for both types of gold nanoparticles also shows a size difference, as 

the citrate stabilised gold nanoparticles were previously shown in Figure 3.2 (C) to have a mean 

number size of 5.5 nm, which although similar to the equivalent size by number of 5.7 nm for the 

borohydride stabilised AuNPs, was 0.9 nm larger than the AFM size of the borohydride stabilised 

gold nanoparticles at 4.6 nm. As the borohydride gold NPs had a larger negative zeta potential, they 

had a larger electric double layer (EDL) which accounted for a 1.1 nm difference in size between DLS 

and AFM measurements. However, as the citrate stabilised AuNPs have a slightly smaller zeta 

Sodium Borohydride 

Sodium Hydroxide 

Chloroauric Acid 

Hydrochloric Acid 

Stirring, RT, H
2
O 

A B 
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potential, they would be expected to have a smaller EDL with more of their particle size being 

contributed to by the AuNP core. 

The zeta potential value of -35 ± 4 mV recorded for the borohydride stabilised gold nanoparticles, 

shown below in Figure 3.4, was significantly larger than the one measured for the citrate stabilised 

gold nanoparticles, as show above in Figure 3.2 (D). This could be due to the stronger reactivity of 

sodium borohydride than trisodium citrate, which respectively stabilise both types of gold NPs. 

Figure 3.4 Borohydride stabilised gold nanoparticles (A) UV-Vis absorbance (b) Size by intensity, (C) Size by 

number and (D) Zeta Potential. 

The atomic absorbance spectrometry (AAS) result showed the borohydride stabilised gold 

nanoparticles had a gold atom concentration of 110 ± 8 ppm. By using the AuNP size of 4.6 nm 

determined from AFM measurements, the volume (4/3πr3) of the AuNP was found to be 7.36 x 10 -26

m3. Using the density of gold (19,320 kg m-3), the mass of one gold nanoparticle was calculated to be 

1.42 x 10-19 g. All numerical data for these AuNPs is listed below in Table 3.2. 

Therefore, based on the AAS data, the concentration of gold nanoparticles was calculated to be 

approximately 7.7 x 1014 AuNPs mL-1. 

A B

C D
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Knowing their concentration made it possible to calculate the extinction coefficient of the AuNPs at 

their 508 nm peak, which was estimated to be 9.24 x 106 M-1 cm-1. 

Table 3.2. Gold nanoparticles size and zeta potential 

Borohydride AuNP 

Z-average size 258 nm 

Number mean 5.7 nm 

AFM size 4.6 nm 

Zeta potential -35 ± 4 mV

3.2.3. Borohydride Stabilised Gold Nanoparticle - Polystyrene Composites 

Previous work within the group has reported the preparation of citrate stabilised gold 

nanoparticles/polystyrene bead composites150.These are prepared through the interaction of gold 

nanoparticles with amine groups on the surface of the PS beads, as illustrated in Scheme 3.3 below. 

Following this approach, the preparation of similar composite materials using the borohydride 

stabilised AuNPs was attempted. 

Scheme 3.3 Borohydride stabilised gold nanoparticles with polystyrene bead, composite formations. 

The borohydride stabilised gold nanoparticles were added in excess to a suspension of amine 

functionalised polystyrene beads of 110 nm in diameter and the solution was mixed for 1 hour at RT, 

followed by washing via centrifugation to remove the excess gold. The polystyrene composites were 

washed three times at 5000 rpm for 15 minutes in dd-H2O. The gold functionalised polystyrene 

composites had a different visible appearance after the addition of the gold nanoparticles, as their 

colour changed from a milky white suspension to a suspension with a light pink tinge after AuNP 

addition and excess AuNP removal. The composite washing was tracked by recording the UV-vis 

absorbance of the supernatant material. After washing, the composites were characterised by DLS 

and zeta potential.  

Stirring, RT, H
2
O 
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Figure 3.5 Gold content in gold-polystyrene composite wash supernatants. 

 

After the addition of the gold to the polystyrene beads, the excess gold remaining in the supernatant 

was removed by washing via centrifugation, and this washing was monitored by UV-Vis absorbance. 

The characteristic gold NP SPR band at 508 nm for borohydride stabilised gold nanoparticles can be 

seen to drastically decrease between the first and second wash in water via centrifugation at 5000 

rpm for 15 min.  Washing of the composites was carried out to ensure the excess supernatant gold 

was removed, shown in Figure 3.5 above. 

 

Figure 3.6 Gold functionalised (red) and amine functionalised (black) polystyrene beads (A) Size by normalised 

intensity and (b) Normalised zeta potential in ddH2O 

 

Given the increase in size of the polystyrene composite shown in Figure 3.6 aggregation of the 

sample took place, with a large size increase of 159 nm observed after gold NP addition. While the 

amine modified polystyrene beads had a positive charge, due to protonation of the terminal primary 

amine group, sufficient addition of the negatively charged gold nanoparticles resulted in a composite 

with an overall negative surface charge. The 46 mV change from + 26 mV to -20 mV resulted in a less 

(a) (b) 
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stable composite product, which could cause aggregation of the sample explaining the size increase 

previously seen.   

 

3.2.4. Citrate Stabilised Gold Nanoparticle Carbon Nanohorn Composites 

Based on the previous work within the group150 of composite formation between amine 

functionalised polystyrene beads and citrate stabilised gold NPs, citrate stabilised gold nanoparticles 

were added onto amine functionalised Sper3-CNH(90)-NH2 to generate composite systems, as 

shown in Scheme 3.4 below. Three composites were made by mixing increasing concentrations of 

excess gold nanoparticles and Sper3-CNH(90)-NH2 at 1000 rpm for 1 h, to investigate the effect of 

increased gold loading onto the CNH surface. These composites were made on a 2 mL scale. The 

concentration of gold was increased in a ratio of 1:2:3 for the first, second and third reactions 

respectively, with the concentration of Sper3-CNH(90)-NH2 being kept constant throughout. The 

Sper3-CNH(90)-NH2 were chosen over the 120 min equivalent as they had a highly positive zeta 

potential of +29 mV after three spermine functionalisation reactions and had a small size and PDI, as 

shown in Table 2.3, which was indicative of less aggregation of the sample. After gold nanoparticle 

addition, composite aggregation within 24 hours was minimal, especially where high excess AuNPs 

were used, with ready redispersion. 

 

 
Scheme 3.4 Citrate stabilised gold nanoparticle composite with spermine functionalised CNH 

 

The UV-visible spectrum recorded for the resuspended gold functionalised CNH pellet after excess 

free gold nanoparticle removal showed a new band at 518 nm for the gold NPs, in addition to the 

slight hypsochromic shift for the absorbance peak associated with the CNHs from 269 nm for the 

spermine functionalised composite to 268 nm for the gold NP modified composite. This gold NP 

band was bathochromically shifted by 7 nm from the free gold NP SPR band at 511 nm for the citrate 

Citrate stabilised Gold 

Nanoparticles 

1 h, RT, H2O 



69 

stabilised gold nanoparticles. This change in peak absorbance was indicative of bonding of the gold 

nanoparticles with the CNH surface amine groups. 

Figure 3.7 UV-Vis absorbance of Composite 1 compared to the free and supernatant AuNPs. 

Comparison of the UV-Vis absorbance for all composites showed that the bound gold NP SPR was 

bathochromically shifted to varying extents on each composite from 511 nm SPR for free gold NPs. 

In composite 1, the gold SPR band was observed at to 518 nm, as shown above in Figure 3.7, in 

composite 2, SPR was shifted to 515 nm and in composite 3, SPR was shifted to 513 nm, as shown in 

Figure 3.8 below. In Figure 3.8(D) below, the change in gold NP concentration before and after 

Sper3-CNH(90)NH2 addition is seen. For each of the composites the decrease in gold NPs is related to 

the gold NP uptake by the CNHs. Increasing concentrations of gold, leading to an increased ratio of 

gold NP peak to CNH peak from composite one to composite three, as shown below in Figure 3.8 (A). 
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Figure 3.8 Sper3-CNH(90)-AuNP(c) UV-Vis (A) all composites, (b) Composite 2, (C) Composite 3 (D) 

Supernatants 

Similarly, the size and zeta potential values of the three composites showed changes in accordance 

with the concentration of gold nanoparticles they were incubated in. The composite sizes, shown in 

Figure 3.9 (A) below, typically increased with increasing gold concentration. While the difference in 

size between the composites are within the error ranges for each other, the difference in size 

between the starting 211 nm diameter Sper3-CNH(90)-NH2 and the 305 – 314 nm gold modified 

composites is much larger. The source of this increase in size was attributed to some crosslinking 

within the sample, leading to slight aggregation of the CNH clusters. The zeta potential of the 

composites also became more negative with increasing gold additions, due to the negative zeta 

potential of the gold nanoparticles, and their uptake onto the amine functional group of the 

spermine.  

A B

C D
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Figure 3.9 Citrate stabilised AuNP – carbon nanohorn composites (A) size by normalised intensity, (B) zeta 

potential. 

 

Overall, the properties of the spermine functionalised CNHs were shown to change after the 

addition of gold NPs, due to the uptake of the gold NPs onto the CNH surface modified amine 

groups. It was also demonstrated that controlling the gold NP concentration could result in 

controlled loading. The properties of all three composites are summarised and compared in Table 

3.3. 

 

Table 3.3. Sper3-CNH(90)-AuNP(c) composites size, zeta potential and UV-Vis data 

 Composite 1 Composite 2 Composite 3 

Z-Average size 308 ± 195 nm 305 ± 204 nm 314 ± 223 nm 

PDI 0.398 0.446 0.502 

Zeta potential -18 ± 4 mV  -24 ± 8 mV -37 ± 4 mV 

SPR position 518 nm 515 nm 513 nm 

Δ SPR 7 nm 4 nm 2 nm 

CNH to SPR ratio 1 : 0.375 1 : 0.422 1 : 0.524 

 

 

3.2.5. Borohydride Stabilised Gold Nanoparticle Carbon Nanohorn Composites 

Based on the results observed for the citrate stabilised gold NPs composite with spermine 

functionalised CNH, Sper3-CNH(90)-AuNP(c), a similar composite was investigated which used the  

previously synthesised borohydride stabilised gold nanoparticles with the same starting Sper3-

CNH(90)-NH2, as represented in Scheme 3.5 below. Using the same method as with the previous 

system, the composites were made by mixing excess concentrations of borohydride stabilised gold 

nanoparticles (AuNP(BH)) and Sper3-CNH(90)-NH2 at 1000 rpm for 1 h to produce Sper3-CNH(90)-

A B 
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AuNP(BH). As with the previous system, the composites were prepared with increasing gold NP 

concentrations with the ratio of 1:2:3 for the first, second and third reactions, respectively. The 

concentration of Sper3-CNH(90)-NH2 was constant for all three composites, which were made on a 2 

mL scale. After gold NP addition, some aggregation was observed, particularly in the lower 

concentration AuNP composites. However, varying amounts of agitation of the samples resulted in 

redispersion of the composites materials. 

 

Scheme 3.5 Borohydride stabilised gold nanoparticle composite with spermine functionalised CNH 

The borohydride stabilised gold NPs used for this composite study were slightly smaller but within 

the range of the previous AuNP(BH) samples, at a 0.7 nm smaller size of 3.9 ± 0.6 nm in diameter, 

leading to their slightly lower SPR wavelength of 507 nm than previously seen at 508 nm. In Figure 

3.9 (D), the uptake of gold NPs onto the CNHs was tracked through the decrease of free gold NP 

absorbance before and after CNH addition and composite recovery.  

 

Table 3.4. AuNP(BH) uptake in Sper3-CNH(90)-AuNP(BH) composites 

 Composite 1 Composite 2 Composite 3 

Total AuNPs Mass 9 μg 6 μg 11 μg 

AuNPs / 1 μg Composite 1.50 x 10
12 

1.00 x 10
12

 1.83 x 10
12

 

AuNPs per CNH 15 ± 9 10 ± 6 18 ± 12 

 

By knowing the total mass of gold taken up by the CNH in the sample, which was calculated using 

the atomic gold concentration found by AAS and the UV-Vis absorbance data, the number of gold 

nanoparticles in all three composites were determined, as shown in Table 3.4 above. 

The uptake of gold nanoparticles in this sample is relatively small, compared to previous results seen 

for similar composite materials within the group150. However, the composite reacted with the 

Gold Nanoparticles 

1 h, RT, H2O 
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highest initial AuNP concentration showed the greatest CNH uptake. From these results it can be 

seen that the standard deviation for the gold NPs taken up by CNHs is a significant number for all 

three composites, due to the standard deviation of the AuNPs size. 

 

Figure 3.10 Borohydride stabilised gold nanoparticles carbon nanohorn composites absorbance of (A) 

composite 1 (B) composite 2, (C) composite 3 and (D) gold nanoparticle concentration decrease in supernatant 

 

The SPR band associated with the gold nanoparticles underwent a bathochromic shift of 4 nm after 

addition to the first composite, from the free AuNP band at 507 nm to the CNH bound AuNP band at 

511 nm. A bathochromic shift of 3 nm from 507 nm to 510 nm for bound AuNP was recorded for the 

second composite and a bathochromic shift of 2 nm from 507 nm to 509 nm was observed  for the 

third composite, as shown in Figure 3.10. 

Composite one had the greatest hydrodynamic diameter size at 306 nm, significantly larger than ei-

ther of the other composites, as shown in Table 3.5 and by intensity and number sizing in Figure 3.11 

(B) and (C). The explanation for this observation was directly related to the composite’s zeta poten-

tial value. The zeta potential for the starting spermine functionalised CNH material was relatively 

stable at +29 mV, however addition of the negatively charged borohydride stabilised gold NPs 

caused a decrease in composite zeta potential through attaching the negatively charged AuNPs to 

the spermine functional groups, via the terminal amine. For the composite made with the lowest 

A B 

C D 
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concentration of AuNPs, the CNHs underwent a 42 mV zeta potential change to -13 mV, shown in 

Figure 3.11 (D). The smaller absolute value of this -13 mV zeta potential composite led to aggrega-

tion of the sample, accounting for the larger size observed in composite 1 than in composites 2 and 

3. 

Figure 3.11 Sper3-CNH(90)-AuNP(BH) composites (A) UV-Vis absorbance (B) Size by intensity, (C) Size by 

number and (D) Zeta Potential. 

Composite two had the smallest size, with a Z-average size of 201 nm. Its significantly smaller size 

than composite one was explained again by looking to the zeta potential values. Composite two had 

a 10 mV larger zeta potential than composite one of -23 mV, which afforded the composite greater 

stability and lesser aggregation, evident in its smaller size and PDI values. Composite three was 

slightly larger than composite two in size, with a 3 nm larger diameter which became negligible con-

sidering the error for both composites but could be associated with a slightly higher AuNP immobili-

sation. This theory was further supported by noting the data in Table 3.4, which reported a higher 

AuNP uptake in composite three, and by comparing the UV-vis and zeta potential spectra in Figure 

3.11 (A) and (D) which showed greater AuNP SPR absorbance and a larger zeta potential in compo-

site 3, as a result of a greater amount of surface bound AuNPs. The 3 mV zeta potential increase 

A B
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from composites 2 to 3, shown in Table 3.5, further demonstrated a greater AuNP uptake in compo-

site 3 and increased stability of the composite. 

The largest zeta potential value of composite 3 showed not only a 55 mV change in potential from 

starting material to final composite, but a trend of increasing negative zeta potential in line with in-

creasing AuNP concentration during composite formation. 

Table 3.5. Borohydride stabilised AuNPs with 90 min CNH composites data 

 

Finally, TEM images of the third composite with the best dispersity and uptake were recorded, 

shown in Figure 3.12, in which the presence of gold NPs on the CNH surface were observed. While 

some gold NPs observed were larger in size, the majority of gold NPs typically attached were smaller 

than 10 nm in diameter. 

Some individual CNH clusters can be seen which are of typical sizes within the range of 100 nm to 

140 nm in agreement with the DLS data previously obtained. 

 Composite 1 Composite 2 Composite 3 

Z-average size 306 ± 150 nm 201 ± 76 nm 204 ± 75 nm 

PDI 0.240 0.142 0.133 

Intensity mean 544nm 230 nm 238 nm 

Number mean 191 nm 135 nm 140 nm 

Zeta potential -13 ± 4 mV -23 ± 6 mV -26 ± 5 mV 

SPR position 511 nm 510 nm 509 nm 

Δ SPR 4 nm 3 nm 2 nm 

CNH to SPR ratio 1:0.314 1:0.304 1:0.319 
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Figure 3.12 TEM images of Sper3-CNH(90)-AuNP(BH) composite three at 1 μm and 100 nm scales 

 

 

3.2.1. Astaxanthin functionalization of Carbon Nanohorns 
Astaxanthin is a compound of some interest, with wide industrial application due to its antioxidant 

properties151. However, one of its major disadvantages is its very poor solubility in aqueous 

solutions, due to its highly sp2 hybridised, non-polar structure, as shown in Figure 3.13 (B) below. 

Astaxanthin has a bright orange colour in aqueous solutions and a bright pink colour in organic 

solutions, in which is it much more soluble. DMSO is one such solvent in which astaxanthin appears 

bright pink in appearance and is the solvent in which it is most soluble. Its extinction coefficient in 

DMSO is 1.25 x 105  M-1 cm-1 and its key band in DMSO is located at 494 nm in DMSO but is shifted to 

453 nm in aqueous solvents. 

A B 

C D 
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Figure 3.13 Astaxanthin in DMSO and H2O UV-Vis absorbance (left) and Astaxanthin molecular structure (right) 

By adding astaxanthin to an aqueous suspension of o-CNH, which has sp2 character while remaining 

dispersed, π bonding between the sp2 hybridised astaxanthin molecules and the sp2 rich CNH is 

highly favourable and in combination with the poor aqueous solubility of astaxanthin, leads to 

surface adsorbance of the astaxanthin molecules in the CNH. As nanoparticles are favourable 

materials for drug delivery systems due to their uptake and retention in cells, the use of a CNH  and 

molecule composite system was investigated in this work. Based on previous work in the group 

where CNH uptake of similarly highly conjugated, long porphyrin molecules in the group was 

demonstrated, followed by cellular uptake of the composites101, the affinity of astaxanthin molecules 

for the oxidised CNH surface was investigated, first for a highly oxidised CNH sample (o-CNH(120)-

BW). A 65% water, 35% ethanol 1 mL solution with a 1 μM final concentration of astaxanthin and 

0.65 μg of o-CNH(120)-BW was stirred for 30 minutes and washed twice by centrifugation to remove 

any excess astaxanthin in solution to produce astaxanthin modified CNHs as shown in Scheme 3.6 

below. After stirring with the astaxanthin, washing of the excess and retrieval of the modified CNHs, 

an orange tone was observed in the solution. The functionalised o-CNH showed good dispersibility, 

although less than the precursor oxidised CNHs. 

Scheme 3.6 o-CNH(120)-BW reaction with astaxanthin to form o-CNH(120)-BW/Ast 

30 min, RT, 65% H
2
O and 35% Ethanol 
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The UV-Vis absorbance spectra showed a small increase in absorbance in the 450 – 550 nm range 

where the astaxanthin peak is present, and the CNH associated absorbance peak was shifted from 

258 nm to 261 nm. The size and zeta potential of the CNH changed after the addition of the 

Astaxanthin. The hydrodynamic diameter increased from 126 nm with a PDI of 0.118 to 189 nm with 

a PDI of 0.231 and the zeta potential decreased from -58 ± 9 mV to -30 ± 5 mV. This, in conjunction 

with the absorbance peak on the functionalised CNH, was indicative of successful CNH surface 

adsorbance of the Astaxanthin, as shown below in Figure 3.14. 

Figure 3.14 o-CNH(120)-BW/Ast (A) Normalised absorbance spectra with free Astaxanthin spectrum (B) Size by 

Intensity, (C) Size by Number and (D) Zeta Potential in water 

As the sp2 hybridisation was suspected to be the source of interaction between the astaxanthin and 

the CNHs, the less oxidised and more sp2 hybridised o-CNH(90)-BW were next considered. As with 

the previous astaxanthin composite system, a 65% water, 35% ethanol 1 mL solution with a 3.5 μM 

final concentration of astaxanthin and 0.65 μg of o-CNH(90)-BW was stirred for 30 min and washed 

twice by centrifugation to remove excess astaxanthin. The o-CNH(90)-BW were incubated with 

astaxanthin solutions of two different molarities to investigate the effects of increased astaxanthin 

concentration on uptake onto oxidised CNHs. The concentrations of the two incubated systems were 

3.5 μM astaxanthin and 22 μM astaxanthin. The lower concentration 3.5 μM astaxanthin solution 

first showed an adsorption of astaxanthin onto the o-CNH(90)-BW to form o-CNH(90)-BW/Ast. This 
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astaxanthin adsorption was recorded in the absorbance spectrum of the composite system, where a 

broad but low absorbance shoulder peak appeared in the astaxanthin range of 450 nm to 600 nm, as 

shown in Figure 3.15. The o-CNH(90)-BW/Ast were slightly larger at 182 nm than the o-CNH(90)-BW 

at 180 nm, which could be attributed to the uptake of astaxanthin molecules on the CNH surface 

through non-covalent interactions. Offering support for this theory was the slightly lower zeta 

potential recorded for the o-CNH(90)-BW/Ast, with a 3 mV decrease from -48 mV in o-CNH to -45 

mV, shown in Figure 3.17. This would occur if surface bound molecules were shielding some 

composite carboxyl groups and therefore reducing the observed negative charges on the CNH 

system. Overall, minimal changes to the CNH system and a weak signal for astaxanthin was observed 

as a result of incubation at a low concentration of astaxanthin, and so higher concentrations were 

considered. 

 

The second o-CNH(90)-BW/Ast system was then incubated at the higher astaxanthin concentration 

of 22 μM to investigate if higher surface loading could be achieved by increasing the astaxanthin 

concentration in solution, before addition of the o-CNH(90)-BW. The ratio of water to ethanol was 

maintained at 65% water and 35% ethanol for this reaction also. The aim of using a greater than 

sixfold increase in astaxanthin concentration was to attempt to drive the weakly soluble astaxanthin 

molecules onto the CNH by saturating the aqueous solution with the astaxanthin.  

Based on the UV-Vis absorbance spectrum recorded for the high concentration astaxanthin o-

CNH(90)-BW/Ast, a large increase in the surface bound astaxanthin compared to the low 

concentration sample could be seen. The free astaxanthin absorbance which had been recorded to 

peak at 453 nm in water underwent a bathochromic shift of approximately 50 nm where a broad 

peak for the bound astaxanthin could be observed between 450 nm and 550 nm, with a maximum 

increase in absorbance at 501 nm in the o-CNH(90)-BW/Ast as a result of the bound astaxanthin, 

compared to the o-CNH(90)-BW absorbance.  
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Figure 3.15 UV-vis Absorbance o-CNH(90)-BW and o-CNH(90)-BW/Ast (3.5 μM and 22 μM incubations) 

 

A significant change in astaxanthin-CNH system size was also noticeable when compared with the 

previous low astaxanthin concentration system. A significant size increase of 212 nm was measured 

for the composite z-average from 180 nm for the o-CNH to 392 nm for the astaxanthin-CNH, as 

shown in Figure 3.16. With a size increase of this magnitude, some aggregation of the densely 

covered astaxanthin-CNH was likely to have occurred through π bonding between CNH clusters. This 

would happen from interactions between layers of π stacked astaxanthin molecules bound on the 

CNH surface.  However, as the PDI was not greatly increased from 0.165 to 0.284, and both the size 

by intensity and number data show similar results, an excessively large degree of aggregation of the 

CNH as a result of astaxanthin addition was not observed. 

 

Figure 3.16 Size by intensity o-CNH(90)-BW and o-CNH(90)-BW/Ast (3.5 μM and 22 μM incubations) 
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Another interesting result from the high astaxanthin concentration o-CNH(90)-BW/Ast was the zeta 

potential value of the composite. Due to the increased surface loading of astaxanthin for this 

reaction compared to the 3.5 μM astaxanthin reaction, a much larger change in zeta potential 

resulted. A decrease in zeta potential of 14 mV from -48 mV for the o-CNH to -34 mV for the high 

astaxanthin concentration system was observed. Due to considerably more π stacking of the 

astaxanthin molecules, the negative surface carboxylic acid groups on the CNH system were shielded 

to a greater extent as a result of the 22 μM astaxanthin addition, leading to a smaller number of free 

carboxyl groups and a smaller final zeta potential for the o-CNH(90)-BW/Ast system. 

 

Figure 3.17 Zeta potential of o-CNH(90)-BW and o-CNH(90)-BW/Ast (3.5 μM and 22 μM incubations) 

 

By comparing the results for the 3.5 μM astaxanthin-CNH system and the 22 μM astaxanthin system, 

it can be clearly seen that both reactions successfully surface bound astaxanthin to varying degrees, 

however there were large differences in the CNH systems generated in their properties of size and 

surface charge. While the high concentration astaxanthin system is clearly loaded with a greater 

amount of astaxanthin, the increase in size indicates a more aggregated system than the low 

concentration astaxanthin-CNH. 
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Chapter 4  

Conclusions and Future Works 
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4.1. Conclusions 

Carbon nanohorns were chemically modified in a number of ways in this work. The functionalisation 

steps of surface oxidation, spermine addition and then succinic acid addition all proved successful as 

shown by the changes in size and surface charge of the nanohorns at each stage of reaction. These 

functionalisation reactions also led to different dispersibilities of the resultant CNH systems in 

solution, a property that was often directly related to the recorded zeta potential values. 

Two purification processes were used in this work to remove toxic and hazardous material from the 

oxidised carbon nanohorn suspension and to isolate carbon nanohorns from the overall sample 

based on their degree of surface functionalisation. 

Following the successful purification and surface modification of the carbon nanohorns, further 

modification was carried out for the purposes of cell testing of the carbon nanohorn systems. The 

available range of functionalised carbon nanohorns were all individually labelled with dye markers, 

which would allow cellular testing of the carbon nanohorn systems. 

A carbon nanohorn system that was non-covalently modified with molecular astaxanthin was 

generated for both the 120 min and 90 min families of carbon nanohorns and was investigated at 

two different loading concentrations in the 90 min system. From this investigation it was 

demonstrated that the highly hydrophobic astaxanthin molecule can be stabilised in aqueous 

solutions through non-covalent adsorbance onto the carbon nanohorn structures without 

compromising the critical stability of the carbon nanohorns in solution. 

The synthesis of two types of gold nanoparticles, both stabilised by different agents but both of a 

similar size and surface charge was achieved. Following on from the gold nanoparticle synthesis, 

composite formation between the gold nanoparticles and 90 min amine modified carbon nanohorns 

at varying concentrations of gold nanoparticles was achieved for both gold nanoparticle types. 

The promising results show solid groundwork for applications for these CNH systems. Initial dye 

labelled systems showed CNH uptake, indicating the potential for these materials to be used as 

cellular transport systems and the work on the cyanine3 amine labelled CNH system has been 

published in the ACS Applied Biomaterials article ‘Investigation of the Cellular Destination of 

Fluorescently Labelled Carbon Nanohorns in Cultured Cells’152. 
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4.2. Ongoing and Future Work 

Ongoing work on this project is currently investigating the uptake of the Oregon Green 488 dye 

labelled CNH systems. Similar to the work in Section 2.5.1., the cellular viability and uptake in the 

presence of o-CNH(90)-O.Gr and Suc-CNH(120)-O.Gr were assessed in ongoing work. As with the 

previously studied sample, the o-CNH alone are intrinsically non-luminescent and so were labelled 

with Oregon Green 488 dye to monitor their destination in the confocal measurements. In the 

attached image, Figure 4.1 below, the labelled o-CNH and Suc-CNH systems can be seen in green 

while the cell nuclei are shown in blue. 

 

Figure 4.1 Confocal fluorescence microscopy of uptake profile of 10 μg/mL Oregon Green 488 samples into 
HeLa cells, as Cells were pulse-chase for 1 hour and 4 hours, prior to being fixed and imaged. Cell nuclei are 
shown in blue, labelled CNHs in green (488 nm laser) (A) Suc-CNH(120)-O.Gr, (B) o-CNH(90)-O.Gr 

 

Future work will further consider tailoring the CNH properties to maximise the attachment of other 

desirable molecules for delivery to cells and investigation of their uptake methods, as well as 

variations to the molecular groups delivered to cells. 

From the development of three different types of radiosensitisation systems, future work for these 

composites would involve varying their surface gold coverage and the gold nanoparticle size and 

functionalities to investigate the achievable composite properties. Following from further 

development of the radiosensitisation systems, testing of these systems in cellular studies will be 

considered to evaluate the comparative effectiveness of the systems. 
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Chapter 5 

Materials and Methods  
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5.1. Materials 

All chemicals, unless otherwise stated, were purchased from Sigma-Aldrich without further 

purification. All water was obtained from an ultra-pure Millipore 0.22 m filtration system (18.2 m 

conductivity). Single walled carbon nanohorns were supplied by Carbonium Srl (info@corbonium.it, 

Padova, Italy). Oregon Green 488 cadaverine, 5 isomer and Oregon Green 488 carboxylic acid 5 

isomer were supplied by Thermo Fisher scientific and Cyanine3 Amine was supplied by Lumiprobe. 

Polystyrene beads were supplied by life technology.  

5.2. Oxidation and Purification Protocol for Carbon Nanohorns 

5.2.1. 120-minute Nanohorn Synthesis 

Pristine CNHs (50 mg) were refluxed in nitric Acid (5 M) for 2 h at approximately 125oC. The o-CNHs 

were transferred to centrifuge tubes and washed with deionised water to a neutral pH of 7. Sodium 

hydroxide (4 M) was added to the o-CNHs to base wash the nanoparticles to a pH of solution 14. The 

o-CNHs were washed by centrifugation until a neutral pH was reached at 5000 rpm for 20 min, and 

the first supernatant of the base wash at pH of 14 was retained for analysis. 

 

5.2.2. 90-minute Nanohorn Synthesis 

Pristine CNHs (50 mg) were refluxed in nitric Acid (5M) for 90 min at approximately 120°C. The o-

CNHs were transferred to centrifuge tubes and washed with deionised water to a neutral pH 

CNHs were washed by centrifugation 8 times to pH of 7 at 5000 rpm for 20 min. 

 

5.2.3. Base Wash of 90-minute o-CNH 

The 90-min o-CNHs were base washed, as the o-CNH(120)s were previously. The o-CNH(90)s were 

incubated in an NaOH solution at pH 12 for 3 h before transferring the basic solutions to centrifuge 

tubes and centrifuging at 4500 rpm for 15 minutes to separate o-CNHs from carbonaceous 

fragments contained in the base wash. The base washed o-CNH(90) were compared with the 

previously base washed 120-min o-CNHs. 

 

5.2.4. Carbon Nanohorn Purification Protocol  

The 90 min and o-CNH(120)s were added in varying concentrations to organic solvents ethanol and 

methanol. From the base washed o-CNH(120)s, six solutions with increasing concentrations (% v/v) 

of ethanol and six solutions with increasing concentrations (% v/v) of methanol were made up, as 
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listed in Tables 5.1 and 5.2, respectively. These samples were then centrifuged at 11,500 rpm for 25 

min and the supernatant material was removed from the pelleted o-CNH material. 

Table 5.1 Samples for purification protocol with o-CNH(120) volume, ethanol volume and final concentration 
of ethanol in solution (% v/v) listed. 

Table 5.2 Samples for purification protocol with o-CNH(120) volume, methanol volume and final concentration 
of methanol in solution (% v/v) listed. 

From the base washed o-CNH(90), six solutions with increasing concentrations (% v/v) of ethanol 

and six solutions with increasing concentrations (% v/v) of methanol were made up as listed in 

Tables 5.3 and 5.4, respectively. These samples were then centrifuged at 11,500 rpm for 25 min and 

the supernatant material was removed from the pelleted o-CNH material. 

Table 5.3 Samples for purification protocol with o-CNH(90) volume, ethanol volume and final concentration of 

ethanol in solution (% v/v) listed. 

Sample # 120min o-CNH (µL) Ethanol (µL) Ethanol in sample (% v/v) 

1 100 0 0% 

2 100 500 25% 

3 100 1000 50% 

4 100 1500 75% 

5 100 1700 85% 

6 100 1800 90% 

Sample # 120min o-CNH (µL) Organic solvent (µL) Methanol in sample (% v/v) 

1 100 0 0% 

2 100 500 25% 

3 100 1000 50% 

4 100 1500 75% 

5 100 1700 85% 

6 100 1800 90% 

Sample # 90min o-CNH (µL) Ethanol (µL) Ethanol % (v/v) 

1 100 0 0% 

2 100 500 25% 

3 100 1000 50% 

4 100 1300 65% 

5 100 1500 75% 

6 100 1600 80% 
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Table 5.4. Samples for purification protocol with o-CNH(90) volume, methanol volume and final concentration 
of methanol in solution (% v/v) listed. 

Sample # 90min o-CNH (µL) Methanol (µL) Ethanol % (v/v) 

1 100 0 0% 

2 100 500 25% 

3 100 1000 50% 

4 100 1300 65% 

5 100 1500 75% 

6 100 1600 80% 

 

5.3. Spermine Functionalisation of Carbon Nanohorns 

5.3.1. Functionalization of o-CNH(120) bw with Spermine 

Aqueous solutions of EDC (0.25 M, 2 mL) and NHS (0.25 M, 2 mL) were added to a suspension of o-

CNHs (1.13 mg/mL, 5 mL). The reaction was stirred for 2 h at RT. Spermine (0.17 M, 1 mL) was added 

to the activated ester-CNHs and the reaction continued stirring overnight. The sample was 

centrifuged at 10,000 rpm for 15 min to obtain a pellet. The supernatant was removed, and the 

pellet was washed 10 times by re-dispersing it in ddH2O (2 mL) to remove excess spermine. The 

spermine reaction was repeated twice more. 

 

5.3.2. Functionalization of o-CNH(90) non-bw with Spermine 

Aqueous solutions of EDC (0.25 M, 2 mL) and NHS (0.25 M, 2 mL) were added to a suspension of 

Ethanol purified o-CNH(120)s (1.16 mg/mL, 5 mL). The reaction was stirred for 2 h at RT. Spermine 

(0.17 M, 1 mL) was added to the activated ester-CNHs and the reaction continued stirring overnight. 

The sample was centrifuged at 10,000 rpm for 15 min to obtain a pellet. The supernatant was 

removed, and the pellet was washed 10 times by re-dispersing it in ddH2O (2 mL) to remove excess 

spermine. The spermine reaction was repeated twice more. 

 

5.3.3. Functionalization of o-CNH(90) bw with Spermine 

Aqueous solutions of EDC (0.25 M, 2 mL) and NHS (0.25 M, 2 mL) were added to a suspension of 

Ethanol purified o-CNH(120)s (1.16 mg/mL, 5 mL). The reaction was stirred for 2 h at RT. Spermine 

(0.17 M, 1 mL) was added to the activated ester-CNHs and the reaction continued stirring overnight. 

The sample was centrifuged at 10,000 rpm for 15 min to obtain a pellet. The supernatant was 

removed, and the pellet was washed 10 times by re-dispersing it in ddH2O (2 mL) to remove excess 

spermine. The spermine reaction was repeated twice more. 
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5.4. Carbon Nanohorn Dye Labelled Systems 

5.4.1. o-CNH(90) dye labelling with Oregon Green 488 cadaverine dye (EDC) 

Aqueous solutions of EDC (0.1 M, 2 mL, 38.3 mg) and NHS (0.1 M, 2 mL, 23 mg) were added to a 

suspension of o-CNH(90)s (0.5 mg/mL, 1 mL) and the mixture was stirred at room temperature for 3 

hours. Oregon Green 488 cadaverine 5-isomer (0.5 mg, 1 µmol) was then added to the mixture and 

it was stirred overnight at room temperature. 

Following this, the solution was centrifuged at 12,500 rpm for 20 min and the supernatant material 

was removed and analysed via UV-Vis spectrometry. The pellet material was re-dispersed in 2 mL 

ethanol and the centrifuge washings were repeated 3 more times, each time washing with ethanol 

until the supernatant material was free of the dye material. 

 

5.4.2. o-CNH(90) dye labelling with Oregon Green 488 cadaverine dye (HATU) 

o-CNH(90) (0.5 mg/mL, 1mL) was centrifuged and re-dispersed twice in DMSO and combined with a 

solution of HATU (50 mM, 2 mL) in DMSO and TEA (15.3 µL, 0.11 mmol) and stirred at room 

temperature for 3 hours. Oregon Green 488 cadaverine 5-isomer (0.5 mg, 1 µmol) was then added 

to the mixture and it was stirred for 3 days at 45 °C. 

Following this, the solution was centrifuged at 12,500 rpm for 20 min and the supernatant material 

was removed and analysed via UV-Vis spectrometry. The pellet material was re-dispersed in 2 mL 

ethanol and the centrifuge washings were repeated 3 more times, each time washing with ethanol 

until the supernatant material was free of the dye material. 

 

5.4.3. Sper3-CNH(120)-NH2 reaction with succinic anhydride in DMF 

Sper3-CNH(120)-NH2 (0.25 mg/mL, 1 mL) were centrifuged and re-dispersed in DMF twice. Succinic 

anhydride was added to the o-CNH suspension (15 mg, 0.15 mmol) and the mixture was left to stir 

overnight at room temperature. The excess succinic anhydride was removed from solution by 

washing the mixture with deionised water on the centrifuge at 12,500 rpm for 20 mins. This washing 

was repeated three more times. 1 mg/mL o-CNH were then diluted by taking 868 μL of the base 

washed 120 min o-CNH stock and making up to 2 mL with deionised water.   

 

5.4.4. Sper3-CNH(120)-NH2 reaction with succinic anhydride in DMSO 

o-CNH(120) (0.25 mg/mL, 1 mL) were centrifuged and re-dispersed in DMSO twice. Succinic 

anhydride was added to the o-CNH suspension (15 mg, 0.15 mmol) and the mixture was left to stir 
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overnight at room temperature. The excess succinic anhydride was removed from solution by 

washing the mixture with deionised water on the centrifuge at 12,500 rpm for 20 mins. This washing 

was repeated three more times. 

 

5.4.5. o-CNH(120) dye labelling with Oregon Green 488 cadaverine dye 

Aqueous solutions of EDC (0.1 M, 2 mL, 38.3 mg) and NHS (0.1 M, 2 mL, 23 mg) were added to a 

suspension of o-CNH(120)s (0.5 mg/mL, 1 mL) and the mixture was stirred at room temperature for 

3 hours. Oregon Green 488 cadaverine 5-isomer (0.5 mg, 1 µmol) was then added to the mixture and 

it was stirred overnight at room temperature. 

Following this, the solution was centrifuged at 12,500 rpm for 20 min and the supernatant material 

was removed and analysed via UV-Vis spectrometry. The pellet material was re-dispersed in 2 mL 

ethanol and the centrifuge washings were repeated 5 more times, each time washing with ethanol 

until the supernatant material was free of the dye material. 

 

5.4.6. Sper3-CNH(120)-NH2 dye labelling with Oregon Green 488 carboxylic 

acid 5-isomer dye 

Oregon Green 488 Carboxylic acid 5 isomer (0.25 mg, 0.6 µmol) was dissolved in DMSO and added to 

an aqueous solution of EDC (0.05 M, 2 mL, 19.2 mg) and NHS (0.05 M, 2 mL, 11.5 mg). The solution 

was stirred at room temperature for 3 hours. Spermine functionalised 90 min CNH (0.25 mg/mL, 1 

mL) were added to this solution and the reaction was stirred at room temperature overnight.  

Once the reaction was complete, the solution was centrifuged at 12,500 rpm for 20 min and the 

supernatant material was removed and analysed via UV-Vis spectrometry. The pellet material was 

re-dispersed in 2 mL ethanol and the centrifuge washings were repeated 5 more times, each time 

washing with ethanol until the supernatant material was free of the dye material. The functionalised 

CNH were analysed via UV-Vis spectrometry, DLS and Emission spectrometry. 

 

5.4.7. Suc-CNH(120) dye labelling with Oregon Green 488 cadaverine dye 

Sper3-CNH(120)-NH2 modified by succinic anhydride in DMSO and re-dispersed in deionised water 

(0.25 mg/mL, 1 mL) were added to an aqueous solution of EDC (0.05 M, 2 mL, 19.2 mg) and NHS 

(0.05 M, 2 mL, 11.5 mg). The solution was stirred at room temperature for 3 hours. Oregon green 

488 cadaverine 5-isomer (0.25 mg, 0.5 µmol) was added to this solution and the reaction was stirred 

at room temperature overnight. 
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Following this, the solution was centrifuged at 12,500 rpm for 20 min and the supernatant material 

was removed and analysed via UV-Vis spectrometry. The pellet material was re-dispersed in 2 mL 

ethanol and the centrifuge washings were repeated 5 more times, each time washing with ethanol 

until the supernatant material was free of the dye material. 

 

5.4.8. o-CNH(90) dye labelling with cyanine3 amine dye 

Aqueous solutions of EDC (0.1 M, 2 mL, 38.3 mg) and NHS (0.1 M, 2 mL, 23 mg) were added to a 

suspension of o-CNH(90)s (0.5 mg/mL, 1 mL) and the mixture was stirred at room temperature for 3 

hours. Cyanine3 amine (0.5 mg, 1 µmol) was added and the mixture was stirred overnight at room 

temperature. Following this, the solution was centrifuged at 12,500 rpm for 20 min and the 

supernatant material was removed and analysed via UV-Vis spectrometry. The pellet material was 

re-dispersed in 2 mL ethanol and the centrifuge washings were repeated 7 more times, each time 

washing with ethanol until the supernatant material was free of the dye material. 

 

5.4.9. Experimental Cell Work 

Cell culture  

HeLa cells (human cervical cancer cell line, ATCC CCL2) were cultured routinely in 10 cm Nunclon 

dishes, with Dulbecco’s modified Eagle medium (DMEM, Life Technologies) supplemented with 10% 

heat inactivated foetal bovine serum (FBS, PAA Laboratories) and 1% L-glutamine (Life Technologies) 

and maintained at 37 ˚C in a humidified atmosphere of 5% CO2/ 95% air. On reaching 80% 

confluency, cells were passaged in a 1:10 dilution. Cells were rinsed with 0.05% trypsin-EDTA 

solution (Life Technologies) to remove cell debris and remaining cell culture medium followed by an 

incubation step of 4 min with 0.05% trypsin-EDTA solution allowing cell detachment and sub-

culturing. Cells were used from passage 1 to 10, following this they were discarded. 

CellTiter-Glo luminescent cell viability assay  

Viability of cells treated for 24 h with carbon nanoparticles was assessed using a CellTiter-Glo® 

Luminescent Cell Viability assay (Promega). This test determined viable cells proportion in relation to 

their ATP levels, which indicated the presence of metabolically active cells. In brief, cells were 

seeded into a 96-well white walled plate and incubated with the labelled CNH systems for 24 h. As 

per the manufacturer’s instructions, CellTiter-Glo reagent was added to the cells which caused 

ATPase inhibition, cell lysis and generation of a luminescent signal produced by the luciferase 

reaction. This signal is proportional to the number of viable cells present in the well. The plate was 
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incubated at room temperature for 10 min, shaking occasionally, and the resulting luminescent 

signal was measured using a Wallac 1420 Victor2 Microplate Reader (Perkin Elmer). Negative 

controls included both water or ethanol-treated cells, and the positive controls cells were treated 

with 20 µM staurosporine (Sigma-Aldrich) for 24 h to induce cell death.  

Carbon nanohorn uptake assay 

As specified, cells were incubated at 37 C with 5, 10 and 20 μg/mL of o-CNH-Cy3 in serum free 

medium (sf-DMEM) for 1 h (pulse), the CNH dispersion was then removed and complete medium (c-

DMEM) was added to the cells for a further 24 h (chase).  

Fixation and staining 

Cells were fixed using 3% paraformaldehyde (PFA, Sigma-Aldrich) in PBS then were incubated for 20 

min at RT. After this a 5 min quenching step with 30 mM glycine (Fisher Scientific) in PBS was carried 

out. Finally, the cells were washed with PBS 3 times. The nuclei were stained using 0.2 μg/mL 

Hoechst 33342 (Sigma) diluted in PBS for 5 or 15 min respectively when needed, followed by three 

PBS washes. The experiments carried out in CellCarrier-96 Ultra Microplates (Perkin Elmer). 

5.5 Gold nanoparticle synthesis and carbon nanomaterial composites 

5.5.1. Citrate Stabilised Gold Nanoparticles 

An adjustment of the Murphy gold nanoparticles synthesis was used for the preparation of these 

citrate stabilised gold nanoparticles. Firstly, chloroauric acid [HAuCl4.3H2O] (9.8 mg) was dissolved 

in water deionised water (10 mL). Separately, sodium citrate (7.4 mg) was dissolved in deionised 

water (10 mL). Lastly, sodium borohydride (47.3 mg) was dissolved in ice cold deionised water (10 

mL). The aqueous gold and sodium citrate solutions were added into a 100mL conical flask. Then, the 

sodium borohydride solution (1 mL) was added into the solution and the mixture was set to stir at 

600 rpm for 10 min. 

5.5.2. Borohydride stabilised Gold Nanoparticles 

Borohydride anion stabilized AuNPs were prepared with minor modification to the synthesis 

outlined by Martin et al. Two stock solutions were prepared, an aqueous solution (1 mL) of NaBH4 

(50 mM) containing an equimolar amount of NaOH (50 mM) and a second solution (1 mL) containing 
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HAuCl4 (50 mM) and HCl (50 mM). Deionized water (9.6 mL) was placed in a 20 mL glass beaker and 

shaken at 800 rpm at room temperature.  

To the water, 100 μL of the solution containing HAuCl4 (50 mM) and HCl (50 mM) was added and 

mixed for 30 s. This was followed by the addition of 320 μL of the solution containing NaBH4 (50 

mM) and NaOH (50 mM). 

 

5.5.3. Polystyrene-Borohydride Stabilised Gold Composites 

Amine functionalized 110 nm polystyrene beads were diluted from the commercial stock with 10 µL 

of stock solution diluted by a factor of 100 (to 1 mL) in deionised H2O. This diluted polystyrene 

solution (0.25 mL) was added to the borohydride stabilised gold solution (0.5 mL) and the mixture 

was made up to 1 mL with deionised water (0.25 mL). The mixture was set to shake at 1000 rpm for 

1 h, allowing the gold particles to attach to the polystyrene surface through the amine 

functionalization. The composites were then centrifuged at 5000 rpm for 15 min and the 

supernatant containing excess gold was removed. The centrifuge washing was repeated twice more 

until no excess gold nanoparticles remained in the supernatant solution. To avoid crosslinking, they 

were not washed a fourth time. 

 

5.5.4. Citrate Stabilised Gold Nanoparticle Carbon Nanohorn Composites 

Formation of citrate stabilised AuNP-CNH composites using Sper3-CNH(90)-NH2 as a scaffold. Three 

composites were prepared by adding three volumes of AuNPs in ddH2O, 100 μL, 200 μL and 300 μL 

(5 nm), to three 250 μL samples of CNHs-Spermine (3.5 μg mL-1). The samples were agitated at 1000 

rpm at 25°C for 1 h. The samples were centrifuged at 12,500 rpm for 10 min, supernatant was 

removed, and the pellets (composites) were washed 2 times by redispersing them ddH2O (2 mL) to 

remove excess AuNPs. 

 

5.5.5. Borohydride Stabilised Gold Nanoparticle Carbon Nanohorn 

Composites 

Formation of borohydride stabilised AuNP-CNH composites using Sper3-CNH(90)-NH2 as a scaffold. 

Three composites were prepared by adding three volumes of AuNPs in ddH2O, 500 μL, 1000 μL and 

1500 μL (4.6 nm, 305 nM), to three 100 μL samples of CNHs-Spermine (0.01 mg, nM). The samples 

were agitated at 1000 rpm at 25°C for 1 h. The samples were centrifuged at 12,500 rpm for 10 min, 
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supernatant was removed, and the pellets (composites) were washed 2 times by redispersing them 

ddH2O (2 mL) to remove excess AuNPs. 

 

5.5.6. o-CNH(120) with Astaxanthin 

A 1 µg / mL solution of o-CNH(120) was prepared. The o-CNH (1 µg / mL, 650 µL) were combined 

with a solution of Astaxanthin in Ethanol (3.5 μM, 350 µL) and stirred for 30 minutes. The 

Astaxanthin-CNH were washed twice with deionised water via centrifugation, then measured on the 

UV-Vis spectrometer and DLS. 

 

5.5.7. o-CNH(90) with Astaxanthin 

A 1 µg / mL solution of o-CNH(90) was prepared. Two Astaxanthin labelled CNH systems were 

prepared from this 1 µg / mL stock, with differing concentrations of Astaxanthin. In the first solution 

o-CNH (1 µg / mL, 650 µL) was combined with Astaxanthin in Ethanol (25 μM, 140 µL) and ddH2O 

(210 μL) to make a final Astaxanthin concentration of 3.5 μM and was stirred for 30 minutes.  

In the second solution o-CNH (1 µg / mL, 650 µL) was combined with Astaxanthin in Ethanol (127 

μM, 175 µL) and ddH2O (175 μL) to make a final Astaxanthin concentration of 22 μM and was stirred 

for 30 minutes. Both solutions were washed twice with deionised water via centrifugation, then 

measured on the UV-Vis spectrometer and DLS. 

 

5.6 General Techniques 
 

5.6.1 Centrifugation 

All centrifugation was carried out as per the speed and times outlined in the specific methods above. 

Washing of the oxidised CNHs was carried out in large volume centrifuge tubes (50 mL UHP 

centrifuge tubes) in a Thermo Scientific Heraeus Multifuge X1 centrifuge. All other centrifugation 

was carried out in small volume centrifuge tubes (2 mL Eppendorf tubes) in a Thermo Scientific 

Heraeus Pico 17 centrifuge. 

 

5.6.2. UV-Visible Spectroscopy 

UV-visible absorbance spectra were measured on a Varian Cary 50 Eclipse spectrometer at room 

temperature. Samples were measured in 1 mL quartz cuvette. The values in this work were reported 
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 as per the absorbance values given from the spectrometer. 

 

5.6.3. Fluorescence Spectroscopy 

Emission spectra were recorded using a Varian Cary Eclipse Fluorescence Spectrophotometer 

working in fluorescence mode. All samples were examined in a 1 cm quartz cuvette and were  

optically dilute at the excitation wavelength. 

 

5.6.4. Dynamic Light Scattering 

Dynamic light scattering measurements were performed on a Malvern Zetasizer Nano-ZS, equipped 

with a 4 mW He-Ne laser operating at 632.8 nm, measurements were taken at 173. All 

measurements were performed, without filtration, at 25C in a low volume plastic cuvette. 

 

5.6.5. Zeta Potential 

Dynamic light scattering measurements were performed on a Malvern Zetasizer Nano-ZS, equipped 

with a 4 mW He-Ne laser operating at 632.8 nm, measurements were taken at 173. All 

measurements were performed in an aqueous environment at 25C in a plastic zeta-potential cell 

(Malvern). 

 

5.6.6. Atomic Absorption Spectroscopy 

Atomic absorption spectroscopy was performed on a Varian SpectrAA 55B atomic absorption 

spectrometer. Calibration of the instrument was carried out every seven measurements, with 2.5, 5, 

7.5 and 10 ppm standards used. Samples were digested for analysis by mixing with an equal volume 

of 20 % aqua regia and sonicated for 1 h, giving a final volume of 2 mL. Approximately 1.5 mL of 

sample was analysed to give Au concentration. 

 

5.6.7. Atomic Force Microscopy 

Atomic force microscopy was performed on an Asylum Research Olympus AFM, at a scan rate of 0.8 

Hz. All images were taken in amplitude modulation mode in air using Tap150Al-G tip 

(BugestSensors.com). 
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5.6.8. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was performed on a Tecnai 20 at 200 kV accelerating 

voltage at the Conway Institute in University College Dublin. Samples were prepared by drop casting 

onto copper mesh formvar/carbon grids (EM Resolutions).  
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Appendix 

Figure A1 Correlogram for o-CNH(120) and o-CNH(90)-BW and o-CNH(90)-non-BW (Chapter 2, 

Section 2.2) 

Figure A2 Size by intensity and Zeta potential comparison for CNH(120) modified with both succinic 

anhydride (Suc-CNH) and spermine (S-CNH) measured in both DMSO (top) and DMF (bottom) 

(Chapter 2, Section 2.3) 
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Figure A3 Size by intensity and zeta potential for o-CNH(120)-O.Gr (Chapter 2, Section 2.4) 

Figure A4 Size by Intensity and zeta potential for Sper3-CNH(120)-O.Gr (Chapter 2, Section 2.4) 

Figure A5 Size by Intensity and zeta potential for Suc-CNH(120)-O.Gr (Chapter 2, Section 2.4) 


