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ABSTRACT  

Carbon nanotubes (CNT) are a new form of industrially relevant nano-scale particle 

and are seen as the cutting edge of the burgeoning nanotechnology revolution which 

promises to impact on all our lives. Due to high length to diameter ratio, CNT are 

perhaps the most well known of a growing collection of high aspect ratio 

nanoparticles (HARN). However the production and use of carbon nanotubes has 

presented an interesting toxicological question based on its structure and raised the 

question ‘are carbon nanotubes like asbestos?’. Few people are unaware of the 

devastating global pandemic of diseases caused by asbestos and similarities in 

needle-like shape between asbestos and nanotubes have raised fears that nanotubes 

may mimic asbestos-type disease. The purpose of this study was to investigate this 

link, based on the wealth of information known about the toxic effects of certain 

forms of fibre on the respiratory system. From this we hope to identify those carbon 

nanotubes which are hazardous whilst not prejudicing the use of those industrially 

relevant materials which can be used safely. 

Within fibre toxicology there exists a central paradigm which outlines the main 

properties a fibrous particle must possess if it is to exert pathogenic effects in the 

body. This paradigm outlines the importance of length, thinness and biopersistence to 

a fibre and an absence of one or more of these attributes results in a loss of 

pathogenicity. We took this paradigm and, using suitable asbestos and non-asbestos 

controls, applied it various morphological forms of carbon nanotubes using an in vivo 

model. The resultant data demonstrates for the first time that asbestos-like 

pathogenic behaviour associated with carbon nanotubes is closely linked to the 

morphology of the nanotubes and their aggregates. Specifically our results showed 

that CNT which possessed a long, straight length were highly inflammogenic and 

fibrogenic within the peritoneal cavity of mice; a model sensitive to the pathogenic 

effects of fibres.  

As well as length, the importance of biopersistence in the pathogenesis of fibrous 

particles has been known for many years and is a central attribute affecting the 

pathogenicity of fibres. Amphibole asbestos is known to be durable, a commercially 
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exploited attribute and as such is biopersistent in the lung which is a key feature of 

its pathogenicity. Glass fibre on the other hand is bio-soluble, and whilst long and 

inhalable, does not cause significant disease due to its lack of biopersistence. Based 

on the grapheme structure of CNT which impart exceptional strength and rigidity and 

the chemical inertness of carbon we would hypothesis that CNT would be 

biopersistent and therefore fulfil another of the criteria of the fibre pathogenicity 

paradigm (FPP). Our aim therefore has been to establish the durability of CNT 

against fibrous particles of known durability using a synthetic solution maintained at 

a pH to simulate the lung environment. Using a range of 4 CNT and using both 

durable and non-durable fibres such as amphibole asbestos and glass fibre to bench 

mark our result; we demonstrated that 3 of the 4 CNT tested displayed exceptional 

durability whilst the fourth lost approximately 30% of its mass during the experiment 

with concomitant reduction in pathogenicity.  

As well as length and biopersistence, the surface of a particle has been shown to 

contribute to the overall toxicity of a particle and in certain circumstances, such as 

that of quartz, the surface of the particle can be the biologically active component. In 

the case of carbon nanotubes, surface functionalisation is commonly used for various 

endpoints including the addition of various tags and labels for tracking. As such our 

further aim was to investigate the relationship between the length-dependent 

pathogenicity of a fibre sample and the surface of the fibre. By using different forms 

of functional groups attached to the surface of a pathogenic carbon nanotube we aim 

to critically test if the level of inflammation and fibrosis triggered in vivo can be 

altered by simple alteration of the surface. Our results showed that surface 

modification of CNT could alter the inflammogenic and fibrogenic effects of CNT 

which may have important implications when considering the hazard assessment of 

functionalised HARN.   

As CNT are not the only form of fibrous nanomaterial and within this project we also 

attempted to determine the applicability of the FPP to further high aspect ratio 

nanomaterials. In order to do this we set out to determine the generality of this 

hypothesis by asking whether nickel nanowires, a radically different form of HARN 

to CNT, show length-dependent pathogenicity. Nickel oxide nanowires synthesised 
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to be predominantly long (>20 µm) act similarly to amphibole asbestos in showing 

the ability to elicit strong inflammation in the mouse peritoneal model in a dose 

dependent manner; inflammation was not seen with the short (<5 µm) nanowires.  

In summation, the results from this study are the first to show that long HARN can 

indeed behave like asbestos when in contact with the sensitive mesothelium. This 

study suggests a potential link between inhalation exposure to long nanotubes and 

asbestos-related disease, especially mesothelioma and as such this may have 

immediate implications across many disciplines if care is to be taken to avoid a long 

term legacy of harm.  
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CHAPTER 1 – INTRODUCTION 

Carbon nanotubes are a new form of industrially relevant nano-scale particle which 

can be classified as either a particle or a fibre based on the established World Health 

Organisation definition of fibre (WHO 1997) described later. Carbon nanotubes are 

seen as the cutting edge of the burgeoning nanotechnology revolution which 

promises to impact on all our lives. However the production use of carbon nanotubes 

has presented an interesting toxicological question based on its structure and raised 

the question ‘are carbon nanotubes like asbestos?’(Service 1998). The purpose of this 

study is to investigate this link, based on the wealth of information known about the 

toxic effects of certain forms of fibre on the respiratory system. From this we hope to 

identify those carbon nanotubes which are hazardous whilst not prejudicing the use 

of those industrially relevant materials which can be used safely.       

1.1 THE RESPIRATORY SYSTEM 

The purpose of the lungs is to facilitate the exchange of oxygen and waste carbon 

dioxide between the blood and the surrounding air. To do this, blood and air must be 

brought into close proximity and the lungs have evolved to perform this potentially 

hazardous task. The lungs act to draw in air from the environment and transmit the 

air into the body and to the respiratory zone where gas exchange can take place; 

warming and humidifying the air as it goes. As it does this, any exogenous material 

such as bacteria, soot particles or fungal spores based in the immediate vicinity of the 

airflow into the body will be carried in with it. To this end the body has developed 

the means to trap, remove or kill this unwanted material and preserve health using 

structures and methods described herein.   

1.1.1 Gross Anatomy 

The gross anatomy of the lung is shown in figure 1.1. Air is conducted into the body 

through the nose (nasopharynx)/ mouth/ throat (oropharynx) and passes down 

through the larynx into the trachea which is supported and held open by U-shaped 

cartilage rings. From here the air descends down through the neck to the 

mediastinum, the region the trachea branches at the carina or hilum into the two 
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primary bronchi which serve the left and right lungs. At this point the air has entered 

the bronchial tree and penetrates into each lung; it has been warmed and saturated 

with water vapour. The bronchi branch to form the secondary or lobar bronchi, each 

of which transmits the air to a separate lobe of the lung (2 on the left and 3 on the 

right). From this point the bronchi branch again, into the segmental bronchi (tertiary 

level), supplying different bronchopulmonary sections and again successively 

through 26 orders, narrowing to form bronchioles with the conducting zone ending in 

terminal bronchioles (~0.5 mm in diameter) (Huether & McCance 1996; Marieb 

1998). 

The terminal bronchioles feed into the respiratory bronchioles (Ten Have-Opbroek 

1986) which mark the beginning of the gas exchange area, or respiratory zone, 

although respiratory bronchioles are not present in rats and mice (Warheit & Hartsky 

1990). The respiratory zone consists of respiratory bronchioles which feed into 

alveolar ducts and terminate in alveoli which are the primary gas exchange region of 

the lung. To put the importance and scale of the alveolar region into context, the 

alveolar compartment whilst being the terminal region of this intricate network of 

tubes, accounts for more than 99% of the internal surface of the lung (Dobbs et al. 

2010).   

The pulmonary circulation derives from the right ventricle of the heart via the 

pulmonary artery which splits to form the left a right pulmonary artery, feeding each 

lung. The pulmonary arteries enter the lung with the bronchi at the hilar region and 

successively divide to form arterioles, culminating in the pulmonary capillaries 

which enrich the acinus or respiratory zone. The pulmonary circulation differs from 

the bronchial circulation which derives from the aorta and acts to supply the lung 

tissue, except the alveoli with oxygen-rich systemic blood.            

1.1.2 The Alveolar region 

The alveoli represent the terminal structure of the highly branched respiratory tract 

with approximately 300 million alveoli present in the average adult lung (Huether & 

McCance 1996). The alveoli consist of sac-like structures with interconnecting pores. 

The alveoli sacks are 75-300 µm in diameter (Weibel 1963) and are composed of 
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type I and type II pneumonocytes. Type I alveolar cells account for less than 10% of 

the lung cells but cover 90% of the alveolar surface due to their large squamous 

shape and large surface area (~5400 µm2 (Crapo et al. 1982;Dobbs et al. 2010)). 

They provide the basic structure of the alveolar region, and due to their thin (50-100 

nm) structure allow efficient transfer of gases between the air and blood. It has long 

been accepted that alveolar type I cells are a terminally differentiated cell whose 

primary role is to provide a passive air-blood barrier to allow efficient gas exchange. 

However recent research is beginning to shed further light onto the plasticity of type 

I cells (Gonzalez, Allen, & Dobbs 2009) and the potentially important roles they may 

play in liquid homeostasis in the lung via ion transport (Johnson et al. 2006).   

Type II pneumonocytes differ markedly from the squamous type I cells in both 

structure and function. Type II cells are cuboidal in shape and more numerous in 

number in the alveolar region than type I cells but occupy less space due to their 

smaller surface area (Crapo et al. 1982). The primary function of Type II cells is 

surfactant metabolism, allowing the lowering of surface tension at the air interface of 

the alveoli, facilitating respiration (discussed in section 1.1.2.1). They also play 

important roles in inflammation and divide to replace damaged type I cells (Dobbs et 

al. 2010).   

The alveolar surface is not dry, instead it is covered in a thin film of lining fluid 0.1-

0.5 µm thick (Notter 2000). This liquid hypophase which covers the alveolar surface, 

through its air-liquid interface creates surface tension. The surface tension of H2O at 

37°C is 70 mN/m, which if magnified over the surface of all alveoli in the lung 

would require and a much larger force to breathe than is actually measured within the 

lung. This would also lead to pulmonary oedema as liquid is drawn out of the 

pulmonary capillaries by hydrostatic pressure and would cause alveoli to collapse/ 

over-inflate (Notter 2000). Thanks to the surfactant this is not the case and it acts to 

lower surface tension to near 0 mN/m, decreasing the work of breathing and 

preventing alveolar collapse. 
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Figure 2.1: Gross anatomy of  the  respiratory system. Redrawn and adapted  from a public domain 

image by Mariana Ruiz Villarreal 

The type I and Type II cells sit on a thin basement membrane, which is often fused 

with that of the endothelial layer of pulmonary capillaries innervating the region. 

This extremely thin alveolocapillary membrane facilitates efficient gas exchange, 

saturating the blood with oxygen and removing waste carbon dioxide. The numerous 

capillaries surrounding the  alveoli enable blood to be drawn over a vast area, with 

100 ml of blood spread over 70-100 m2 of alveolar surface (Huether & McCance 

1996), enabling efficient oxygenation. As a result, injury such as fibrosis which 

thickens the distance between the alveolar spaces and capillaries reduces gas 
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exchange. Oxygenated blood flows from the capillaries to pulmonary veins which 

coalesce, leaving the lung at the hilum and feeding back to the heart.    

Lung surfactant 

The lung surfactant (LS) is a mixture of lipids and proteins which act in unison to 

lower the surface tension created by the air-liquid interface at the alveolar surface. 

By mass it is composed of 85-90% phospholipids, 6-8% apoproteins and the 

remaining 4-7% is neutral lipids, primarily cholesterol (Notter 2000). Dipalmitoyl 

phosphatidylcholines (DPPC) accounts for around one third of the total 

phospholipids and as such is the most abundant constituent of LS. DPPC is a crucial 

component of LS and is a key ingredient in exogenous LS preparations such as 

Exosurf (Glaxo-Wellcome, Research Triangle Park, N.C.). However, alone DPPC 

has a chain melting transition temperature (Tc) of 41°C (Kim and Franses 2005) and 

below this DPPC forms vesicles or liposomes which are unstable, tending to fuse 

forming particulate aggregates making it slow to adsorb preventing the formation of 

lipid monolayer to lower surface tension. In order to aid adsorption and lower surface 

tension efficiently, the presence of phosphatidylcholines containing unsaturated fatty 

acids are required to lower the Tc of DPPC, fluidizing the DPPC and allowing 

transfer to a monolayer (Rachana & Banerjee 2006). In exogenous preparations such 

as Exosurf, the use of spreading agents such as cetyl alcohol to mimic the complex 

fluidizing components found naturally in LS. This demonstrates the importance of 

the mixture and interaction of proteins/ lipids within LS over simply one bulk 

constituent.   

The surfactant proteins (SP) present in LS are SP-A, SP-B, SP-C (Possmayer 1988) 

and later SP-D. SP-A and SP-D are not solely secreted by type II cells but are also 

secreted by Clara cells in the bronchiolar region of the lung. SP-A and SP-D are 

collectins, or recognition molecules which bind and facilitate the clearance of 

microbes from the lung via pattern-associated molecular pattern (PAMP) binding and 

as such form part of the lungs innate immune defences (Kingma & Whitsett 2006). 

SP-A and SP-D are suggested to have both pro- and anti-inflammatory effects 

depending on the presence or absence of microbial ligands in their carbohydrate 

recognition domain (CRD). In their unbound state, Gardai and colleagues (Gardai et 
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al. 2003) suggest that the collectins bind SIRPα on the surface of alveolar 

macrophages, suppressing activation. In its bound state, the collectins instead bind 

calreticulin and CD91 on the macrophage surface, triggering activation and 

phagocytosis of the opsonised microbe (Janssen et al. 2008). 

 LS is secreted by exocytosis from Type II cells from lamellar bodies held within the 

cytoplasm. These lamellar bodies contain the phospholipid and SP-B and C 

components of the LS synthesised in the rough endoplasmic reticulium (rER) and 

processed by the golgi apparatus. Upon secretion, the lamellar bodies unravel to form 

various structures such as intersecting 45-55 nm tubular myelin for which SP-A, B 

and Ca2+ are essential (Notter 2000). From these structures, surfactant rapidly 

adsorbs forming a monolayer film at the air-water interface, lowering the surface 

tension. This surfactant layer is expanded and compressed during breathing and is 

forced back into the aqueous phase where it forms bilayer vesicles. The majority 

(~80-90%) of the spent surfactant is endocytosed by type II cells and recycled 

(Dobbs, Johnson, Vanderbilt, Allen, & Gonzalez 2010). The rest is either taken up by 

alveolar macrophages or lost to the airways. 

Particles depositing in the alveolar region ‘splash down’ into the LS. The presence of 

these tension-lowering lipids and proteins may cause aggregated particles to 

disaggregate as well as opsonising them with host proteins.    

1.1.3 The Pleura 

The lungs sit within the thoracic cage formed by the ribs with a narrow, fluid-filled 

space between the lung surface and the chest wall. The surface of this cavity is 

covered by a thin membrane called the pleura. The pleura, derived from the Greek 

pleuron for side of the body or rib (Thompson, Fowler, & Fowler 1995), is a serous, 

elastic membrane whose main role is to reduce the friction created by the constantly 

moving lungs against the protective thoracic cage surrounding it and form a coupling 

between the lung and chest to allow breathing. This serous membrane is crucial to 

the normal action of the vital organs contained within the body cavities and as such 

this lubricating surface is found enveloping both the abdominal and cardiac 

compartments as well as that of the pleura. The pleura line the external surface of the 
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lung, termed the visceral pleura, lining all interlobular fissures. The Pleura covering 

the surface of the chest wall is termed the parietal pleura and can be further 

subdivided based on the area of the thoracic cavity it covers, i.e. the costal pleura 

(ribs and intercostal muscles), the diaphragmatic pleura (the diaphragm), the cervical 

pleura (summit of the lung/neck) and the mediastinal pleura (Bouros 2004). Whilst 

the pleurae are divided into the visceral and parietal, it is in fact continuous. The 

pleura encapsulate each lung, collecting at the hilar region and folding back on itself 

to form the parietal pleura covering the chest wall/ diaphragm. By doing this the 

pleura divides the thoracic cavity into three separate chambers (Marieb 1998) (left 

lung, right lung and mediastinum) helping to prevent interference between the organs 

during normal activity and the spread of infection and traumatic injury e.g. 

pneumothorax. The pleural surface is a smooth surface composed of 5 layers 

consisting of a single layer of mesothelial cells (I), a thin submesothelial connective 

tissue layer (II), a thin superficial elastic layer (III), a loose connective tissue layer 

(IV) and a deep fibroelastic layer (V; absent in the visceral pleura of small mammals 

(Agostoni & Zocchi 2007; Bouros 2004). This surface layer of mesothelial cells 

makes up the mesothelium which is also found covering also abdominal and cardiac 

compartments. The mesothelium is derived from the primitive mesoderm and forms 

as the primitive intraembryonic coelum around the 4th week of gestation, although 

the mesothelium develops before this around day 14 (Hesseldahl & Larsen 1969). 

This coelum develops as the internal organs are formed, enveloped in a mesothelial 

membrane which lubricate the motion of this ever changing cavity. By 16 weeks, the 

pleuroperitoneal folds have fused to separate the pleural, pericardial and peritoneal 

cavities allowing their developing organs to move independently (Larsen et al. 2001). 

The early development of this serosal membrane emphasises the importance of the 

mesothelial layer in normal development and function of the human body.     

The pleural cavity is fluid filled with a layer approximately 10 µm thick forming a 

continuous barrier between the visceral and parietal pleura preventing their contact 

(Agostoni & Zocchi 2007). 



 

 ‐ 8 ‐ 

Pleural Fluid 

Pleural fluid has several roles in the pleural cavity which are essential to health. The 

first, a lubricating layer has already been mentioned and in disease states where this 

is impaired such as pleurisy this can be very painful. Pleural fluid also provides a 

liquid coupling between the chest wall and the lung surface enabling breathing to 

occur. Due to elastic recoil of the lung and surface tension created with the alveoli, 

there is pressure drawing the visceral pleura away from the parietal pleura of the 

chest wall. It is only the thin layer of pleura fluid under constant negative pressure 

that anchors the pleurae together as the chest expands against the recoil of the lung, 

drawing air in and facilitating breathing. As such any conditions which alter the 

dynamics of this pleural space can be potentially life threatening as it alters this 

transpulmonary pressure, potentially leading to collapsing of the lung. The presence 

of air within this space, pneumothorax, causes the collapsing of the lungs as this 

coupling is interrupted, whilst the build up of fluid in this space for example due to a 

hemothorax (blood) or empyema (purulent exudate), prevents the lung inflating fully.    

Pleural fluid originates from blood vessels innervating the parietal pleura and is 

reabsorbed via lymphatic drainage points on the surface of the parietal pleura. In 

normal individuals, the flow of fluid between the lung and the pleural space is 

restricted but in cases of certain conditions such as adult respiratory distress 

syndrome (ARDS) or congestive heart failure, lung permeability increases and the 

pleural space forms the main route of exit and reabsorption for lung oedema. 

Clearance from the Pleural space 

The generation of pleural fluid from sub-mesothelial blood vessels by hydrostatic 

pressure requires a constant outflow of fluid in order to maintain the tight coupling 

between the pleurae. This outflow of fluid does not occur via passive diffusion 

through the mesothelium but rather through a specialised network of sub-mesothelial 

lymphatic channels which open up into the pleura cavity. The placement of these 

drainage points are not even across the parietal pleura. Instead they are often found at 

points where fluid build up is most common due to gravity and pressure, for example 

at the diaphragmatic pleura or the costadiaphragmatic recess (Moore 1996). The sub-
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mesothelial lymphatic capillaries which innervate the parietal space terminate in 

dilations called lucunae (Recklinghausen 1862). These lucunae are covered with a 

loose layer of connective tissue called the macula cribriformis, forming a sieve-like 

structure which supports covering mesothelial cells (Miura et al. 2000). Rather than 

the common squamous appearance of mesothelial cells, the cells covering the 

lacunae are more cuboidal in shape, and line these channels forming distinctive 

structures along the surface of the mesothelium (fig 1.2). At points between these 

cells, 2-8 µm pore-like structures called stomata (Tsilibary & Wissig 1977) can be 

seen which allow outflow of fluid, cells such as resident macrophages or  

lymphocytes as well as particles out of the pleural space (Li 1993). The lymphatic 

channels which drain from these stomatal openings contain valves (Wang 1975) to 

prevent retrograde flow of fluid from the lymphatic channel. At inspiration the chest 

wall expands, opening the stomata and drawing in fluid, cells and particles to the 

lymphatic channels. Upon expiration the chest reduces in volume, closing the 

stomata and forcing the fluid along the lymphatic channel (Bouros 2004).    
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Figure 1.2: Cuboidal  (C) and  squamous  (S) mesothelial  cells of  the peritoneal  cavity. Shown is a 

scanning electron micrographs of the mesothelium covering the peritoneal aspect of the diaphragm of 

a female C57/BL6 mouse. The flat squamous cells forming a smooth surface can be seen marked ‘S’ 

and also shows microvilli around the periphery of each cell. The cuboidal cells covering lucunae 

regions are shown marked ‘C’.  

1.1.4 The Peritoneal Cavity 

The peritoneal or abdominal cavity is the body’s largest cavity and houses the 

majority of the body’s organs. In surface area, the peritoneal mesothelium is equal to 

that of the skin (Wegner G 1877) and due to this large surface area and the rapid 

route of fluid absorption it has a critical role as a dialysis membrane during 

peritoneal dialysis (Bird, Legge, & Walker 2004; Hjelle et al. 1989). In many ways 

the peritoneal cavity is analogous to the pleural cavity which is not surprising 

considering its shared origin (section 1.1.3) and role. The pleural and peritoneal 

cavities differ in that the two main roles of the pleural cavity are to lubricate the 

movement of the lungs and provide a fluid-filled tight coupling between the lung 

surface and thoracic cage. There is no such coupling role for the peritoneal cavity, 

instead its primary role is to lubricate the motion of the organs contained within the 

abdomen and as such whilst the cavity is lubricated, it is not fluid filled.  

S

C

50 µm
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The peritoneal cavity is lined with a mesothelium with a structure identical to that of 

the pleural, and indeed all mesothelial layers (Whitaker, Papadimitriou, & Walters 

1980). It also contains stomata which overlie lymphatic lucunae linking the cavity to 

the underlying diaphragmatic lymphatics. The diaphragm is considered the principle 

route of drainage from the peritoneal cavity (bu-Hijleh, Habbal, & Moqattash 1995; 

Ettarh & Carr 1996; Tsilibary & Wissig 1977) via the parasternal lymph trunks to the 

parasternal and mediasternal lymph nodes (bu-Hijleh, Habbal, & Moqattash 1995). 

Other stomata are apparent in the peritoneal cavity such as the mesenteric stomata 

although these are thought not to connect to the lymphatic system (Ettarh & Carr 

1996).  

The physiological nature of the peritoneal cavity means that particles which enter the 

cavity can be rapidly removed in the flow liquid from the cavity through the 

diaphragm or taken up by resident phagocytic cells. Particles which cannot negotiate 

the narrow (3-12 µm) stomatal openings (Mutsaers 2002) are retained causing an 

inflammatory and fibrotic response. This demonstrates the importance of particle 

size/ length in clearance/ retention.     

The identical nature of the mesothelium covering the pleural and peritoneal cavities 

mean that in the following sections, the denotation mesothelium should be taken to 

mean that of both the pleural and peritoneal cavities unless specified otherwise.       

1.1.5 The Mesothelium 

The mesothelium was first described in 1827 by Bichat (Whitaker, Papadimitriou, & 

Walters 1982), with the term ‘mesothelium’ coined later (Minot 1890). As 

mentioned, the mesothelium is the layer which makes up the surface of the serosal 

membrane that covers the surface of the pleural, peritoneal and pericardial cavity as 

well as the lining of the testes (Mutsaers 2002). The mesothelium in each site has the 

common role of reducing friction and allowing the organ(s) it encapsulates to move 

and function without hindrance. However for sometime there has remained a concept 

that the mesothelium is simply a barrier cell performing a mundane, although crucial, 

task of lubricating organ movement. In the last few decades, the dynamic nature of 

the mesothelium has become further realised and this is most eloquently shown in the 
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1982 review by Whitaker, Papadimtriou and Walters (Whitaker, Papadimitriou, & 

Walters 1982) and more recently by Mutsaers (Mutsaers, Whitaker, & Papadimitriou 

2002). Indeed much of what is known about the mesothelium is gleaned from 

research into its use as a dialysis membrane and the problems associated with use of 

bio-incompatible peritoneal dialysis constituents leading to inflammation and 

denuding of this protective layer (Yung & Chan 2009) or complications after 

abdominal surgery.    

The Mesothelial Cell 

The predominant morphology of a mesothelial cell is squamous, being approximately 

25 µm in diameter, although cuboidal cells are also seen in different anatomical 

regions such as septal folds of the mediastinal pleura and overlying lacunae (see fig 

1.2). The ultrastructure of these two forms of mesothelial cell show comparative 

differences with cuboidal cells possessing a better developed golgi system, rER as 

well as more mitochondria suggesting a more metabolically active cell (Mutsaers 

2002). Between adjacent mesothelial cells, connection is via tight junctions although 

other forms of junction such adherens junctions and desmosomes also occur. 

Connection in the pleura is generally at the apical portion of the cell with the basal 

portion overlapping the adjacent cell with no connections. This allows the cells to 

glide over each other during inspiration and expiration, with this overlapping absent 

at full inspiration much like the plates of a suit of armour (Bouros 2004).      

The surface of the mesothelial cell can be covered with microvilli although these can 

vary immensely in location and density. The microvilli serve to increase the surface 

area of the cells and trap hyaluronic acid rich glycoproteins, forming a negatively 

charged glycocalyx which serves to lubricate the cells surface and repel cells and 

particles. This has raised the interesting analogy by Antony (Bouros 2004) that the 

negative charge caused by these anionic sialomucins allow the surface of the 

mesothelium to operate as “Teflon” as opposed to “Velcro”.  

The formation of lamella bodies, similar to those described for Type II 

pneumonocytes has been shown for mesothelial cells (Dobbie & Lloyd 1989), clearly 

demonstrating the secretion of a surfactant layer by mesothelial cells. An increase in 
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secretion of hyaluronan is thought to occur in activated or damaged cells, potentially 

as a defence mechanism against the action of lymphocytes and prevention of 

adhesions formation (Mutsaers 2002).    

Mesothelial cells are known to play a prominent role in the initiation, perpetuation 

and resolution of inflammation in all the serosal cavities. As such, mesothelial cells 

are known to secrete a whole host of mediators including various cytokines such as 

interleukins (IL) 1 and 6 as well as a range of chemokines (e.g. IL-8, MCP-1). 

Secretion of chemokines such as IL-8 is in an apical fashion (Nasreen et al. 2001), 

leading to cellular recruitment from the surrounding circulation and transmigration 

into the mesothelial cavity via mesothelial expression of cell-adhesions molecules 

such as intra-cellular adhesions molecule 1 (ICAM-1) and vascular-cellular 

adhesions molecule 1 (VCAM-1) (Sikkink et al. 2009). Indeed in a rabbit model of 

pleurisy, it has been shown that treatment with anti IL-8 antibodies prevents the 

normal influx of neutrophils into the pleural space (Broaddus et al. 1994).  

Mesothelial cells also produce various growth factors such as platelet-derived growth 

factor (PDGF), vascular endothelial growth factor (VEGF) and transforming growth 

factor β (TGFβ). The release of IL-8 and tumour necrosis factor α (TNFα) by 

activated macrophages causes secretion of various chemokines by mesothelial cells 

resulting in monocyte and neutrophil chemotaxis to the site of injury as well as 

increased heat shock protein (HSP)-72/73 (Lopez-Cotarelo et al. 2000) thought to 

help protect the mesothelial cells. Mesothelial cells have been shown to produce 

nitric oxide (NO) as well as reactive nitrogen (RNS) and oxygen species (ROS) in 

response to bacteria as well as asbestos (Cardinali et al. 2006; Cavallo et al. 2004; 

Choe et al. 1997; Choe, Tanaka, & Kagan 1998; Tanaka et al. 1998). In response to 

this, mesothelial cells are also able to mount antioxidant defences utilising 

glutathione (GSH), catalase and superoxide dismutase (SOD) (Grzybowski 2000). 

During injury, the mesothelium has a regenerative capacity and is able to secrete a 

wealth of growth factors as well as extracellular matrix proteins such as collagen, 

elastin and fibronectin. At a site of injury, studies have shown that mesothelial cells 

at the edge of the injury and also on the opposing surface begin synthesising 

deoxyribonucleic acid (DNA) and proliferating. It has been hypothesised that cells 
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may repopulate areas of damage by migration from opposing surfaces using fibrin 

deposits as a scaffold (Mutsaers, Whitaker, & Papadimitriou 2000). The pathogenesis 

of pleural fibrosis and tissue regeneration is well described by the 2004 review by 

Mutsaers (Mutsaers et al. 2004).   
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1.2 PARTICLE/ LUNG INTERACTIONS 

The task of gas exchange brings with it risks due to drawing in external air, complete 

with all the airborne particles and gases it may contain. From the point of inspiration 

to the gas exchange regions deep within the body, the respiratory system has 

developed a number of mechanisms to deal with unwanted material gaining access 

into the respiratory system.  

The development of a response due to a toxin requires the exceedence of some 

threshold dose. In the case of particles the sites of dose accumulation are the sites of 

deposition within the lung and the site of translocation. As summarised in table 1.1, 

various evolutionary developments help prevent or reduce the accumulation of 

particle or other dose and minimise contact between the deposited dose and the fixed 

cells of the lungs. Particles which do negotiate the extra thoracic region and enter the 

conducting airways are subject to various forces and modes of deposition based upon 

aerodynamic diameter.     

1.2.1 Airway Deposition 

The point of deposition of a particle within the respiratory system and subsequently 

the removal mechanisms that act upon it are dictated by the size, shape, density and 

other surface properties of the particle in question. The other major determinant is 

the volumes of air inhaled, specifically the tidal volume and respiration rate which 

can alter during exertion or as a result of airways disease. The dimensions of the 

respiratory tract are also important and can account for differences between species 

(e.g. rodents and man) as well as within species due to age and growth (Gehr, Brand, 

& Heyder 2000).    

The respirable fraction is airborne matter which can penetrate the alveoli following 

inhalation (Jones 1993). Due to the elutriating affect of the progressively narrowing 

airways, the size fraction of ‘respirable’ particulates is considerably smaller than 

those which deposit in the upper respiratory tract. Figure 1.3 demonstrates the effect 

of size on the zone of deposition as fractionated into the head airways (e.g. the nasal 

turbinates), the trachea-bronchial region and the pulmonary region.  
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The graph shows that with larger particles (~10 µm) the majority of deposition 

occurs within the pharyngeal region of the respiratory system without penetrating the 

conducting airways. As particle size reduces into the respirable range (<3 µm), 

deposition in pulmonary region increases. The largest level of deposition is at the 

smaller sub-micron size range, with particles able to penetrate the trachea-bronchial 

and alveolar regions. When particle size decreases further (<0.2 µm), deposition by 

Brownian diffusion increases and a larger proportion of particles deposit in the upper 

respiratory tract. Deposition of particles in the range > 0.5 µm is related to 

aerodynamic diameter whilst smaller particles of less than 0.5 µm deposition is 

related to its diffusion equivalent diameter (Gehr, Brand, & Heyder 2000). This 

metric relates to the displacement sustained by a particle due to air molecules causing 

these smaller particles can behave more like a gas. 

 

Figure 1.3: Deposition of particles in the human respiratory tract. The fractional particle deposition 

in the different regions of human respiratory tract based on particle size is shown. Reproduced from 

(Gehr, Brand, & Heyder 2000)  

Aerodynamic Diameter 

The aerodynamic diameter (Dae) of a particle is defined as the diameter of a unit 

density (1g/cm3) sphere with the same settling speed as the particle of interest (Sturm 

and Hofmann 2009). In simple terms this means that if we have an irregular shape 
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with a settling speed of X then its aerodynamic diameter is the diameter of a perfect 

sphere with a density of 1g/cm3 which falls at the exact same rate as the irregular 

shaped particle in question. For example, if we took two identical sheets of paper and 

left one as a complete sheet, and screwed the other tightly into a ball we have two 

forms of the paper sheet with identical mass but different Dae, that is, they will fall at 

different rates. As we drop the two pieces, the large square sheet falls more slowly as 

it has a much larger Dae causing it to contact more air molecules (drag), slowing its 

decent. The ball however cuts a smaller path through the air due to its small Dae and 

drops faster. Conversely if we were able to make the sheet fall edge first on a vertical 

rather than horizontal axis, its Dae would be much smaller (based on its thickness) 

than the ball and so fall much quicker. 

Aerodynamic diameter of a particle with a size of greater than 500 nm, the equation 

used to calculate aerodynamic diameter is: 

dpa d	ps Pp 

 

	 	 µm  

d	ps Stokes	Diameter	 μm  

	   g/cm3  

Equation 1.1: Calculation of the aerodynamic diameter of a particle. 

Aerodynamic diameter is important as enables us to account for differences in 

particle density and shape, enabling us to calculate the true size of a particle in a 

stream of air which is most relevant for deposition in the lung. 

Long fibres in the lung: An accident of aerodynamics  

A fibre is defined by the World Health Organisation (WHO) guidelines in 

determining  airborne fibre number concentrations (WHO 1997) as being a particle 

with a length greater than 5 µm, a diameter a less than 3 µm and a length to width 

ratio (its aspect ratio) of greater than 3:1. Based on our understanding of the role of 

particle size in dictating the respirability of a particle, it seems unlikely that a particle 

of >5 µm could be respirable let alone a fibre reaching upwards of 50 µm. Of course 
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evolutionary pressure would act to prevent particles entering the distal airways that 

cannot be removed by normal cellular mechanism such as alveolar macrophages. 

However fibres that are in excess of the 3 µm diameter cut-off for respirability do 

reach the periphery of the lung and that is due to a peculiarity of fibre aerodynamics. 

In order to be inhaled, a fibre must still possess a single aspect (diameter) of less than 

3 µm, hence the WHO definition of possessing a diameter of < 3 µm, but can have a 

length many times this. This is because the aerodynamic diameter is proportional to 

the fibre diameter not the length. In a laminar flow of air, a fibre aligns itself axially 

due to airflow across the fibre surface (fig. 1.4) allowing it to travel along, aligned 

with the airways (Morgan 1995) presenting a small Dae.            

 

Figure 1.4: A schematic diagram of the correctional forces aligning a fibre axially  in a  laminar air 

flow.  In an aligned orientation (I) air flows along the fibre applying equal pressure along the fibre 

with least resistance. In a non-orientated angle (II) the fibre is acted upon by the air flowing over it, 

applying unequal pressure causing the fibre to rotate, correcting its trajectory and aligning itself with 

the airflow.    

Because of this, small Dae, fibres many times longer than the cut-off diameter for a 

spherical particle can deposit in various zones of the respiratory system including the 

alveolar region. Using the theory of Cox (Cox 1970) to establish the aerodynamic 

diameter of a cylindrical fibre, Jones calculated that the ratio of aerodynamic 

I

II
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diameter to geometric diameter is approximately 2.5-3 over a wide range of aspect 

ratios based on a fibre settling perpendicular to its axis (Jones 1993).  More simply 

put the Dae of a fibre is 2.5-3, times the actual diameter largely irrespective of length.  

In a study by Baron, the use of an actual cut-off of 3 µm upper diameter agrees with 

the thoracic definition within about +/- 25% for a wide range of possible fibre size 

distributions using a sampler designed to collect particles only within the range of 

thoracic respirability (Baron 1996). 

As the aerodynamic diameter of a fibre is approximately 3 times the actual diameter, 

it is difficult to know how this may relate to the deposition of fibrous nanoparticles in 

the respiratory tract. As mentioned previously, for particles < 0.5 µm in diameter, the 

appropriate metric relating to deposition is the diffusion equivalent diameter rather 

than aerodynamic diameter. However nanofibres can aggregate to form nano-ropes 

(Donaldson et al. 2006) so it is unknown if aerodynamic diameter or diffusion 

equivalent diameter dictates the particle behaviour in the airflow of the lung.  

Particle Deposition 

As already described, particles of differing aerodynamic size ranges will deposit in 

different regions or zones of the respiratory system. The mode by which these 

particles deposit are shown in figure 1.5 comprising impaction, sedimentation, 

diffusion, interception and in the case of charged particles, electrostatic deposition. 

Impaction occurs often at bifurcations, where the airflow deviates but the particles 

maintain their trajectory and impact on the airway wall. Sedimentation can occur as 

airflow decreases and larger or denser particles sediment out of the airflow and 

deposit in the airways. As we move further into the lung and reach the respiratory 

zone, airflow is minimal and particles settle out of the air stream if they have a larger 

Dae. Smaller particles are influenced by diffusion and are moved randomly by 

Brownian motion which enhances the chances of deposition. Interception is 

important for fibres as whilst their centre of gravity may follow the airstream, their 

ends may contact the sides of the airway causing the fibre to deposit immediately, 

especially in smaller, convoluted airways.      
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Figure  1.5:  Mechanisms  of  particle  deposition.  Redrawn from Particle interactions with the 

respiratory tract by Roger McClellan (Gehr, Brand, & Heyder 2000).  

1.2.2 Particle Clearance 

The area in which particles deposit dictates their mode of clearance. Deposition in 

the nasopharyngeal region is into serosal secretions which may be swallowed and 

can trigger further such secretions or stimulate receptors evoking a sneezing response 

to clear the nasal airways. In the larger conducting airways this is facilitated by 

continuously beating cilia on the surface of the bronchial epithelial cells. Mucus 

secreted in the upper airways by goblet cells covers these ciliated cells and particles 

becoming trapped in the mucus rafts are rapidly moved up this mucociliary escalator 

to the pharynx and swallowed. The rate of clearance in the trachea is of the order of 

5.5 ± 0.4 mm/min with a decreased rate further down the bronchial tree (Foster 1988) 

culminating in a clearance time of around 24 hrs from these upper airways. As we 

move down towards the bronchioles, cilia length and mucus thickness declines and 

clearance time increases. The respiratory bronchioles still have ciliated epithelial 
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cells and the goblet cells of the upper respiratory tract are replaced by non-ciliated 

Clara cells which secrete various products to protect the bronchiole lumen and 

degrade the mucus of the upper airways. At this point there is a transition into the 

non-ciliated, alveolar region where clearance is mediated by a population of 

patrolling alveolar macrophages. Deposition in the alveolar region requires the 

particle to ‘splash-down’ in the lining fluid that bathes the alveolar epithelial cells. 

This complex mixture of lipids and surfactant proteins means that any foreign object 

such as particles or bacteria deposited in the lung are immediately bathed in this rich 

milieu. The benefits for innate immunity are obvious, with SP-A and SP-D binding a 

variety of pathogens (Kingma & Whitsett 2006), and deficiencies in these proteins 

has been shown to increase pulmonary infections in animal models  (LeVine et al. 

2000). There is also the suggestion that it is this binding of proteins / lipids that give 

a naked particle its ‘biological identity’ (Lynch et al. 2007) which may be altered 

depending on how these proteins are displayed (as to their orientation), producing 

different epitopes. The switching of proteins from a particle surface via adsorption/ 

desorption cycles is based on both protein affinity for the surface and the relative 

concentrations of the protein in environment and is termed the Vroman effect (Noh 

& Vogler 2006; Vroman 1962). The description of the Vroman effect was given in 

relation to NPs by Lynch and colleagues (Lynch et al. 2007) in all but name, 

describing the protein corona and its reliance on the protein concentrations and 

equilibrium binding constants in the constantly changing biological environment. 

There is debate on the importance of this protein corona but it is likely that particles 

interact with lung cells such as alveolar macrophages through this opsonin coating. 

Within the alveolar region the clearance mechanism is dictated by the presence of a 

population of patrolling macrophages. These cells recognise and ingest foreign 

material via a variety of cell surface interactions such Fc receptors, complement 

receptors and as integrin mediated routes leading to phagocytosis. Once internalised 

into a phagosome, the macrophage attempts to kill and digest the internalised 

bacteria or particle via fusion with acidic lysosomes. Due to the reliance on 

macrophage chemotaxis, phagocytosis and movement out of the lung, clearance in 

the alveolar region is much slower than in the larger ciliated airways.     
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1.2.3 Particle Translocation 

The clearance of particles from the airways is not limited to removal along the 

airways to the mucociliaray escalator. Particles may also move from the airways into 

the interstitium and out of the airways via a number of possible routes. Due to their 

small size, the potential for NP to move more readily from the site of deposition has 

caused concern that NP may have unforeseen effects in organs not immediately 

associated with inhalation exposure such as the brain (Oberdorster et al. 2004). When 

considering fibres, the primary areas in which disease occur are the lungs and the 

pleura (discussed in section 1.5.2). This would mean that fibres may interact with 

these structures causing disease, although it has been suggested that fibres and 

particle may cause other systemic effects which may not require direct interaction 

such as cardiovascular disease (Fukagawa et al. 2008), but whilst important, this is 

not the focus of this current study. The potential for interaction between deposited 

fibres and the airspace surface is obvious but far less obvious is the interaction 

between fibres and the pleura.      

Particle Transit to the Pleura 

The idea of particle transit to the pleura is not a new one. In fact through the use of 

post-mortem studies there is now evidence that a proportion of all lung deposited 

particles reach the pleura, pass through the pleural space from which they exit via the 

stomata on the parietal pleura. At these points of egress, particles may become 

interstitialised due to the leaky nature or the parietal mesothelium (Bouros 2004) and 

lymphatic endothelium, forming characteristic ‘black spots’ on the parietal pleura. In 

the study by Mitchev et al. (Mitchev, Dumortier, & De 2002), 150 consecutive 

necropsies of normal urban dwellers were examined in Belgium during which they 

commonly found black spots on the parietal pleura. This transit of particle from the 

lung into the pleural space is also seen in dusty occupations such as coal mining with 

low-grade inflammatory reaction and fibrosis of black spots being very pronounced 

(Muller, Schmitz, & Konstantinidis 2002). During this study into the black spots of 

miners, Muller and colleagues examined the black spots histologically and found 

them extremely well-demarcated, following lines of lymph flow across and through 

the parietal pleura. Within these black spots, mineral particles were clearly visible. 
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The elongated nature of fibres and subsequent drag means that passage through to the 

pleura may be slower which may partially account for the large lag time between 

asbestos fibre exposure and the development of pleural disease. The steric hindrance 

caused by long fibres may account for the fact that often mostly short fibres (Boutin 

et al. 1996) are found at the parietal pleura as these fibres have clearly more 

likelihood of reaching the pleural compartment (Miserocchi 1997). However these 

are likely not the biologically relevant dose, which may be provided by the slower 

moving long fibres. 

A fuller account of the role of fibre transit to the pleura, retention at the parietal 

pleura and subsequent initiation of pathogenic effects in relation to asbestos and 

CNT has recently been published (Donaldson et al. 2010;Donaldson et al. 2011) and 

can be found in the publications section of this thesis.  

1.3 THE FIBRE PARADIGM 

There is a vast array of industrially utilised fibres as demonstrated in their 

classification shown in appendix 1. However whilst some fibres such as asbestos 

have been shown to be carcinogenic (IARC group 1 (IARC 1987)), others such as 

refractory ceramic fibres are considered possible carcinogens (IARC group 2b 

(WHO IARC 2002)) whilst many others are considered non-pathogenic. Whilst 

asbestos exposure leading to disease has provided the driving force towards 

understanding the pathogenicity of fibres, it is this difference in pathogenicity of 

different types of fibrous material that has enabled our understanding and the 

development of the paradigm. Research initiatives such as the Colt Fibre Research 

Programme and programmes of work under the Thermal Insulation Manufacturers 

Association (TIMA) looked at the long-term inhalation effects of different fibrous 

materials. These included naturally-occurring minerals like amphibole asbestos as 

well as man-made materials such as glass fibres, silicon carbide (Davis et al. 1996a), 

refractory ceramic fibres and vitreous fibres such as slag and rock wool. This 

comparison led directly to the development of the fibre pathogenicity paradigm 

(FPP) which is simply a criterion which a particle must meet if it is to present a fibre-

type hazard. The fibre paradigm itself represents an ideal model in particle 

toxicology; that is a robust structure activity relationship which helps predict the 
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toxicological behaviour of a particle. The nature of progress and development in the 

modern world to feed the ever-present need for new materials means that the 

diversity of particles that we may be potentially exposed to is ever- increasing. It is 

impossible to test each and every one thoroughly for toxicity but structure activity 

relationships help identify potentially dangerous materials for consideration based on 

structure (chemical, physical or both).  

1.3.1 The Fibre Pathogenicity Paradigm (FPP) 

The FPP depends on three critical features that are required for a fibrous particle to 

present a fibre-type health hazard. These points have been recently reviewed by 

Donaldson in relation to another relatively new form of industrially relevant fibre 

para-aramid (Donaldson 2009). These attributes consist of the role of aspect ratio and 

length (dimension), the persistence of a particle in the biological environment and its 

resistance to breakage and dissolution (durability) and critically the exposure to the 

particle in question (dose) (Donaldson & Tran 2004). These components of 

dimension, durability and dose, or the 3 D’s provide the cornerstone of the FPP and 

the role of each of is further discussed. 

Role of aspect ratio and length 

Aspect ratio is defined as the relationship between length and diameter of a particle 

or specifically the ratio of the longest dimension to the shortest dimension (equation 

1.2) 

Ar L D 

Ar Aspect	Ratio 

L Longest	Dimension	 length 	 

D = Shortest Dimension (Width)  

Equation 1.2: Calculation of the aspect ratio. 

An aspect ratio of 1:1 would equate to a symmetrical particle such as sphere or a 

square. The increased disparity between length and diameter results in an elongated 

or fibrous shape. Aspect ratio therefore defines a fibre by describing this relationship. 

As mentioned, the WHO definition of a fibre requires it to have an aspect ratio of 
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greater than 3:1 and a length greater than 5 µm. Therefore a nanoparticle with a high 

aspect ratio based on this minimum length criterion is not necessarily a fibre. For 

example a particle with a diameter of 40 nm and length of 3 µm has a very large 

aspect ratio of 45:1 but would still not be classified as a fibre by the WHO criteria. 

To identify a nanoparticle as having a high aspect ratio is therefore not sufficient 

grounds to classify it as a fibre. The reason for the classification of a fibre is not 

based on arbitrary semantics but on the biological handling of a fibre (e.g. clearance) 

and how a minimum length may relate to this which is described in the following 

sections.    

The Stanton hypothesis 

In 1981 Stanton published a seminal paper in the world of fibre toxicology dealing 

with the relationship between particle dimension and carcinogenicity (Stanton et al. 

1981). A range of 72 experiments were conducted using a wide variety of respirable 

and durable minerals ranging in size, chemical and structural attributes which were 

introduced surgically onto the pleural surface of female rats in a gelatine ‘pledget’. 

Following this they observed that those tumours (mesotheliomas) which formed 

correlated with fibre attributes based on length and diameter. Specifically they found 

that fibres that measured < 0.25 µm in diameter and > 8 µm in length correlated well 

with the formation of malignant mesenchymal neoplasm’s whilst short fibres were 

not meotheliomagenic. It is worth noting that ~8 µm is the maximal size of the 

stomata on the parietal pleura, the main route of removal from the plural space. The 

use of several forms of mineral fibre of differing physicochemical properties also 

enabled Stanton to conclude that carcinogenicity of the fibres was dependent on 

dimension and durability rather than on physicochemical properties (Stanton, Layard, 

Tegeris, Miller, May, Morgan, & Smith 1981). The importance of this study and its 

relevance to future fibre toxicology and the setting of fibre counting standards such 

as that used by the WHO and Occupational Safety & Health Administration (OSHA) 

cannot be overstated. Stanton however has not been the only one to demonstrate the 

importance of fibre length, which in the coming years was shown in various 

experimental systems (Adamson & Bowden 1987a; Adamson & Bowden 1987b; 
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Davis et al. 1986; Davis & Jones 1988; Donaldson et al. 1989; Goodglick & Kane 

1990). 

Impaired Clearance  

The reason behind the Stanton hypothesis and others results most likely relates to the 

role fibre length plays in clearance from its site of deposition. The airways are 

constructed in such a way that it prevents larger particles from reaching the lung 

altogether or reaching beyond the ciliated conducting airways. Large fibres or 

particles depositing in the ciliated airways are removed rapidly from the lung. Small 

particles which can negotiate the airways and deposit in the alveoli are phagocytosed 

with ease by macrophages, either persisting within the macrophage until their death 

if durable or moved up onto the mucociliary escalator. As mentioned, fibres due to 

an accident of aerodynamics can deposit in these non-ciliated regions and as such 

must be dealt with by alveolar macrophages. The issue of impaired clearance occurs 

when a fibre is longer than the maximal length which a macrophage can comfortably 

enclose (~15-20 µm). In this situation the macrophage will try unsuccessfully to 

phagocytose the fibre and become ‘frustrated’ as described in the following section.  

As the deposited fibre cannot be cleared via the normal macrophage mediated means, 

it may persist in the alveoli or may translocate out of the lung (section 1.2.1). If the 

fibre passes through into the pleural space it comes under the influence of the pleural 

clearance mechanisms. Like the lung these are two-fold. The first is in the constant 

flow of pleural fluid out of the pleural space into the lymphatic system. The route 

that these fibres must take is via the stomata in the parietal pleura (section 1.1.4.2), 

but these again are size restricted with a diameter of 2-8 µm (Tsilibary & Wissig 

1977). Fibres longer than this will be retained, most likely at the stomatal mouths on 

the parietal mesothelium. The second method is via removal by the resident 

population of pleural macrophages but these are likely to have the same difficulties 

as the alveolar macrophages and become ‘frustrated’.    

Frustrated phagocytosis 

Inflammation is an important process and the body’s inflammatory cells are critical 

in maintaining a healthy biological environment. However these same protective 
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mechanisms can become damaging, possibly leading to further damage and disease 

when inappropriately activated or uncontrolled. The damaging nature of such 

unchecked inflammatory processes is most eminently described by the Scottish 

Surgeon John Hunter who wrote "when inflammation cannot accomplish that 

salutary purpose,....... it does mischief " (Hunter & Palmer 1840). An example of this 

failure to accomplish ‘that salutary purpose’ and the ensuing ‘mischief’ is frustrated 

phagocytosis which occurs wherever a phagocytic cell fail to enclose an object due to 

size constraints. This can occur in highly artificial environments such as in culture 

where macrophages will attach and spread, engaging the cell culture substrate in 

attempted phagocytosis as shown by extensive rearrangements of the actin 

cytoskeleton which resemble those occurring during phagocytosis (Kruskal & 

Maxfield 1987; Swanson et al. 1992). In vivo the size constraints placed upon the 

routes of entry into the body help restrict foreign material to a size that can 

comfortably be phagocytosed by macrophages but exceptions such as the presence of 

fibres can occur.   

The concept of frustrated phagocytosis has existed for some time. In 1976 Kushner 

and Wright whilst looking at the effect of glass fibres and asbestos on guinea pigs put 

forward the idea of frustrated phagocytosis leading to fibrosis (Kuschner & Wright 

1976). Later this idea was expanded upon as a hypothesis for the carcinogenicity of 

fibres by Archer (Archer 1979) in which he proposed the concept of frustrated 

phagocytosis leading to the release of oxygen radicals such as superoxide (O2
°-) and 

through its dismuation, hydrogen peroxide (H2O2) which could damage surrounding 

cells. These surrounding bystander cells may possess poorer antioxidant defences 

than the originating leukocytes, leading to the accumulation of genetic damage. The 

hypothesis also speculated that due to potential infrequency of certain mutations 

occurring rather than cell death, the occurrence of carcinogenic changes may require 

a prolonged time period requiring the foreign body to be biopersistent (Archer 1979). 

The formation of frustrated macrophages with decreased cell function and increased 

lactate dehydrogenase (LDH) leakage using length-classified Manville Code 100 

glass fibres has been shown in vitro for rat alveolar macrophages (Blake et al. 1998). 

However later using larger human alveolar macrophage, they saw complete 

phagocytosis of the same size fractions with no increase in toxicity and suggested 
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that the incomplete engulfment seen with the smaller rat macrophages may have 

caused the enhanced cytotoxicity of fibreglass (Zeidler-Erdely et al. 2006). 

The action of frustrated phagocytosis occurs when a macrophage attempts to engulf a 

foreign body larger than itself. This situation has also been demonstrated within the 

ELEGI laboratory by Fiona Murphy whereby using identical polystyrene spheres of 

differing size (3 µm vs. 10 µm) injected directly into the pleural cavity of mice 

caused a size dependent response. The 3 µm beads caused no inflammation due to 

the ability to be either cleared via the pleural lymphatics or taken up by resident 

macrophages. The 10 µm beads however could not be cleared nor could they be 

successfully phagocytosed by the resident macrophages, instead forming rosettes of 

macrophages around a single bead. As mentioned, due to the elutriating effect of the 

lung, the vast majority of particles macrophage encounters are sufficiently small not 

to cause a problem and it would never normally encounter a spherical 10 µm bead. 

However, it may encounter a fibre with a sufficiently narrow diameter to allow 

penetration past the ciliated airways but a great enough length to provide difficulties 

in uptake.  This is demonstrated in figure 1.6 and appendix Movie 1 (attached DVD 

2) which shows cultured rat alveolar macrophages of the NR8383 immortalised cell 

line incubated with long fibres of amosite asbestos. The figure and movie clearly 

shows the macrophages attempting to enclose fibres by deforming and elongating 

and unable to enclose the fibre.  The action of frustrated phagocytosis leads to the 

release of various toxic components, crucial to the microbiocidal activity of the cells 

as part of the innate immune defence. 
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Figure 1.6: Frustrated phagocytosis by amosite asbestos fibres. Image of rat alveolar macrophages 

(NR8383 cell line; white arrow) attempting to phagocytose long amosite asbestos fibres (white 

chevron). The resultant elongation of the cells as demonstrated by the black arrows is the frustration 

of the macrophage as they attempt to fully enclose the fibre which is much longer than itself.    

One of the components of the immune defence triggered by frustrated phagocytosis 

is the formation of a respiratory or oxidative burst which is characterised by an 

increase in cellular oxygen consumption followed by the generation of superoxide 

free radicals (2O2
°- ) which through the action of superoxide dismutase (SOD) can 

also form H2O2. This process is catalysed by Nicotinamide adenine dinucleotide 

phosphate-oxidase (NADPH oxidase), a multi component system activated upon 

appropriate stimulation of the cell by stimuli such a phagocytosis (Robinson 2008). 

Activation of NADPH oxidase requires the assembly of the spatially separated 

components, namely flavocytochrome b588 (proteins gp91phox and p22phox) which is 

membrane bound and the cytosolic components p67phox, p47phox, and p40phox, Rac 

and NADPH oxidase (Vanderven, Yates, & Russell 2009). Activation of the pathway 
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results in the phosphorylation of various components by protein kinases, altering the 

conformation and allowing binding. NADPH oxidase is activated by arachidonic acid 

generated by phospholipase A2 activation. These activated cytosolic components 

translocate and bind the cytochrome b588 forming the functional complex which 

results in the transfer of 2 electrons from NADPH across the membrane and the 

formation of O2
°- (DeCoursey & Ligeti 2005). This process of activated NADPH 

oxidase forming 2O2
°- (I) and subsequent dismutation to H2O2 (II) is shown below. 

I 

NADPH + 2O2 ↔ NADP+ + 2O2
°‐ + H+ 

II 

2O2
°‐ + 2O2

°‐ + 2H+ →H2O2 + O2 

 

Whilst this process, in the case of bacterial killing, often occurs internally with 

reactive oxygen species (ROS) being released into the bacteria containing 

phagosome, it can occur extracellularly in the case of frustrated phagocytosis 

(Bergstrand 1990). The production of nitric oxide (NO) by macrophages in a pro-

oxidant environment rich in O2
°- via inducible nitric oxide synthase (iNOS) pathway 

can also lead to the formation of peroxynitrite (ONOO−) which can further cause 

damage to surrounding tissues and causing further inflammation (Hesslinger et al. 

2009).    

Another component of frustrated phagocytosis is the release of various proteolytic 

enzymes caused when lysosomes fuse with the membrane of the phagosome, 

lowering the pH and releasing its proteolytic contents into the phagosome. If this 

phagosome is not fully formed and internalised as in the case of frustrated 

phagocytosis, this can lead to the release of the lysosome contents outside the cell. 

A suggested mechanism for the up regulation of pro-inflammatory cytokines such as 

IL-1β secretion is via activation of the inflammasome. The inflammasome is a 

multiprotein complex consisting of the Nod-like receptor protein Nalp3 which upon 
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activation recruits the adaptor molecule ASC (apoptosis-associated speck-like 

protein containing a C-terminal caspase recruitment domain) (Dostert et al. 2008). 

The bound ASC then binds procaspase-1 leading to the formation of active caspase-1 

which catalyses the cleavage of pro-IL-1β and pro-IL-18 allowing their secretion 

(Hornung et al. 2008). Triggering of this event has been suggested to be caused by 

destabilisation of the formed phagolysosomes during the ingestion of material. This 

destabilisation can lead to the release of lysosmomal enzymes such as cathepsin B 

which has been hypothesised to trigger the activation of the inflammasome. This 

hypothesis of lysosomomal rupture leading to inflammatory signalling is not new, 

indeed this was put forward by Allison and colleagues at the second International 

Symposium on Inhaled Particles and Vapours held in 1965 and later published in the 

Proceedings (Allison, Harington, & Birbeck 1966). Another suggested method is the 

activation of the inflammasome via the generation of ROS during such processes as 

frustrated phagocytosis of long fibres or large particles (Martinon 2010). Activation 

of the inflammasome has been shown to occur for various crystalline materials such 

as monosodium urate which is involved in gout, silica (Hornung et al. 2008) and 

asbestos fibres (Dostert et al. 2008).  

1.3.2 Biopersistence  

The biopersistence of a particle is defined as its ability to resist damage or 

modification that would substantially alter its structure in vivo in such regions as the 

lungs. This purely relates to the ability of a particle to endure the biological 

environment once it has deposited there and persist. Durability of a particle actually 

refers to in vitro methods of establishing a particles resistance to environments.     

Biopersistence in the lung 

We take biopersistence to mean the ability of a particle to persist in the biological 

environment, and in our case this environment is the lung or a site of translocation 

such as the pleura. The idea of biopersistence arises from the observation that 

different natural and man-made fibres had very different lung retention times and 

those which were most durable had the highest fibrogenic and carcinogenic potential 

(Bignon, Saracci, & Touray 1994). Within the lung, less durable fibres may split 
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longitudinally, as seen with fibrils of chrysotile asbestos, or break transversely as in 

the case of glass fibres. They may also dissolve in the milieu of the lung due to 

leaching of certain structural components or due to the acidic environment of 

macrophage phagolysosomes. The effect dissolution may have on a fibre can be 

varied, causing surface modification or weakening of the structure leading to breaks 

forming short fibres, more easily cleared by macrophages. The influence of 

characteristics such as susceptibility to dissolution and breakage was shown by 

Miller et al. using rat exposure data from the Colt Fibre Research Programme in the 

UK and studies from the programme of the Thermal Insulation Manufacturers 

Association in Switzerland and the USA (Miller et al. 1999a). The role of 

biopersistence was more directly shown by Searl et al. by comparing the length 

fraction of biopersistent amosite asbestos against non-biopersistent man-made 

vitreous fibre (MMVF)-10 between 3 days and 12 months post inhalation in rats. In 

the case of the MMVF-10 sample, the number of short fibres increased after 12 

months indicating breakage of the long fibres adding to the population of short fibres 

(Searl et al. 1999). Even within the asbestos family of minerals there are differences 

in biopersistence. Chrysotile asbestos has been shown to be less biopersistent than 

the amphibole forms of asbestos such as crocidolite and tremolite. This has been 

attributed to the layer of a magnesium hydroxide or brucite between the silicate 

sheets of chrysotile which is more prone to dissolution causing the layers to unravel 

and break. The importance of this was shown by McDonald and Colleagues who 

using post-mortem tissue from Quebec Chrysotile miners analysed the lungs by 

electron microscopy for levels of different forms of asbestos. They found that despite 

the main exposure being to chrysotile asbestos with only tremolite being a minor 

contaminant, chrysotile and tremolite were found in roughly equal quantities in the 

lung (McDonald 1994). This suggests that exposure to low levels of biopersistent 

tremolite lead to a cumulative build up of dose whilst the dissolution of chrysotile led 

to a reduction in retained dose over time. As a concept, exposure to a fibre with a 

dimension that allows penetration of the lung but does not allow clearance by 

macrophages leaves only one route of removal (resulting in a reduction of dose), 

namely dissolution or breakage. Therefore exposure to a biopersistent fibre that will 
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not dissolve or break means that it shall persist in the lung environment where it may 

trigger pathological effects.       

1.3.3 Dose 

Exposure to an agent, be it particle, chemical or biological is required to instigate a 

response. The absence of exposure therefore means an absence of response and as 

such exposure or dose is arguably the most important of the 3 D’s when defining 

toxicity of fibres.  

Exposure to a particle and the subsequent dose received can occur on a single 

occasion (such as walking past a workman cutting stone) or may happen over 

numerous occasions over extended time periods (in the case of the workman cutting 

the stone). Taking these two exposure scenarios, the single short exposure of the 

passerby will subsequently lead to a correspondingly low dose which maybe unlikely 

to cause disease. Repeated exposure, which in the case of the workman may happen 

several hours a day, 5 days a week for their working lives, this repeated exposure 

will lead to a repeated insult and/or cumulative build up of dose. The result is that 

there is a dramatically higher risk of the workman developing disease such as 

silicosis due to the repeated exposure causing a build up of dose than the person 

walking by who receives a single, low exposure.   

From this we can see that exposure and the concept of dose can be complex and 

benefits from being divided into forms of exposure/ dose (this division is shown later 

in figure 1.7).   

External Exposure 

External exposure is simply the presence of particles or some other form of 

exogenous compound found in the external environment surrounding the body. Its 

presence does not necessarily mean it shall gain entry to the body or cause any effect 

(as in the case of very large, non-respirable particles) but people have to breathe and 

so if there is an external exposure there will be some internal dose.  
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Internal Dose 

Internal dose is exposure of the internal environment of the body, such as the 

airways. Internal dose again does not mean that there will be a subsequent biological 

effect as the dose may still be too low, may not biologically effective  and cleared 

rapidly (removal of dose), or occur in area insensitive to certain forms of toxicity.     

In the case of studies relating the incidence of a disease, the establishment of dose is 

usually based on a semi-quantitative estimate of external exposure based on hygiene 

assessments using air monitoring. This only allows us accurate measurement of the 

external exposure and may give us only an inaccurate measure of the internal dose 

which leads to a pathological effect. Whilst actual internal measurements of dose, 

zones of deposition and clearance rates is difficult in humans, mathematical models 

based on lung structure and airflow have aided significantly in bridging the gap 

between exposure and internal dose  (Tran et al. 1999). This is increasingly important 

when considering the different aerodynamic characteristics and deposition patterns 

dictating the dosimetry of nano-sized materials in the lung.      

Measuring Dose 

The metric by which dose is measured is also an important concept. Ideally we 

would measure the biologically effective dose or BED since this is the quantity that 

drives the adverse effect.  

Biologically effective dose (BED) 

The biologically effective dose refers to the fraction of a total dose that may cause an 

adverse effect. In particle toxicology this difference between the total dose and the 

effective dose can be stark which is in contrast to chemicals where the effective dose 

is always the same. In the case of asbestos fibres (and hypothesis for carbon 

nanotubes), this would be the proportion of the total dose which is both biopersistent 

and sufficiently long to cause problems with clearance. As such the biologically 

effective dose can be vastly different for a wide range of particles and may not be 

immediately obvious what the BED actually is that drives a pathogenic response. If 

we take a different example such as quartz; it is its highly reactive surface which 
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generates a pathogenic response. As such when considering the BED of these two 

different but both pathogenic particles, we need to consider different attributes. For 

example the biologically effective dose of the asbestos sample would be based on a 

fibre count for the number of long fibres whereas the most appropriate metric for 

quartz which is non-fibrous is surface area. It is also worth noting that some particle 

exposure can contain no effective dose e.g. quartz that has is surface passivated. The 

BED is therefore incredibly useful when we base it on the wealth of toxicological 

literature relating to particles and try and understand the BED of a new particle 

(Donaldson & Borm 2007).  

Most often however the surrogate of mass is used due to the relative ease of 

measurement but other metrics have been put forward as more closely approaching 

the BED. In the case of nano-sized particles which may have a low mass but large 

surface area (Donaldson et al. 2001), it is this surface area is often seen as a driving 

factor and is suggested to be the BED and so the  preferred metric (Brown et al. 

2001; Duffin et al. 2002; Maynard & Maynard 2002). Airborne concentrations of 

asbestos however are neither measured by mass nor by surface area with the 

preferred metric being fibre number per unit volume of air. Based on the importance 

of the metric in determining the biologically effective dose, it is difficult to know 

which the most suitable measurement when looking at nanofibres is. This will 

require further study and method development but needless to say, the low density, 

high surface area and high fibre number of nano-fibres means that as a dose metric, 

mass is likely to be the least useful.        

1.3.4 Surface activity  

Whilst several forms of fibre do meet all the requirements of the FPP and do generate 

toxic effects, they can differ in their potency. This is most evident in the fibrous 

zeolite mineral erionite. Whilst not a commercially exploited mineral, erionite is 

known to cause mesothelioma in rats (Wagner et al. 1985) and transform 

mesothelioma cells in culture (Bertino et al. 2007) but crucially has led to a 

mesothelioma epidemic in Cappadocia, Turkey through the use of erionite containing 

rocks as building materials (Dikensoy 2008; Emri et al. 2002). In addition to erionite 

other fibres are known to have enhanced toxicity such as Silicon carbide fibres 
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(Davis et al. 1996b) and crocidolite asbestos, with not all long, biopersistent fibres 

being equally pathogenic. Surface reactivity is known to be a source of pathogenic 

effects for some forms of particles. This may be in the form of inherent reactivity 

caused by the surface for such minerals as quartz, which due to the presence of 

silanol groups on the surface causing cross-linkages and subsequent damage of cell 

membranes (Castranova 2004; Fubini 1998), and the ability to generate ROS by 

siloxyl radicals at the surface of freshly fractured quartz (Vallyathan et al. 1988). 

This surface reactivity can be tempered by coating the surface with an inert material 

such as aluminium lactate (Duffin et al. 2001) indicating the role of surface. Other 

sources of reactivity can be absorption of xenobiotics such as polyaromatic 

hydrocarbon (PAHs) onto particle surfaces through contamination or during 

production (Bonvallot et al. 2001; Fubini 1997). Another source often ascribed to the 

additional reactivity of certain forms of asbestos as well as with a host of materials 

such as combustion derived particles (Donaldson et al. 2003; Dreher et al. 1996) and 

welding fumes (McNeilly et al. 2004) is the presence of contaminating transition 

metals. Transition metals such as iron have been shown to increase oxidative stress 

within cells, both in culture and in vivo via the generation of hydroxyl radicals by 

Fenton chemistry as a consequence of redox cycling between ferrous to ferric (Kamp 

& Weitzman 1999). Iron has also been suggested by Kagan and colleagues as a 

mechanism for enhanced CNT toxicity in CNT with exceptionally high levels of 

contaminating iron (26%) (Kagan et al. 2006).   

Looking at all the attributes required for a pathogenic particle, it may indeed be 

tempting to ask the question “what is the most important attribute?”.  Light and Wei 

looked at the haemolytic ability of chrysotile and found that with increasing leaching 

time, the chrysotile showed a lower haemolytic ability. Their suggestion was that 

dissolution could markedly alter surface charge leading to an alteration of a fibres 

toxicity (Light 1979). Thus it was their conclusion that it is in fact the surface 

reactivity of a particle that is of primary importance rather than the length. This study 

however had several flaws which are common within the literature when trying to 

establish a paradigm based on a ranked system of which is the single most important 

attribute in particle or fibre toxicity. In reality the toxicity of a particle is unlikely to 

be based upon a single overriding attribute that dictates toxicity. Instead different 
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factors are likely to come into play at different times during a particle’s journey from 

exposure in the environment, via internal effective dose to causation of a clinical 

disease(s) as shown in figure 1.7.  

 

Figure 1.7: The role of the 3 D’s of fibre pathogenicity in the progression from exposure to clinical 

disease (adapted from Boffetta 1994 (Boffetta 1994)). 

Taking such a holistic approach it becomes evident that the 3 Ds of the fibre toxicity 

paradigm are best presented as a triangle rather than a ranked list of importance. 

Figure 1.8 shows the importance of dimension and durability and dose based on this 

approach. It shows the relationship based on the commonly used ‘fire triangle’ of fire 

theory which shows the three main elements, Heat, Fuel and Oxygen, which are 

required for a fire to occur. Removal of a single element will prevent or extinguish a 

fire. In a similar way, removal of one of the elements of the fibre paradigm will have 

a causal effect on the overall pathogenicity of the fibre. As such a low but repeated 

exposure to a biopersistent fibre that is of the correct dimension to both gain access 

to the body and prevent its removal can lead to an increase in dose. Build up of the 

dose to the biologically effective level will subsequently lead to an effect such as a 

change in inflammatory state, pathology (e.g. fibrosis, granuloma formation), or 
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indeed by the threshold for a carcinogenic effect. Removal of either length or 

durability allows the particle to be cleared, reducing dose and potentially avoiding 

the build up of a biologically effective dose. This does not mean that only a particle 

which is long, thin and durable will lead to the formation of a pathological response, 

it’s simply means that such a particle may possess an added ‘fibre-type’ hazard.   

 

Figure  1.8:  A  fire  triangle  representation  of  the  importance  of  each  of  the  3  D’s  of  fibre 

pathogenicity in the overall pathogenicity of a fibre. 

The mouse peritoneal model 

When assessing the biological activity of various forms of fibre, the peritoneum of 

the mouse have often been used as a surrogate for the thoracic mesothelium (Cullen 

et al. 2000b; Kane, Macdonald, & Moalli 1986; Moalli et al. 1987) to aid the 

differentiation of the pathogenic properties of fibres along with other processes such 

as dissolution (Donaldson et al. 1994). Whilst the peritoneal cavity is a dynamic 
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environment, lined with a highly responsive mesothelium capable of mediating an 

inflammatory response (Mutsaers 2002), it is patrolled by circulating macrophages 

and has well defined routes of clearance via the stomata to outlying lymph nodes 

(Sahu & Casciano 2009). As a model however, the rodent peritoneal assay is not 

without its critics. The main criticism relates to the lack of physiological relevance as 

a route of exposure. Indeed the peritoneal model is not a model of exposure it is 

simply a surrogate for the thoracic mesothelium, as a specific cellular target for 

asbestos carcinogenicity. Therefore the model bypasses the body’s main defence to 

airborne particle exposure; the lung which acts as the main form of elutriation and 

removal of environmental particles before they reach the mesothelium. However 

previous studies have shown that a number of particles do pass from the lung to the 

thoracic mesothelium (Jun Huang and WonBong Choi 2008) where they can persist. 

The concept that a (small) proportion of all particles pass through from the lung into 

the pleural space and either negotiates the stomata of the parietal pleura or retained at 

the parietal pleural surface in has recently been put forward in a review/hypothesis 

paper by Donaldson et al. (Donaldson, Murphy, Duffin, & Poland 2010). This raises 

the concept that if respiratory exposure does occur with nanofibres and they deposit 

in the alveolar region, a proportion will pass into the pleural space  where the 

clearance mechanism is augmented by macrophages and fluid flow through the 

parietal stomata, rather than the action of alveolar macrophages engulfing and 

transporting particles onto the mucocillarly escalator. In this pleural space, the 

mechanism of clearance (or failure thereof) is similar to that seen in the peritoneal 

cavity, making it an appropriate model for clearance/ retention of particulates in a 

mesothelial space and the subsequent reaction. Despite this, the two spaces do have 

fundamental differences, one of which is the nature of the space. In the pleural 

cavity, the space between the parietal and visceral pleura is notional, only around 20-

50 µm with a constantly moving apposing surfaces. Despite this a similar length 

dependent response was seen after injection directly into the pleural space with CNT 

and LFA but unlike as we have seen in the peritoneal cavity where with time the 

PMN influx wanes and a fibrotic reaction takes over, the PMN levels are maintained 

(Murphy et al. 2011). 
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1.4 CARBON NANOTUBES 

Carbon nanotubes are a form of engineered nanoparticle, structurally similar to 

Buckminster fullerene. Its unique structure imparts a range of physical advantages 

that make carbon nanotubes commercially very desirable for a wide range of 

industries. The discovery of carbon nanotubes is most often attributed to the Japanese 

physicist Sumio Iijima in 1991 (Iijima 1991). However, as eloquently discussed by 

Monthioux (2006), the first written record of a production method was presented as a 

patent in 1889 (Hughes TV, Chambers CR. US Patent 405480;1889.). It was not until 

1952 after the advent of electron microscopy, that CNT were first imaged by the 

Russian scientists Radushkevich and Lukyanovich (Radushkevich LV & 

Lukyanovich VM 1952) and in several other published reports since then. It is of 

little doubt that the 1991 publication by Iijima describing MWCNT, followed by 

further publications in 1993 describing SWCNT (Bethune et al. 1993; Iijima & 

Ichihashi 1993) led to a boom in interest in CNT and nano. This is demonstrated by 

number of peer reviewed articles which began to build up from 1991 although an 

exponential growth was seen from 2000 onwards (fig. 1.9). There is debate as to why 

after several re-discoveries, that CNT would gain such interest and popularity now. 

This is likely to be because of several factors, not least being the increasing 

technological improvements that allow us to produce and characterise CNT. The 

other main reason is possibly the drive from a wealth of industries interested in the 

proposed properties of CNT. An example of a driving force is the electronics 

industry where we have increasingly seen a shift from micro-electronics to nano-

electronics using such techniques as nanolithography. The appeal of nanotechnology 

is that as demands on current systems increase, e.g. computer power, size restraints, 

energy usage, manufacturers need new methods to meet these demands as current 

techniques are pushed to their limit. For example the use of CNT is proposed in 

circuits where increasing shrinkage of conventional materials leads to increasing 

problems such as quantum interference leading to a limit in what can be achieved 

with conventional materials. The use of CNT overcomes this (Liang et al. 2001) and 

allows technology to overcome such problems and progress to continue.          
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Figure 1.9: Total Carbon nanotube publications by year since 1992. Results of  a publication search 

of the online citation database PubMed (www.ncbi.nlm.nih.gov/pubmed/) for the words ‘carbon 

nanotubes’ alone (red) and together with the Boolean search term ‘AND’ to limit citations containing 

the term ‘toxicity’ (blue). 

1.4.1 Structure and Properties 

Carbon nanotubes are most simply described as a cylinder with a diameter in the 

nano-meter range and a length many times that of its diameter (a high aspect ratio). 

The CNT have a hexagonal graphene arrangement of carbon atoms which give the 

nanotubes their characteristic ‘honeycomb’ appearance and impart exceptional 

structural properties. They are generally classified under 3 forms, single-wall CNT 

(SWCNT), double-walled CNT (DWCNT) and multi-walled CNT (MWCNT). The 

difference between these forms is the number of layers the CNT has and in the case 

of DWCNT and MWCNT is best described as a tube with one (DWCNT) or more 

(MWCNT) stacked concentrically one inside the other. The nature of increased 

numbers of walls increases the diameter of the CNT with SWCNT typically being of 

the diameter of a few nanometres whilst MWCNT can range from tens to hundreds 

on nanometres in diameter (Donaldson et al. 2006). Carbon nanotubes due to their 

structure and size exhibit a range of enhanced properties such as:  

 High tensile strength 
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 High rigidity 

 Rapid electrical conductance 

 Rapid thermal conductance 

 Low Density 

In CNTs and indeed all forms of graphite, each carbon atom is connected covalently 

to three other carbon atoms held at a 120° angle from each other in the XY plane (sp2 

form; see figure 1.1.0a). It is this sp2 form that gives graphite the distinctive 

honeycomb lattice, but the presence of the weak π bond in the Z-axis, termed the PZ 

orbital (fig 1.1.0b), causes the associated Van der Waal’s forces (Vaisman, Wagner, 

& Marom 2007). It is the diffuse electron field in the PZ orbital which allows CNT to 

be electrically and thermally very conductive. Diamond, in contrast, has a sp3 plane 

which means that all the electrons are localised in the bonds, forming an insulator 

(Vaisman, Wagner, & Marom 2007). 

 

Figure 1.10: A schematic diagram of the graphenic structure of carbon nanotubes. (a) Shows the 

sp2 orientation of the carbon atoms giving the distinctive ‘honeycomb’ hexagonal appearance of 

graphite. (b) shows the free electron field of the PZ orbital causing weak π bonds causing associated 

Van der Waal’s forces (Craig A.Poland, Rodger Duffin, & Ken Donaldson 2009).    
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These attractive forces occur over the entire surface of a nanotube, providing 

difficulties in dispersion. As such CNT have a well-documented ability to stick 

together, potentially forming dense, tangled aggregates especially after acid 

purification (Li, Kinloch, & Windle 2005). The observation that CNTs adhere 

together is not an adequate argument that nanotubes will not become airborne and as 

such are unlikely to pose a risk. Firstly, as with most industrial fibres, it is not 

advantageous to have poorly dispersed fibres for manufacturing processes, and so 

there is a tendency to try to disperse the nanotubes (Baughman, Zakhidov, & de Heer 

2002). The result of aggregation can be the suboptimal performance of products such 

as high-strength composites, where aggregated material provides areas of weakness 

and crack initiator points (Vaisman, Wagner, & Marom 2007). The even distribution 

of CNTs in a product is especially pertinent for their use in electrical and thermal 

applications, whereby the rapid and efficient dissemination of energy is essential and 

therefore the main advantage for using CNTs. The drive from industry, therefore, is 

likely to be for the formation of more easily dispersible material through the use of 

better production methods, dispersants and/or modification of the surface of CNTs.  

Carbon nanotubes are often described in technical literature in terms of their chirality 

or helicity which is essentially a measure of the twist of the nanotube and is defined 

by the chiral angle. This is illustrated by the names given to two varieties of CNT 

defined by their different chiral angles based on the atomic arrangement of carbon 

atoms. The first is the zig-zag which has a 0° chiral angle and an armchair CNT 

which has a 30° chiral angle (both shown in figure 1.11). The chirality of CNT is 

important in terms of their properties, defining whether they are metallic or semi-

conducting. However chirality has never been investigated for its effects on CNT 

toxicity and is not the focus of our investigations into carbon nanotube toxicity. 
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Figure  1.11:  Schematic diagram of  atomic  arrangement  in  a  (I)  armchair  and  (II)  zig‐zag  carbon 

nanotube. Dashed red arrow indicates nanotube orientation 

Carbon nanotubes are rarely seen as perfectly straight, instead they are often curved 

or completely curled (fig 1.12). The bends which cause the curves are caused by 
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topological defects in hexagonal arrangement of carbon atoms in the form of 

pentagons, heptagons and octagons. The result is elongation or compression of one 

side of the CNT causing it to bend. As such it could be said that the more curved a 

CNT, the more numerous or striking these topological defects are. The implications 

of this are marked as this deformation dictates how a CNT will present itself – as a 

fibre or as a curled spherical particle (as shown in figure 1.12). This in turn means 

that when establishing the toxicity of CNT, one must be aware of its form (fibrous/ 

non-fibrous) and what models are utilised to examine this form and the consequences 

of this for example using a model sensitive only to fibres when the CNT being 

evaluated are in fact highly curled and present as a spherical, non-fibrous particle. 

 

Figure 1.12: Morphological structure of MWCNT.  

One of the common misconceptions of carbon nanotubes gained from this bent 

structure is that they are readily pliable and easy to deform. The importance of CNT 

stiffness or rigidity might not seem on the face of it that obvious but when one 

considers the nature of a fibre and the role of straight length, the ease of 

deformability becomes important. CNT are said to be very stiff but what this actually 

means in a practical sense is not always clear. A study by Wong and colleagues 

(Wong, Sheehan, & Lieber 1997) found that the average bend strength of a MWCNT 

before buckling (CNT tend to buckle and kink like a rubber tube rather than snap or 

fail like a wire) was established at around 14.2 giga pascals which is somewhat less 

1 µm 20 µm
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than the ‘stiffness’ measure or young’s modulus of around 1 tera pascal (the young’s 

modulus of steel is ~0.2 tera pascals) (Forro 2002). In order to put the stiffness of a 

CNT into context it is useful to see how this relates to a biological system. For 

example when a fibre is deposited in water and is wetted there are forces which act 

upon it, namely the force of cohesion, which generates surface tension. Thus if a 

curved ‘U’ shaped nanotube were to deposit in water, there would be cohesive forces 

pulling the sides together causing the shape to collapse, much like a wet insect’s legs. 

The force of water cohesion is 72.29 mN at room temperature which is substantially 

less than the 14.2 gN required to buckle a MWCNT. As another example, if we take 

the locomotory force of a macrophage, established in the J774A.1 murine 

macrophage cell line by measuring the isometric force generated by a macrophage 

which had internalised a microsphere held between 2 electromagnets (Zerbinatti & 

Gore 2003). The force generated by control macrophages was 1.65±0.17 nN with a 

peak force of 5.04±0.65 nN. Therefore in comparison to the stiffness of CNT, 

macrophages do not have the necessary force to deform the CNT.  

1.4.2 Carbon Nanotube Production and Uses 

Carbon nanotubes can be produced by several different methods, each of which can 

have influence on the resultant product. Carbon nanotubes are essentially formed due 

to the production of a carbon vapour consisting of single carbon atoms which 

condense to form fullerene based shapes, usually on a target or catalyst. The three 

main methods of CNT synthesis consist of catalytic chemical vapour deposition 

(CCVD), arc discharge, and laser ablation. CNT production by the arc discharge 

method utilises two carbon electrodes placed in an inert atmosphere and a current 

placed between them. The formation of an arc in the current between the adjacent 

electrodes causes vaporisation of the carbon electrode leading to the self assembly of 

CNT on the opposite electrode with formation of MWCNT or SWCNT based on 

altering the experimental parameters (Gamaly & Ebbesen 1995; Journet et al. 1997). 

The third method, developed by Rice University uses a laser to vaporise or ablate a 

graphite target based in an oven leading to the formation of carbon atoms which 

condense to form structures such as nanotubes as they rapidly cool (Arepalli 2004). 

Rather than using a solid carbon feed stock such as graphite target or carbon 
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electrode, the CCVD method feeds in a gaseous stock of carbon such as carbon 

monoxide. An energy source is then used to form carbon species which diffuse onto 

a substrate coated with a catalyst. The use of a catalyst allows the formation of 

predefined arrays and shapes and lends itself well to formation of straighter CNT 

with more control over attributes such as diameter and length than laser ablation or 

arc discharge (Vajtai, Wei, & Ajayan 2004). Of these methods, CCVD provides the 

high yields (Flahaut et al. 2003) and is more commonly used in the large scale 

production of carbon nanotubes by producers such as Bayer. As such, all MWCNT 

used with this project are produced via the CCVD method. When carbon nanotubes 

are produced they are often contaminated with either components of feed stocks, 

fullerenes or the artifactual formation of amorphous carbon. Such impurities are 

commonly removed by oxidation or evaporation via heating or acid treatment which 

can alter the surface and cause further aggregation (Li, Kinloch, & Windle 2005).  

The uses of carbon nanotubes can be divided broadly into biological and non-

biological uses. The biological or biomedical applications of CNT include uses as 

vectors for targeted delivery of therapeutic molecules such as drugs, genes or even 

small interfering RNA (siRNA) (Liu et al. 2008; Suri, Fenniri, & Singh 2007). CNT 

are also being developed to make use of their near infrared adsorption properties to 

heat and kill targeted cells (Marches et al. 2009) as well as other uses such as 

biosensors, cell imaging and as scaffold for tissue growth (bone, neuronal) (Sucapane 

et al. 2009). Due to the likely route of administration (intravenous), stringency of 

regulatory approval (e.g. Food and Drug Administration (FDA) in the U.S.A. and 

European Medicines Evaluation Agency (EMEA) in the European Union) for the use 

of CNT for biomedical applications is not the focus of this study and shall not be 

considered further.  

Whilst the biomedical application of CNT is still in its relative infancy and some way 

off from use in a clinical environment, the non-biological applications of CNT are far 

more developed. The various structural properties mentioned in section 1.4.1 show 

how CNT are an ideal candidate for use in a wide range of consumer products. A 

great deal of research time and investment has already been spent on nanotechnology 

(Aitken et al. 2006; Maynard 2007). Indeed CNT based products can already be 
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purchased demonstrating that CNT are already in the commercial realm. For example 

the Finnish hockey company Montreal produce a hockey stick (Montreal Nitro Lite) 

containing CNT manufactured by the CNT producer Bayer and incorporated into an 

epoxy resin called Hybtonite which is manufactured by the high tech-resin 

manufacturers Amroy. This in itself gives us insight into the manufacturing chain of 

a CNT containing product (fig 1.13).  

When considering the relative risks of exposure we can speculate on the relative 

exposure situations: 

 Manufacture of raw MWCNT 

 Processing of MWCNT (e.g. cleaning) 

 Packaging of MWCNT 

 Opening of packaged MWCNT and addition to production 

stream 

 Cutting and machining of formed parts 

 

The actual relative risk to the consumer is likely to be extremely low based on the 

low levels of CNT and its encapsulation in a solid matrix (the resin). However the 

dust exposure during the various levels of manufacture is impossible to ascertain 

without proper hygiene assessment. 
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Figure 1.13: Example of a CNT manufacturing stream.  

1.4.3 Carbon Nanotubes and Asbestos: a rationale for risk 

The comparison of CNT and asbestos has existed for some time now (Service 1998). 

The rationale for this comparison is based on various attributes most notably 

morphological similarities as discussed in the next section. Subsequently there have 

been many reports, both peer reviewed and governmental (Borm et al. 2005; NRCG 

2005), which have raised the concern of unforeseen health effects or challenged the 
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emerging nanotechnology industry to act responsibly (Maynard et al. 2006). Of 

these, one of the most significant U.K. reports was the seminal Royal Society and 

Royal Academy of Engineering report, Nanoscience and nanotechnologies: 

opportunities and uncertainties which was published 5 years ago and stated: 

 

‘…Given previous experience with asbestos, we believe that nanotubes deserve 

special toxicological attention…’ 

(The Royal Society and Royal Academy of Engineering 2004) 

Most recently a comprehensive review of the SWCNT and MWCNT in relation to 

asbestos has been published by Pacurari et al. (Pacurari, Castranova, & Vallyathan 

2010). These comparisons between CNT and asbestos should not be taken lightly. As 

described later in this chapter (section 1.5), asbestos rapidly became a ‘wonder 

material’ much like CNT today but tragically worldwide mining, working and use of 

asbestos in various commercial products led to a plethora of occupational and non-

occupational exposures which resulted in an epidemic of disease that continues to 

this day. Because of this the comparison, CNT needs to be viewed with the utmost 

gravity since, if the comparison is well founded, the consequences could be very 

serious. Conversely if CNT are not harmful and do not pose a health risk outside that 

of a normal nuisance dust then the financial implications to the nanotechnology 

industry of relaxed containment costs could be dramatic. Any large scale 

development, use and ultimately success of a technologically new product depend on 

public acceptance. Recent history is replete with examples of public backlash against 

products where there is sufficient, although not always well-founded, doubt as to 

product safety; as seen in case of the development of genetically modified foods 

(Mitchell 2008) and the recent slump in UK vaccination rates due to unfounded 

public concern over the combined measles, mumps and rubella (MMR) vaccine 

(Bedford & Elliman 2010).        
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Morphological similarities between CNT and asbestos 

The basis for comparison of CNT and asbestos is the morphological similarity that 

exists between the two forms of material. As described, carbon nanotubes are high 

aspect ratio nanomaterials that can be found in both fibrous and non-fibrous forms. 

Whilst the diameter is typically within the nanometer range, their length can reach 

many tens of microns making them a fibrous material by WHO classification. The 

graphene nature of CNT means that they are likely to be very biopersistent and 

resistant to breakage due to their strong, structure. This is analogous to the amphibole 

form of asbestos. Asbestos is the term given to several minerals of the asbestos 

family and does not refer to one form of fibre. In terms of shape, CNT can resemble 

chrysotile asbestos which has a curved structure, resembling that of a thread rather 

than the more needle shaped amphibole asbestos. 

When considering a true comparison of CNT and asbestos, it is crucial that the 

comparison be made based on fibre criteria. When performing a fibre count, the 

WHO guidelines for counting asbestos fibres are clear, it is a fibre if it has a length 

of >5 µm, a diameter of <3 µm and an aspect ratio greater than 3:1. If it does not 

meet these criteria then it is not counted as a respirable fibre. Despite this apparent 

clarity, when assessing CNT toxicity against asbestos, short, non-fibrous CNT 

samples which are not fibrous are typically evaluated making the comparison with 

asbestos fibres meaningless. In these situations a non-fibrous particle such as quartz, 

or combustion derived nanoparticles such as diesel soot would be a far more 

appropriate control. An example of this is a study by Muller and colleagues (Muller 

et al. 2009) in which the fibre-sensitive intraperitoneal assay was utilised in a 2 year 

bioassay to investigate the formation of mesothelioma. The MWCNT used however 

were non-fibrous (~0.7 µm), no form of dispersant was used and the histological 

images shown display non-fibrous spherical aggregates. The conclusion of this study 

was that the nanotubes may have been insufficiently long for a true estimation of the 

carcinogenicity using this model. Similar use of the peritoneal cavity was seen in a 

study by Kolosnjaj-Tabi where they investigated the effect of various attributes of 

SWCNT, including length, on toxicity using non-fibrous 1-2 µm long SWCNT 

(Kolosnjaj-Tabi et al. 2010). The only publication thus far using sufficiently long 
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CNT in the rodent peritoneal assay was published by Takagi (Takagi et al. 2008) 

however the use very high doses of poorly dispersed and agglomerated material lead 

to severe criticism of the study (Donaldson et al. 2008; Ichihara et al. 2008).   

One other point of comparison is the level of contaminating metals found within 

asbestos and carbon nanotubes. The mineralogical nature of asbestos and the nature 

of the environment in which they form, means that asbestos fibres are contaminated 

with various metals. Indeed the specific elemental constituents of asbestos fibre acts 

as a fingerprint of its source. Amphiboles such as crocidolite are known to be 

contaminated by iron in the form of ferric oxide (Fe2O3) (Virta & Geological Survey 

(U.S.) 2002) which has been suggested as a contributing factor to its toxicity and 

carcinogenicity (Broaddus et al. 1997; Unfried, Schurkes, & Abel 2002). Depending 

on the method and substrates used, CNT can also be contaminated with metals such 

as iron (Fe), nickel (Ni) or cobalt (Co) when used as starting catalysts. These 

impurities are often removed by oxidation or evaporation but levels can still remain 

and may contribute to toxicity.    

1.4.4 Carbon Nanotubes: Evidence for Toxicity 

The potential pathogenicity of carbon nanotubes has spawned a great deal of interest 

in the toxicological and material science fields. This is evident in the number of 

published peer reviewed articles which have increased significantly in recent years. 

As previously mentioned, CNT became a potential industrial product after their 

rediscovery in 1991, but it took a further seven years for the link with asbestos and 

the question of potential toxicity to be raised (Service 1998). Since 2003, 

publications have begun to appear (fig. 1.14), investigating the potential toxicity of 

CNT in a variety of models and have increased in number exponentially since then, 

mirroring the dramatic increase in overall CNT publications (fig. 1.9). A short 

summary of the findings of some of these studies are presented in the following 

section.    
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Figure 1.14: Carbon nanotube publications referring to toxicity or asbestos by year. Results of  a 

publication search of the online citation database PubMed (www.ncbi.nlm.nih.gov/pubmed/) for the 

words ‘carbon nanotubes’ together with the Boolean search term ‘AND’ to limit citations containing 

the terms ‘toxicity’ (blue) or ‘asbestos’ (red). 

Carbon Nanotube Toxicity 

There are now numerous exposure studies to carbon nanotubes using a variety of 

routes including dermal (Murray et al. 2009), intravenous (Singh et al. 2006) and 

orally (Folkmann et al. 2009) which reflect the potential exposure routes and medical 

applications of CNT. However, based on our investigation of the fibre-like 

pathogenicity of CNT, we shall focus on the respiratory effects of CNT.  

The first studies into the pulmonary effects of CNT began to surface in 2004 with 

studies by both Lam and Warheit published in the same issue of the journal 

Toxicological Sciences (Lam et al. 2004; Warheit et al. 2004). Both these studies 

used instillation of particles in a fluid bolus, using a quartz positive control particle to 

illicit lung inflammation and carbon particles as a negative control. In the study by 

Warheit, instillation of high-dose short SWCNT led to the formation of multifocal 
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granulomas with foreign body giant cells (FBGC) which are typical of foreign body 

induced reaction. These granulomas were non-uniform in distribution pattern and did 

not follow any dose response relationship or cause more than just a transient 

increases in biomarkers such as lactate dehydrogenase or alkaline phosphatase. The 

study by Warheit also demonstrated the affect aggregation of CNT can have on 

experimental systems as the use of high doses (5 mg/kg) for intranasal instillation led 

to ~15% mortality in their instilled rats. Ultimately the non-uniform deposition, lack 

of dose response relationship and asphyxiation of a significant proportion of instilled 

rats possibly stems from the high doses used, method of instillation (intranasal liquid 

bolus) and dispersion of the CNT rather than a nature of their toxicity. Indeed the 

authors conclude that the physiological relevance of their findings should be 

determined by inhalation experiments (Warheit et al. 2004). The detrimental effect of 

the high-dose administration was also shown by Lam et al. who in their high dose 

(0.5 mg/mouse (~16mg/kg)) treatments also noticed increased mortality (56%) but 

did find dose-dependent granuloma development in the lung and some inflammation 

after CNT instillation. Interestingly the doses used by Lam were related by the 

authors to occupational exposure limits used by some nanotube manufacturers. Based 

on the assumption of a 40% deposition of CNT in the pulmonary region, they 

calculated that a mouse breathing 30 ml/ min of air containing 5 mg/m3 of CNT for 8 

hrs/ day would accumulate a dose of 0.029 mg per day leading to a dose of 0.5 mg in 

17 days. They based the 5 mg/m3 on the permissible exposure limit (PEL) set by 

OSHA for respirable synthetic graphite dusts. Based on this exposure limit, the 

authors concluded that occupational exposure to respirable CNT would likely lead to 

serious lung lesions (Lam, James, McCluskey, & Hunter 2004). Obviously this 

conclusion is based upon a single bolus of 0.5 and 0.1 mg of CNT in suspension and 

is some way from demonstrating an inhalation hazard. Since these initial studies, 

several inhalation studies have been published which have shown the inflammogenic 

and fibrogenic nature of CNT (Chou et al. 2008; Ellinger-Ziegelbauer & Pauluhn 

2009; Shvedova et al. 2008b) however others have seen no such tissue response 

(Mitchell et al. 2007) which the authors attributed to lower doses and shorter time-

points. Using a 90 day inhalation study (6hr/d, 5 days/ week), Ma-Hock and 

colleagues exposed rats to MWCNT and found prominent inflammation and airway 
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remodelling with evidence of inflammation in the lung associated lymph nodes 

(although no systemic inflammation). Even at the lowest dose of 100 µg/m3 they still 

found granulomatous inflammation and so were unable to establish a no observable 

effect level (NOEL) (Ma-Hock et al. 2009).  

One of the main reasons for the paucity of studies using the gold standard inhalation 

route of exposing animals is the requirement for specialist facilities and expense 

involved in these forms of studies. Other methods for lung exposure such as intra-

tracheal instillation are commonly used in the absence of inhalation exposure 

facilities. There have now been two studies comparing exposure of the lung by CNT 

using these two methods. In the first study by Li et al., they found that exposure by 

instillation could lead to the presence of large, non-respirable, aggregates resulting in 

typical foreign-body responses whilst inhalation led to a lower dose of smaller 

material in the alveolar region due to the elutriating effect of the lung. Thus the 

responses gained by each method were different possibly due to aggregation state 

and lung distribution Li et al. 2007). It was noted that exposure by inhalation 

generated an enhanced cellular inflammation, protein and LDH release over 

instillation (2-4 fold increase) with large increases in fibrosis also seen (Shvedova et 

al. 2008b). 

The effect of CNT on exacerbating airways disease/ infectivity has also been 

investigated for conditions such as bacterial infectivity (Shvedova et al. 2008a) and 

allergic asthma (Ryman-Rasmussen et al. 2009b).  

In a recent study by Crouzier et al. found that whilst intranasal installation of mice 

with DWCNT led to increases in systemic inflammation and fibrosis in the lungs, 

this led to a decrease in endogenous free-radical production as measured by whole 

body electron spin resonance (ESR) (Crouzier et al. 2010). This study is at odds with 

proposed mechanisms of toxicity such as iron mediated free radical production put 

forward by Kagan and colleagues (Kagan et al. 2006) and the observation of 

increased oxidative biomarkers in the lungs of SWCNT treated mice (Shvedova et al. 

2005). Whilst in the study by Crouzier they specified ROS production by asbestos 

and silica as contributing factors to their pathogenicity they did not use neither 

asbestos nor silica as a control, instead utilising a pharmacological agent 
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(bleomycin). This disparity in results and conclusions has been attributed to 

difference both in experimental protocol and variations in CNT used as test particles. 

This has raised the need for particle characterisation in excess of what has previously 

been required within particle toxicology which is likely to be, at least in part, due to 

the lack of readily available standard samples to allow proper study comparisons up 

to now. Even with the recent development of  standard samples, CNT are available in 

many different forms based on a wide range of attributes including diameter, length, 

number of walls, surface area, level of contaminants (e.g. cleaned or uncleaned) 

without even approaching the various forms of surface functionalisations that are 

possible. As such it is impossible to fully access each form of CNT for adverse 

health effects using in vivo models. In order to identify those CNT which may pose 

some form of hazard and focus attention upon these, it is important to identify valid 

structure activity relationships which may help predict toxicity. The FPP is one such 

structure activity relationship which, if used correctly to access truly fibrous material 

with appropriate controls, could help identify those CNT (as well as other high 

aspect ratio nanoparticles) that may pose a health risk. For this reason we propose to 

evaluate CNT using the FPP for fibre like toxicity using fibrous and non-fibrous 

asbestos and non-asbestiform controls, on the mesothelium which is a known target 

of asbestos toxicity. Prior to the commencement of this study there were no studies 

using the intraperitoneal assay to assess the effect of fibre length on the toxicity of 

CNT. Our approach is grounded in fibre toxicity developed through a wealth of 

studies but is a novel application in its assessment of CNT. Whilst no studies thus far 

have conclusively demonstrated the transfer of carbon nanotubes into the pleural 

space and hence mesothelium; very recently a study has shown sub-mesothelial 

deposition (Ryman-Rasmussen et al. 2009a) of CNT. Taken together with the 

knowledge that a proportion of deposited particles such as urban particulate matter 

(PM) transit out of the lung into the pleural space it seems pertinent to look at the 

retention and pathogenic effects in this mesothelial environment.     

1.5 ASBESTOS 

Asbestos is the collective name for a group of naturally occurring silicates (SiO) with 

a fibre-like shape and structure. The silicate nature of the fibres means that they are 
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an electrical insulator with high tensile strength, with resistance to heat (non-

combustible), most chemicals and biodegradation (Virta & Geological Survey (U.S.) 

2002). As a group, asbestos can be sub-divided into two forms, amphibole and 

serpentine (fig. 1.15). The amphibole asbestos fibres consist of 5 forms of needle-

shaped fibres namely crocidolite (riebeckite), amosite (grunerite), tremolite, 

anthophyllite and actinolite. There is only one form of serpentine asbestos, 

chrysotile, which has a fibrillar, thread-like appearance than the amphiboles making 

it ideal for weaving into cloth. Of these derivations of asbestos, only crocidolite, 

amosite and chrysotile were industrially exploited to a significant degree with 

tremolite asbestos not exploited but a common contaminant of other minerals such as 

chrysotile and talc. As such, future reference to asbestos will only collectively refer 

to these 4 minerals for reasons of brevity unless specified otherwise.      

 

 

 

Figure 1.15: Subdivisions of asbestos minerals    
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Asbestos is found in the earth’s crust in various locations around the world with 

differences in their chemical structure reflecting their environment of origin and 

acting as a fingerprint. The structure of amphibole asbestos is that of two ribbons of 

silicate tetrahedra based back to back whose crystal structure creates numerous sites 

with metal cations (Virta & Geological Survey (U.S.) 2002). The structure of 

chrysotile asbestos differs markedly from that of the amphiboles. Rather than the 

double chain ribbon structure, chrysotile is in the form of a silicate sheet, rolled into 

a spiral shaped fibril. Between these sheets exists a layer of a magnesium hydroxide 

named brucite (Mg6O4(OH)8) which shares oxygen atoms with the silicate layers. 

The diameter of the individual fibrils is 20-50nm although these are commonly in 

groups and can be mm in diameter and up to 10cm in length (Virta & Geological 

Survey (U.S.) 2002).     

1.5.1 Asbestos usage  

Asbestos has long been known as a useful material and the earliest use of asbestos 

has been traced to the Paakila district of eastern Finland at around 4000 B.C. Here 

anthophyllite was incorporated into large cooking vessels and other forms of pottery 

to strengthen them, making them more durable. The pots were also suspended above 

fires using ropes spun from chrysotile asbestos. Finland wasn’t the only 

Scandinavian country using asbestos with finds in Sweden and Norway dating from 

around 1500 B.C. (Hillerdal 2004). Asbestos use declined in Sweden and stopped 

around 5 A.D. but began again with the beckoning of the industrial age (Hillerdal 

2004).   

Asbestos in the 20th Century 

The properties of asbestos described at the beginning of section 1.5 means that as an 

industrial product, asbestos has long history. However it was not until the beginning 

of the 20th century that the asbestos industry truly found its feet. The lightweight, 

fireproofing, and insulating capacity of asbestos made it indispensable in the 

technological revolution at the beginning of the 20th century. It found uses in brake 

and clutch linings in the newly formed automotive industry, insulation for fuel tanks 

for the burgeoning aviation industry and due to its low weight, fireproof and 
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insulation capacity it was the ideal ‘safe’ solution to insulation in ships. Indeed it is 

easy to see how asbestos was so revered during the early 20th century, an idea so 

encapsulated in the iconic image by Bernard Partridge of Lady Asbestos defending 

civilisation with her asbestos shield (fig. 1.1.6).   

 

 

Figure  1.16:  Lady  Asbestos.  The image of Lady Asbestos designed by Bernard Partridge for 

advertising use by the Turner Brothers Asbestos Company, formally Turner & Newall based in 

Rochdale, UK.   
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Asbestos was also widely used in the home both as a building material in the form of 

cement/ plaster boards and in furnishings such as cloth and ironing boards, with 

product catalogues with large asbestos companies such as Turner Brothers Asbestos 

Company (U.K.) or Johns-Manville Company (U.S.A.) running into tens of pages. 

With the beginning of the Second World War, asbestos use increased even further 

due to its use in warships and aeroplanes for both heat insulation and fireproofing. 

Asbestos production peaked in 1975 at 5 million tonnes per year mined but thereafter 

levels remained above 4 million tonnes per year until 1991 (Kazan-Allen 2005) 

when, with the break-up of the Soviet Union, consumption declined (Virta & 

Geological Survey (U.S.) 2006).  

With the large scale mining and consumption of asbestos and asbestos containing 

products, exposure was inevitable and those mining, milling or working asbestos 

received the highest exposure. The main sources of exposure were those fibres 

emitted during the mining, processing and manufacture of products containing 

asbestos followed by the attrition or disturbance of those products during its lifetime 

(Wong, Sheehan, & Lieber 1997). This led to non-occupational exposure including 

the increased contamination of ambient air, especially in large cities where asbestos 

has been heavily used in building materials and brake linings, with asbestos fibres 

commonly found in the lungs of urban dwellers (Bignon & Goni 1970; Churg & 

Warnock 1977). The air concentration of asbestos fibre may indeed increase in areas 

of activity surrounding asbestos contamination such as during demolition of 

contaminated buildings or re-development of asbestos contaminated industrial sites. 

One of the most famous exposures to asbestos due to building contamination was 

during the collapse of the World Trade Centre in New York on 11th of September 

2001. During this time and the subsequent days which followed, the area was 

blanketed in a complex mix of dust, containing components such as gypsum (from 

pulverised plaster) man-made vitreous fibres (MMVFs), silica, lead, as well as 

chrysotile asbestos (Lowers et al. 2009) and organic components such as polycyclic 

aromatic hydrocarbons (PAHs) (Lioy et al. 2002). It is thought that approximately 

60-70,000 individuals were exposed during this period leading to a rash of health 

effects (Wu et al. 2010). These health effects however are not necessarily attributable 

to asbestos release. In an assessment of exposures to different dust components 
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during and after the collapse, Lorber and colleagues found that of more than 19,000 

measurements from September and October 2001, only four were above the USA 

Occupational Safety and Health Administration (OSHA) permissible exposure levels 

of 0.1 fibres per cubic centimetre (f/cc) (Lorber et al. 2007). Also those involved 

with clean-up such as truck drivers were also sampled and whilst asbestos fibres 

were commonly found, these tended to be short and exposure duration brief (Breysse 

et al. 2005). Oddly, CNT were also found in the World Trade Centre dusts and the 

lungs of some of those exposed during their collapse (Wu et al. 2010) and were most 

likely, naturally occuring. 

1.5.2 Asbestos decline 

The first U.K. report of the negative health effects of asbestos occurred in 1898 as 

part of the HM Chief Inspector of Factories and Workshops Annual Report (Deane 

1899). This was followed in 1901 after a London based physician, Dr. Montague 

Murray, treated a 33-yr old man with lung disease (European Environment Agency 

2001). This encounter was later given in evidence to the Government Departmental 

Committee on Compensation for Industrial Diseases in 1906 (Murray 1907). In the 

coming years, other countries would start to report the emergence of similar 

problems in those heavily exposed to asbestos (European Environment Agency 

2001). In the years following evidence gathered and the first definitive report on 

fibrosis of the lung due to asbestos exposure was published in the British Medical 

Journal in 1924 (Cooke 1924) with further reports following (Oliver 1927). This led 

to an investigation by the British Factory Inspectorate to ascertain if the diseases 

described were mere coincidence or could be related to exposure (Bartrip 2004). 

What followed were the identification of a serious problem and the implementation 

of dust control methods to reduce disease, which the authors of the subsequent 

investigation believed would lead to “the almost total disappearance of the disease, 

as the measures for the suppression of dust are perfected” (Merewether & Price 

1930). This was indeed true to an extent, with cases of asbestosis declining (Doll 

1955) but in the following years it would be discovered that this simply paved the 

way for other asbestos related disease with longer latency periods to develop such as 

lung cancer and mesothelioma (Wagner, Sleggs, & Marchand 1960). 



 

 ‐ 62 ‐ 

With time, legislation was passed tightening limits on asbestos exposure in various 

industries, most notably with the 1969 Asbestos Regulations and the Health and 

Safety at Work etc Act 1974. In the USA, prior to the federal Occupational Safety 

and Health Act of 1970 there was only patchy legislation in some states to protect 

workers (Bartrip 2004). This eventually led in 1993 to a ban on the import, use and 

supply of all forms of amphibole asbestos and on the spraying of chrysotile asbestos 

(The Asbestos (Prohibitions) Regulations 1992). 

Despite the misconception amongst the public that asbestos is a material of the past 

and no longer in use or production, it is still an industrially used material across the 

world. In the United States alone consumption was estimated to be 715 tons in 2009 

(based on imports) down from 1,460 tons in 2008 with worldwide mining of asbestos 

estimated around 2 million metric tonnes per year, half of which was mined in 

Russia. In the United States, asbestos use is predominantly in roofing products (65%) 

which only utilise chrysotile asbestos primarily supplied by Canada which mines 

approximately 280,000 metric tonnes per year (U.S.Geological Survey 2010).  

1.5.3 Asbestos Associated Disease  

Tragically asbestos use has led to a pandemic of disease associated with lung or the 

outlying serosal tissues of the pleural and peritoneal cavities. The most common and 

debilitating of these are discussed in the following sections.    

Lung Fibrosis (Asbestosis) 

Of the diseases associated with asbestos exposure, lung fibrosis was one of the first 

to be noted and subsequently tackled with dust control measures (Cooke 1924). 

Afflicted individuals typically present with breathlessness and a productive cough 

and irregular opacities are seen in the lung at x-ray indicative of pulmonary fibrosis, 

although thickening of the pleura or pleural plaques may also be evident and specific 

to asbestos exposure (Jaurand & Bignon 1994). Pathologically, asbestosis is 

characterised by an over expression of extracellular matrix (ECM) beginning in and 

around the alveolar ducts and respiratory bronchioles which impairs the transfer of 

oxygen into the blood and reduces the elastic nature of the lung causing restrictive 

lung disease. Fibrosis further up the respiratory tree in the small airways can also 
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lead to obstructive as well as restrictive lung disease (Rubin & Gorstein 2004). Over 

expression of ECM components may be a consequence of continued release of pro-

inflammatory and pro-fibrotic cytokines by inflammatory cells recruited to the site of 

initial alveolitis caused by asbestos deposition. Decreased clearance may hinder the 

resolution of inflammation and proliferation of fibroblasts. It has also been suggested 

that ROS generated by stimulated inflammatory cells or generated from the fibres 

themselves may activate latent bound complex of the pro-fibrotic cytokine 

transforming growth factor-beta1 (TGF-β1) (Pociask, Sime, & Brody 2004).  

Lung Cancer 

It is difficult to accurately account for the number of lung cancer cases attributable to 

asbestos exposure. This is because unlike mesothelioma which is a very rare tumour 

whose increased frequency can be directly correlated to asbestos exposure, lung 

cancer has a number of risk factors, particularly cigarette smoking (Darnton, 

McElvenny, & Hodgson 2006). However estimates place asbestos as being related to 

2-3% of all lung cancer deaths between 1980 and 2000 in the UK (Darnton, 

McElvenny, & Hodgson 2006). The casual link between lung cancer and asbestos 

exposure was shown by Doll in 1955. In his study into the mortality of asbestos 

workers, Doll found that of a cohort of 105 asbestos workers, 18 developed lung 

cancer of which 15 were associated with asbestosis (Doll 1955). This association 

between fibrosis and lung cancer is also evident in the literature where rats were 

exposed to asbestos and other mineral fibres by inhalation. It was noted that animals 

with pulmonary tumours had double the amount of fibrosis than animals that did not 

and where it could be identified the origin of the tumours was fibrotic areas (Davis & 

Cowie 1990).  

Malignant Mesothelioma  

Malignant mesothelioma (MM) is an aggressive and uniformly fatal tumour 

(Tomasetti et al. 2009) originating from the mesothelial lining of the pleura and in 

fewer cases, the peritoneum. In the UK alone, by 2003 50,000 people had died from 

MM with around 1700 cases a year costing the UK health service  £16,014,646 in 

2000 with a predicted rise in cases to 2000 per year in 2010 (Watterson et al. 2006). 
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The main risk factor for MM is asbestos exposure which can have occurred 20-60 

years previously. However in rare instances, mesothelioma can occur in patients who 

have undergone radiation therapy, chronic pleural inflammation and exposure to 

certain chemical carcinogens (Cugell & Kamp 2004).  

Mesothelioma is notoriously difficult to treat with treatment options based on the 

potential benefits and risks of surgical intervention. If the disease is resectable, 

surgical options include pleurectomy/ decortications which involves the removal of 

parietal, mediastinal, visceral, diaphragmatic pleura and pericardium (Tsao et al. 

2009). This is increasingly performed with induction chemotherapy and/ or adjuvant 

radiotherapy as trimodality style treatments are thought to produce a better outcome 

(Tsao, Wistuba, Roth, & Kindler 2009). Non-resectable treatment options are 

restricted to chemotherapy and use of various biologics such as antiangiogenic 

agents. Despite these treatment options, median survival time from initial 

presentation to death is only 9 to 17 months (Heeschen et al. 2001).    

Reflecting the site of initiation, MM develops first at the parietal pleura and then 

spreads to the opposing visceral pleura followed by invasion of the chest wall; it is 

only at the end-stage of the disease that there is blood borne metastasises. The initial 

site of development of mesothelioma is shown in the clinical staging of MM as 

summarised in the Butchart staging criteria in figure 1.1.7. The staging of 

mesothelioma by the International Mesothelioma Interest group has similar staging 

criteria as the Butchart system, with early stage (T1a) involving only the parietal 

pleura with no involvement of the visceral pleura (Rusch 1995). 
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Figure 1.17: The Butchart Staging criteria for malignant mesothelioma 

In the ‘Pathogenesis of serosal lesions’ chapter by John Craighead and Agnes Kane, 

in (Jaurand & Bignon 1994) there are several beautiful illustrations showing 

hypothetical pathways to the  development of MM in the pleura of asbestos exposed 

individuals. However these diagrams show one commonly seen error and that is MM 

originating on the visceral pleura. As the clinical staging and studies using 

thoracoscopy (Boutin et al. 1993) have confirmed and the logic of particle clearance 

suggests (see previous), the point of origin of MM is at the parietal pleura. Also 

described is the common findings of particles of soot and other material being found 

again in the parietal pleura of exposed individual indicating a route of transit with 

particles depositing on and in the parietal mesothelium. Taking the case of asbestos 

and the size restrictive nature of the parietal stomata, long fibres passing into the 

pleural space would be deposited at the stomatal openings. The initiation of a 

cascade of pathogenic processes, such as inflammation and fibrosis may trigger 

genetic mutation leading to carcinogenesis at the parietal pleura. This may spread 

eventually via ‘kissing metastasis’ to the opposing visceral pleura. Since particle 

transit through the pleura is normal, the question ‘Are the fibres retained in the 

parietal pleura?' is a more appropriate one than 'Do fibres reach the pleura?' 

(Donaldson, Murphy, Duffin, & Poland 2010).    

Whilst the link between asbestos exposure and the development of MM is clear, the 

mechanisms behind it are not. One hypothesis is that there is generation of ROS 

leading to direct interaction and mutations within the cellular DNA of the 
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mesothelium (Kamp & Weitzman 1999). The generation of ROS leading to oxidative 

DNA damage has been shown in several systems including both cell-free production 

of ROS by asbestos fibres and phagocyte-derived oxidative stress as a result of 

uptake by cells (Liu, Ernst, & Broaddus 2000). Decrease in the level of DNA strand 

breaks after asbestos treatment has been shown to be enhanced by depletion of 

intracellular antioxidants such as glutathione (Puhakka et al. 2002). Further 

discussion of the biological source of ROS, in particular resulting from stimulation of 

the innate immune system can be found on page 30. In addition, a more in depth 

discussion of the role of such biologically derived ROS in genotoxicity, potentially 

leading to the malignant transformation of cells such as that of the mesothelium can 

be within the publications section of this thesis (Donaldson, Poland & Schins, 2011).   

The role of iron in ROS production has also been demonstrated by use of co-

incubation with the iron chelator phytic acid leading to a reduction in its 

pathogenicity (Kamp et al. 1995). The generation of mutations has also been 

demonstrated in vivo with difference between mutation types caused by asbestos 

compared to those occurring spontaneously (Unfried, Schurkes, & Abel 2002). The 

result of a pro-oxidant environment can be both genotoxic and pro-inflammatory/ 

fibrotic (Pociask, Sime, & Brody 2004). This can due to the elicitation of various 

oxidant- sensitive transcription pathways such as that of Nuclear Factor κ-B (NFκB) 

(Brown, Beswick, & Donaldson 1999) and Activator Protein-1 (AP-1) (Mossman et 

al. 1997) leading to activation and secretion of various pro-inflammatory cytokines 

which again can be reduced by treatment with antioxidants. The heightened 

sensitivity of mesothelial cells to asbestos damage has been proposed to be due to 

their greater susceptibility than epithelial cells of the respiratory tract to DNA 

damage (Nygren et al. 2004). This, in turn has been suggested to be due possibly to 

lower levels of glutathione in mesothelial cells than alveolar epithelial cells (3.5 fold) 

although these studies were performed using cell lines which may have altered 

glutathione  levels in comparison to primary cells (Puhakka et al. 2002).  

Another proposed mechanism for alteration of gene expression which could lead to 

the aberrant behaviour of mesothelial cells is through receptor or integrin mediated 

signalling pathways as reviewed by Shukla and colleagues (Shukla et al. 2003).    
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Alteration of gene expression in MM has also been linked to infection with the 

simian virus-40 (SV40) known to be prevalent in the general population. It is thought 

that infection with SV40 predisposes exposed individuals to an increased risk of 

developing MM possibly through the inactivation of tumour suppressor gene such as 

p53. As reviewed by Ramos-Nino (Ramos-Nino et al. 2006), it has been shown that 

SV40 infection alone was not associated with the development of MM but asbestos 

was. However synergistically, the risk of developing MM was 27 fold higher than 

asbestos exposure alone (Porta et al. 2005). The exact mechanism behind the 

development of MM is likely to remain unclear but it does seem that a pro-

inflammatory and pro-oxidant environment created by long biopersistent fibres at 

stomatal mouths close to a uniquely sensitive mesothelium is important. 

Pleural Plaques 

Pleural plaques (PP) are white dense area of hyaline fibrosis, likened to icing on a 

cake (Peacock, Copley, & Hansell 2000). These plaques form a discreet smooth lump 

which may become larger and calcified over time without further asbestos exposure. 

Like mesothelioma, they arise on and are confined to the parietal pleura, likely as a 

result of parietal deposition of asbestos fibres. Again like mesothelioma, PP are far 

more common in asbestos-exposed individuals than in non-exposed populations 

(Greillier & Astoul 2008) and can have a long latency between exposure and plaque 

development of up to 30 years (Chapman et al. 2003; Peacock, Copley, & Hansell 

2000). The classic distribution of PP is in the posterolateral region of the chest, 

between the 7th and 10th ribs and between the 6th and 10th ribs of the lateral chest wall 

((Fletcher & Edge 1970; Greillier & Astoul 2008) which roughly corresponds to the 

highest density of pleural stomata. Despite these similarities with mesothelioma, PP 

are not a pre-malignent lesion and remain benign and self-limiting (Peacock, Copley, 

& Hansell 2000). They rarely cause discomfort, often being identified due to 

investigation of other problems. As such, currently in England identification of PP is 

not considered actionable or compensatable damage although this currently under re-

consideration.    
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Pleural Effusion 

Pleural effusion occurs when there is a build up of fluid within the pleural space, 

typically in excess of 15-20 ml due to an imbalance between the influx and efflux of 

pleural fluid (Owens & Milligan 1995). Pleural effusions can be symptomatic or 

asymptomatic with symptoms typically consisting of chest pain and dyspnoea. It can 

occur as a benign pleural effusion which is sometimes bloody and/or eosinophilic 

(Kalomenidis & Light 2003) which may resolve spontaneously and be reoccurring 

(Peacock, Copley, & Hansell 2000). Malignant pleural effusions can also occur as a 

complication of mesothelioma as well as other forms of cancer such as lung and 

breast cancer as well as other metastatic cancers and can contribute to  a decreased 

quality of life (Neragi-Miandoab 2006). Therefore pleural effusions are not restricted 

to asbestos exposure and can be seen in as a result of other cause such as pulmonary 

embolism or complications from certain drug therapies (Kalomenidis & Light 2003).      

1.5.4 Societal impact of asbestos – the legacy 

It was said by Irving J Selikoff, a high profile advocate for the defence and 

compensation of workers for disease caused by asbestos exposure that, whilst we 

have had exposure to various toxic compounds and particles and some forms of 

occupational disease such as silicosis for centuries, most occupational diseases are of 

a far more recent origin (Selikoff 1989). In the case of asbestos, the incidences of 

asbestos related diseases increased as asbestos became a popular industrial material 

and its use increased. Calculating the societal impact of these diseases however is not 

straight-forward. In developed countries such as the United Kingdom, detailed 

records exist of cause of death in certain industries, the frequency of certain diseases 

being actively sought as an explanation of the conditions precipitating death. For 

example in the UK since 1935, on the orders of the coroner, those working at large 

asbestos works have been subject to necropsy at death to establish if asbestosis is 

suspected as contributing cause of death (Doll 1955). However even with meticulous 

records, the accurate evaluation of the societal impact in a single country can be 

difficult and the worldwide impact speculative at best due to the lack of accurate 

diagnosis/ and reporting of cases in developing countries (Kazan-Allen 2005). 

Assessing societal impact based on frequency of mesothelioma allows a more 
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accurate picture of the effect of asbestos exposure due to extremely close relationship 

of the development of mesothelioma and past asbestos exposure (Peto et al. 1995). 

Figure 1.1.8 shows the result of a study by Peto and colleagues (Peto, Hodgson, 

Matthews, & Jones 1995) and shows the annual UK imports of the 3 commercially 

exploited asbestos minerals during the 20th century. Overlain is the annual number of 

mesothelioma deaths predicted using a modelled analysis of observed trends. The 

graph shows that despite a UK peak of asbestos imports in the 1960’s and minimal 

levels from the mid 1990’s, mesothelioma levels continue to rise due to the lag time 

for the development of the mesothelioma.   

 

Figure 1.18: Predicted mesothelioma deaths  in British men and UK asbestos  imports. Reproduced 

from Peto (Peto, Hodgson, Matthews, & Jones 1995)  

In total this is predicted to lead to approximately 250,000 deaths of mesothelioma 

between 2000 and 2035 (Peto et al. 1999). However asbestos exposure does not 

confine itself to the induction of only one disease. The development of lung cancer 

due to asbestos exposure as also associated with asbestos exposure but due to other 

contributing factors, it is impossible to gauge the full extent of past and future deaths 

attributable to asbestos exposure.  
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The evocative and newsworthy nature of the asbestos legacy of disease continues to 

leave an indelible mark on the reputation of those tasked with protecting workers and 

the general public. Consequently considerable opprobrium and blame has been 

visited on these agencies (e.g. US EPA, WHO and ILO (LaDou 2004).) for not 

responding quickly or decisively enough. The companies themselves also bear 

considerable blame for often not informing the workers of the dangers, suppressing 

evidence of the risk, not maintaining adequate health or hygiene records and 

sacrificing dust suppression equipment in the interests of profit.  

Medico‐legal aspects 

The legacy of disease that asbestos has left has led to the emergence of the need for 

workers compensation for those afflicted with asbestos associated disease. This has 

led over the years to the development of legislation being passed into law in various 

countries to help compensate the victims of asbestos. This in itself is not always 

straight forward especially when there is more than one risk factor associated with 

the disease outcome, such as asbestos and cigarette smoking, and the occupational 

exposures is not clearly responsible for the disease. Depending on when and how 

exposure occured, this can dictate what damages are applicable and how to obtain 

them. For example those exposed during service in the armed forces are compensated 

under the war pensions scheme whilst those employed in a scheduled occupation can 

apply for compensation under the terms of the Social Security Contributions and 

Benefits act 1992 or Compensation act 2006. The other mode of recourse is via 

common law by sueing an employer(s). This may be based on the employers 

negligence, or breach of health and safety regulations but again must show the 

injuries are due to occupational exposure (British Thoracic Society Standards of Care 

Committee 2001).  

As asbestos was gradually recognised as a causal agent of several deadly diseases, 

the numbers of claimants dramatically increased which led to the collapse of many 

asbestos companies in the latter half of the 20th century under the weight of litigation 

losses. A good example of the pressure placed upon asbestos manufacturers and the 

subsequent courses of action taken by several manufactures is that of the Johns-

Manville Corporation (JMC)(Stallard 2001). JMC, formed in 1901, was the world’s 
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largest producer of asbestos which through the acquisition of the H.W. Johns 

Manufacturing Company by Charles Manvillie after the death of its owner due to 

asebstos-related lung disease. The boom years of asbestos production led to 

increasing numbers of personal injury claims against the company. In 1976 there 

were a 159 cases filed against JMC which continued to grow year by year until 1982, 

during which there were approximatly 6000 cases filed; subsequnently JMC filed for 

bankruptcy protection under Chapter 11 of the U.S. Bankruptcy code. The result was 

effectively the creation of two trusts against which claims could be filed but isolated 

the newly named Manvillie Corporation from claims. It was projected that the trust 

would have a total of 83,000-100,000 new claims (there was already a backlog of 

17,000 claims) during its lifetime. However this was a gross under estimation with 

140,000 claims reached by 1989 and a yearly rate of 17,000 new cases. This 

culminated in suspension of trust payments in 1992 due to insolvency of the newly 

formed trusts requiring further reorganisation (Macchiarola 1996).  

Suspicion of an industry 

The considerable legal and financial fallout from the use of asbestos has left both the 

public and governments suspicious of industrial fibres. None perhaps are more 

senstitive to this than the legal and insurance industries. The questions rasied around 

nanotechnology has created a both a worry about the repercussions of the large scale 

use of nanotechnology (and associated liability) and a niche industry to serve this 

cause. For example the U.S. insurace company Lexington Insurance now offer a 

specific insurance product tailored to the nanotechnology industry called 

LexNanoShield. Also the American legal firm Porter, Wright, Morris & Arthur now 

count nanotechnology as a practice area and offer specialist representation indicating 

the high stakes and the seriousness surrounding these worries.   
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1.6 THESIS AIMS 

The aims of this project are to evaluate the (asbestos) fibre-type hazard of carbon 

nanotubes based on the central tenets of the fibre pathogenicity paradigm. That is to: 

1) Evaluate the morphological structure of CNT to establish a basis for a fibre-

type hazard   

 

2) Using well characterised pathogenic and non-pathogenic amphibole asbestos, 

controls demonstrate pathogenic fibre effects in vivo 

 

3) Compare and contrast those effects seen with asbestos controls with CNT 

 

4) Evaluate the biopersistence of CNT in relation to durable and non-durable 

controls 

 

5) Access the effects of commonly used surface modification techniques on the 

potential pathogenicity of CNT so as this relates to the fibre paradigm 

 

6) Investigate the validity of the fibre paradigm to other forms of high aspect 

ratio nanoparticles which meet the fibre criteria.     

 

Thus far in the peer-reviewed literature there is little assessment of CNT based on the 

fibre pathogenicity paradigm. Where this has been taken into account and 

appropriate asbestos type controls used, it often fails to grasp the need to implement 

the criteria of the paradigm, such as length, and evaluate material which is like- for- 

like. It is therefore hoped that results gleaned from this study should influence the 

current knowledge surrounding the hazard assessment of CNT. In turn this may feed 

into a more comprehensive understanding of any pathogenic effects of CNT which 

should support the formation of relevant and effect risk assessment of this important 

commercial product.    
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CHAPTER 2 – MATERIALS & METHODS 
2.1 ACKNOWLEDGEMENTSThe carbon nanotube (CNT) sample NTlong2 

was synthesised by Dr Ian Kinloch of the University of Manchester during his tenure 

at the University of Cambridge. The NTlong1 sample was graciously gifted by Mitsui 

& Co and the nanoparticulate carbon black sample Printex 90 was gifted by Evonik 

Degussa GmbH, Düsseldorf, Germany.  

Nickel nanowire synthesis was performed by Dr. Adriele Prina-Mello and Ms. Fiona 

Byrne as part of a formal collaboration between the ELEGI Colt laboratories, 

University of Edinburgh and the Centre for Research on Adaptive Nanostructures 

and Nanodevices (CRANN), Trinity College Dublin. The further functionalisation of 

the nickel nanowires with polyethylene glycol was performed by Ms. Gemma Louise 

Davies of CRANN, Trinity College Dublin. The size distribution of all the nickel 

nanowires was also performed by Ms. Fiona Byrne.      

Long carbon nanotubes for chemical functionalisation were synthesised by Matthew 

Boyles, Edinburgh Napier University using facilities at The Nanoscience Centre, 

University of Cambridge as part of a collaboration with the ELEGI Colt laboratories, 

University of Edinburgh. As part of this collaboration, samples were transmitted to 

the laboratory of Prof. James Tour, Rice University for surface functionalisation.  
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2.2 PARTICLES 

2.2.1 Graphene Particles 

In order to evaluate the length dependent effects of CNT, a panel of graphene 

particles are varying lengths was assembled. These consisted of 4 forms of CNT and 

one form of nano-sized spherical graphene particle, Printex 90. 

Carbon Nanotubes 

As discussed in Chapter 1, CNT come in three main types based on the quantity of 

walls they posses and MWCNT were exclusively used within this project. CNT can 

also be manufactured using several different process which leads to an increasing 

variety of CNT available for testing which becomes impracticable when considering 

the depth of this project. As such it was decided to focus on the type of CNT 

manufactured in the greatest quantity (MWCNT) and using the most common 

method of manufacture (catalytic vapour methods) in order for our results and 

discussion to be most relevant to potential occupational exposure.  

In order to evaluate the length dependent effects of CNT we used four samples of 

MWCNT of mixed origin and length fractions. The samples consisted of a 

commercially produced long fibre MWCNT sample (NTlong1,
 
Mitsui & Co. Ltd., 

Japan) produced by catalytic chemical vapour synthesis using the floating reaction 

method. The second long MWCNT sample (NTlong2) was produced in an academic 

research laboratory by Dr. Ian Kinloch (University of Cambridge) using catalytic 

vapour discharge (CVD) method using a ferrocene-toluene feedstock to grow 

nanotubes from iron catalysts held on a silica plate (Singh et al. 2002). These 

MWCNT grew aligned as mats, meaning they were straight and un-entangled. The 

nanotubes were harvested from the mats using a razor blade, with some residual iron 

remaining within the nanotubes. Also included were two commercially available 

curled and tangled MWCNT of different lengths (NanoLab, Inc., MA, USA). These 

were produced by CVD with an iron and ceramic oxide (alumino-silicate) catalyst 

support which was removed using Hydrochloric (HCL) and Hydrofluoric (HF) acid 

treatment. The sample formed, had a length of 5-20 µm as described by the 

manufacturer and was cut to form a second sample of predominantly short CNT 
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fibres in the range of 1-5 µm. These two samples were highly curled and tangled and 

so were named NTTang2 and NTTang1 respectively.  

2.2.1.1.1 Functionalisation of Long Carbon Nanotubes  

Surface functionalisation of long MWCNT was performed on a sub-set of a long 

MWCNT sample produced by Matthew Boyles using the same methodology and 

reactor (The Nanoscience Centre, University of Cambridge) as those used in the 

synthesis of the NTlong2 sample. The sample was sent to the laboratory of Prof. James 

Tour (Rice University, TX, USA) and functionalised in two separate ways by 

Amanda Higginbotham and Ashley Leonard prior to testing. The methods of 

functionalisation were arylation and alkylation. 

Arylation of Long Carbon Nanotubes 

The Arylation of MWCNT was performed using the aryl iodide isopathic acid 

synthesised prior functionalisation on the nanotubes and the syntheses. The isopathic 

acid group was then attached to the sidewall of the MWCNT via a benzene ring. This 

was performed as described by Chattopadhyay and colleagues (Chattopadhyay et al. 

2005). Briefly the NTlong sample was mixed under an atmosphere of argon with 

ammonia followed by the addition of lithium metal in a 100 ml, three-neck, round-

bottomed flask fitted with a dry ice condenser. Into the flask, 6.4 M aryl iodide was 

added and stirred at -33 °C for 12 h with the slow evaporation of ammonia. The 

reaction mixture was quenched by slow addition of ethanol followed by water, then 

acidified by the addition of 10% HCl. The mixture was filtered through a 0.2 µm 

filter membrane and washed with water and ethanol before drying in vacuum at 80 

°C. 

The result that in the attachment of the isopathic acid group the nanotubes are not 

directly oxidised creating damaged areas and shortening as with conventional acid 

treatment. Instead the addition of these functional groups alters the structure of the 

carbon nanotube from a sp2 form (see Chapters 1 & 5) to a sp3 form where the 

functional group attaches. The result is that the nanotube has a reduction in 

conductivity because it is no longer aromatic.   
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Alkylation of Long Carbon Nanotubes 

Long carbon nanotubes were alkylated using octyl-iodide (Sigma-Aldrich). Octyl 

functionalisation in this way covalently attaches long carbon chains to the sidewalls 

of the MWCNT which retains the hydrophobicity of the nanotubes and does not 

damage the structure. This was performed using the same method as the arylation of 

the CNT sample with aryl iodide except for addition of the aryl iodide which was 

omitted to form a CNT with long carbon chains without the functional (aryl) group 

attached.  

2.2.1.2 Carbon Nanoparticles 

In order to control for the effect of bulk chemistry as a driving force behind any 

noted effects, a non-fibrous control particle, commercially available nanoparticulate 

carbon particle (NPCB) was used. The sample of NPCB was provided by Evonik 

Degussa GmbH (Düsseldorf, Germany) and carried the trade name Printex 90. NPCB 

had a spherical morphology with a particle size of 14 nm and surface area of 218 

m2/g (manufacturer’s description). See Chapter 3 for established particle size. 

2.2.2 Asbestos 

As a known carcinogen, amosite asbestos was used as a positive control. The 

samples consisted of mixed length amosite asbestos enriched for long fibres (50.36% 

fibres >15 μm, 35.25% fibres >20 μm), hereafter referred to as long fibre asbestos 

(LFA). Shortened amosite asbestos (SFA) was prepared by grinding long fibres in a 

ceramic ball mill, and the resulting fibre preparation sedimented in water. The 

process of ball milling, used to shorten the LFA to make the SFA was associated 

with changes in the iron chemistry (Graham et al. 1999). The SFA sample consisted 

of 4.46% fibres >15 μm, 0.99% fibres >20 μm. Both LFA and SFA were created 

from the same batch of South African amosite (Davis, Addison, Bolton, Donaldson, 

Jones, & Smith 1986)
 
obtained from the Manville Corporation (USA).  

2.2.3 Nickel Oxide Particles  

In order to establish the generality of the FPP to other high aspect ratio nanoparticles 

we utilised differing lengths of nickel oxide nanowires (NiNW) synthesised in 
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collaboration with  Dr. Adriele Prina-Mello and Ms. Fiona Byrne (CRANN, Trinity 

College Dublin). As with the graphene particles we used a commercially available 

non-fibrous control particle.  

Nickel Oxide Nanowires 

Nickel nanowires (NiNW) were fabricated by Dr. Adriele Prina-Mello and Ms. Fiona 

Byrne using electrochemical template synthesis using alumina membranes (Anodisc 

25, Whatman, UK) with an average pore diameter of 200 nm (Byrne et al. 

2009;Prina-Mello, Diao, & Coey 2006). Once formed, NiNW were removed from 

the membrane by dissolving it in 1 M NaOH and re-suspending the solution in 

ddH2O. This resulted in a wire consisting of metallic nickel which was rapidly 

oxidised to form a 3-4 nm thick layer of nickel oxide (Prina-Mello, Diao, & Coey 

2006.) The formation of short and long NiNW (S-NiNW and L-NiNW respectively) 

was achieved via altering the deposition time and resulted in average (mean) lengths 

of 4.3 ± 1.0 µm and 24.0 ± 7.0 µm respectively. Size distributions were prepared and 

examined by scanning electron microscope (SEM, Carl Zeiss Ultra Plus, UK) by Ms. 

Fiona Byrne. 

2.2.3.1.1 PEGylation of Long Nickel oxide Nanowires  

The surface of the long nickel nanowire (L-NiNW) sample was modified by 

functionalising them with polyethylene glycol (PEG). A suspension of L-NiNW in 

ddH2O water was briefly probe sonicated (Bandelin electronics GmbH & Co, Model 

UW2200, Berlin, Germany) prior to mixing with a solution of O,O’-Bis-(3-

aminopropyl)-polyethylene glycol-1,500 (Sigma-Aldrich, Poole, UK) and allowed to 

react overnight before washing several times with ddH2O. Samples were examined 

by transmission electron microscopy (TEM, Jeol JEM-2100, Japan) and PEG coated 

wires displayed a uniform 30 nm layer on the surface. 

Nickel Oxide Nanoparticles 

As a non-fibrous control particle, commercially available nanoparticulate nickel 

oxide (Nanostructured & Amorphous Materials, Inc., TX, USA) was used.  The 

Nickel oxide nanoparticles (NiNP) were 99.8% pure and had a near spherical 
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morphology with a particle size of 10-20 nm and surface area of 50-80 m2/g 

(manufacturers description. See Chapter 4 for established particle size). 

2.2.4 Particle Dispersion 

In developing a dispersant for CNT experimentation, several dispersants were 

considered and compared against polyethylene glycol soritan monolaurate (Tween-

80; Sigma-Aldrich, Poole, UK) which is a detergent and highly efficient at dispersing 

particles. Tween-80 is also highly toxic to cells in culture and causes immediate 

rupture of the lipid membrane and as such was not suitable for examining the effects 

of particles in cultures. A full account of dispersion testing is given in Appendix 1.      

All particles were suspended in a solution containing 0.5 % w/v bovine serum 

albumin (Sigma-Aldrich, Poole, UK). For in vitro experiments the solution consisted 

of the appropriate media specific for the cell types used supplemented with 100U/ml 

Penicillin / Streptomycin and 2 mM of L-Glutamine. For in vivo experiments, a 0.5% 

BSA was added to sterile saline suitable for injection. Once dissolved, the BSA 

solution (Media/Saline) were sterile filtered using a 0.22 µm filter (Whatman, UK) to 

remove any contamination and large globular proteins and used immediately. A 

stock suspension of ~500 µg/ml of each particle type was made up in the BSA 

surfactant and sonicated in a sealed container using an ultra-sonicating water bath 

(Fisherbrand FB11002, 40kHz) for 2 hrs to achieve a visually homogenous 

suspension. The samples were then diluted to the appropriate test concentrations with 

the BSA surfactant and briefly sonicated to ensure proper mixing.      

2.2.5 Particle Characterisation 

Size Distribution 

To establish the physico-chemical characteristics of the particles and to identify 

which samples contained considerable numbers of long fibres, we utilised scanning 

electron microscopy (SEM), transmission electron microscopy (TEM) and light 

microscopy where appropriate to fully describe each sample (see Chapter 3 for 

results). Due to the different methods used, necessarily different suspension media 

were required for suspending particles for injection in vivo (dispersion in a protein 

solution) and for electron microscopy (dispersion in a solvent). 
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In preparation for electron microscopy particles were suspended in propan-2-ol 

(Fisher Chemicals) and the aggregates gently exfoliated using an ultra-sonicating 

water bath (Fisherbrand FB11002, 40kHz). The sample suspensions were then 

diluted into 1.25 % propan-2-ol/ ddH2O (Milli-Q Academic, Millipore, MA, USA) 

solution. For SEM, a 50 µl drop of the prepared suspension was placed onto a SEM 

stub, spread and allowed to dry. These stubs were then gold sputter coated before 

examination by SEM using a Hitachi S-2600N digital scanning electron microscope 

(Oxford Instruments). Preparation for TEM analysis involved placing a 10 µl drop of 

the particle suspension onto 1 x 2 mm copper slot grids pre-coated with a Formvar/ 

carbon film (Agar Scientific, Essex, UK), allowed to dry and analysed using a 

Philips CM120 transmission electron microscope. 

Light microscopy was performed using particles suspended in a protein vehicle as 

described later in section 2.2.5 and sonicated using an ultra-sonicating water bath 

(Fisherbrand FB11002, 40kHz) for 2 hrs to achieve a visually homogenous 

suspension. Due to the rapid movement of particles in solution due to convection 

currents, it was necessary to mix the suspension with glycerol to slow the movement 

of particles to enable improved photography of the particles. A 50 µl drop of the 

glycerol/ particle suspension was placed onto a glass slide, a cover slip applied and 

sealed before imaging using a brightfield microscope equipped with a CCD camera 

using QCapture Pro software (Media Cyberbernetics Inc., MD, USA).  

All measurements were taken using calibrated measurement software (Image-Pro 

Plus; Media Cybernetics Inc., MD, USA) based on 100 µm stage graticule 

(Graticules LTD, Kent, UK). Fibre diameter of individual fibres and agglomerates 

was established as well as length distribution analysis of the fibres and particles used. 

In keeping with WHO guidelines (WHO 1997) we only considered those particles 

with a length to width ratio greater than 3:1 and a length more than 5 μm as a fibre.  

2.2.6 Contaminants 

Contaminating Metals  

The levels and types of contaminating metals contained within the samples were 

established using an inductively coupled plasma optical emission spectrometer (ICP-
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OES) analysis using an iCAP 6500 (Thermo Scientific, MA, USA) by the Institute of 

Occupational Medicine. Analysis was performed to establish quantitatively the 

soluble and total concentrations of the following metals: Cd, Co, Cr, Cu, Fe, Mn, Ni, 

Ti, V, and Zn. The degree of soluble metal contamination was established by 

preparation of a soluble fraction prepared by suspending each sample in dH2O prior 

to mixing and filtration to remove particulates and the supernatant analysed. To 

evaluate the total metal contaminants, the samples were acid digested in 5 ml of 

HNO3, boiled down to a volume of 1 ml and a volume of 4 ml HCL then added 

giving a final concentration on 4% HNO3 : 16% HCL.  

Lipopolysaccaride Contamination  

The presence of bacterial contamination of the particle panel was established by 

measuring endotoxin levels. A 1 mg/ml solution of each particle was prepared using 

certified endotoxin free LAL reagent water (Cambrex Bio Science Walkersville, Inc, 

MD) and mixed on a rotating mixer at room temperature for 24 hrs prior to ultra-

centrifugation of the sample (13,800g) and removal of the extracted supernatant.  

The endotoxin level of the supernatant was established using limulus ameobocyte 

lysate (LAL) assay (Cambrex Bio Science Walkersville, Inc, MD). This method is 

based upon the initial component of the clotting reaction present in the blood of 

Limulus polyphemus in response to gram-negative bacteria. The bacterial endotoxin 

catalyzes the activation of a proenzyme extracted from the blood of Limulus 

polyphemus in a concentration dependent manner (Young, Levin, & Prendergast 

1972) which in turn cleaves a colourless precursor to form the yellow coloured p-

nitoaniline which was read photometrically at 410 nm using a Synergy HT 

microplate reader (BioTek Instruments, Inc. VT, USA). Comparison against a 

standard curve of known concentrations of endotoxin in the range of 0.1-1 EU/ml 

enabled the calculation of sample endotoxin concentration.      

Electron Paramagnetic Resonance 

Electron paramagnetic resonance (EPR) was utilised to detect acellular free radical 

generation from the particles used within the study. The assay uses an EPR 

spectrometer (Miniscope MS200, Magnettech GmBH, Berlin) to detect unpaired 
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electrons present in free radicals via alterations in electromagnetic energy. However 

free radicals are notoriously short lived and so a sensing compound, or spin trap, was 

used to detect free-radical production. The spin trap 1-hydroxyl-2,2,6,6-tetramethyl-

4-oxo-piperidine (Tempone-H; Alexis Co., Bingham, UK) was used and is modified 

by the presence short-lived free radicals to form a spin-adduct (a persistent nitrogen 

based radical) which creates a larger, longer lived signal that results in a 

characteristic three event EPR spectrum as shown below in figure 2.1 

 

Figure 2.1.: Characteristic Tempone‐H Spectrum measured in oxygen‐free HPLC grade water. Image 

taken from Dikalov et al. 1999 (Dikalov et al. 1999)  

The amplitude of this spectrum is directly proportional to the level of free radical 

activity in the sample. Tempone–H shows selectivity for superoxide, peroxyl radicals 

and peroxynitrite (Dikalov, Skatchkov, & Bassenge 1997; Miller et al. 2009).  

All samples were measured at a concentration of 50 µg/ml suspended in Hanks 

balanced salt solution (HBSS) (PAA Laboratories Ltd., UK) with the addition of 1 

mM Tempone-H and a positive and negative control of HBSS and pyrogallol (100 

μM) were used respectively. The sample/ spin trap suspension was incubated at 37°C 

and transferred immediately to a 50 μl glass micropipette (intraMARK 

BLAUBRAND, Brand GmBH + CO KG, Wertheim, Germany) which was sealed at 

the end with soft sealant (Cristaseal, VWR International, Lutterworth, UK). The  

EPR spectra recorded using a Miniscope MS200 EPR spectrometer (Magnettech 

GmBH, Berlin,  Germany) with the following instrumental conditions: microwave 

frequency, 9.3 – 9.55 Hz; microwave power, 20 mW; modulation frequency, 100 

kHz; modulation amplitude, 1,500 mG; centre field, 3,365 G; sweep width, 50 G; 

sweep time, 30 sec; number of passes, 1 (Lu et al. 2009b; Miller et al. 2009).  



 

 ‐ 82 ‐ 

The EPR intensity was measured at 60 minutes and a numerical value (arbitrary 

scale) calculated using Miniscope software (version 6.51; Magnettech, Berlin, 

Germany) based on the area under the curve of the first event of the three-event 

spectrum generated as previously described (Miller et al. 2009).  

Oxygen Radical Absorbance Capacity Assay  

In order to establish the antioxidant capacity of various dispersants trailed (see 

Appendix 2), the oxygen radical absorbance capacity assay (ORAC) was used. This 

assay is based upon the commonly used Trolox equivalent antioxidant capacity assay 

(TEAC) although the assay uses a more stable sensing compound. The principle of 

the assay is that exposure of the fluorescent probe, fluorescein (Sigma-Aldrich, 

Poole, UK), to free radicals causes a reduction in the fluorescent signal generated by 

the compound. In order to generate such a free radical induced reduction in signal, 

the water soluble compound 2,2’-Azobis(2-amidinopropane) (AAPH; Sigma-

Aldrich, Poole, UK) was used. AAPH is a synthetic free radical initiator and 

decomposes thermally to produce carbon-centred free radicals at a constant rate (Piga 

et al. 2007). Incubation of AAPH with fluorescein leads to a rapid and progressive 

reduction in fluorescent intensity which can be inhibited and delayed using 

antioxidants to protect the fluorescein. By comparison of an unknown sample against 

a standard anti-oxidant such as the vitamin E analogue 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (Trolox; Sigma-Aldrich, Poole, UK), an 

equivalent anti-oxidant capacity can be established via extrapolation from a standard 

curve.  

In order establish the antioxidant capacity of various dispersants trailed 150 µl of a 

freshly made 4 nM solution of fluorescein dissolved in CMF-PBS was added to a 

black side-clear bottomed 96 well plate. Twenty five µl of the Trolox standards, CM-

PBS blank or test samples were added to the well and allowed to equilibrate to 37°C 

in Synergy HT Multi-Detection Plate Reader (BioTek Instruments, Inc., USA). To 

initiate the reaction, 25 µl of 80 mM stock AAPH (10 mM in well concentration) was 

added to each well and the plate shaken for 10 seconds. Readings were taken every 

60 seconds over 120 readings and the Area Under the Curve (AUC) established for 

each sample using the method of Cao and Prior (Cao & Prior 1999). A 12 point 
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standard curve of Trolox (12.5 µM – 6.1 nM) was used and extrapolation from this 

gave a Trolox equivalency for each dispersant.    

2.3 CELL CULTURE 

2.3.1 MET‐5A cell line 

The human mesothelial cell line was purchased from the American Type Culture 

Collection (ATCC, No. CRL-9444). The mesothelial cells were deposited in the 

USA during the 1980s and had been isolated from the pleural effusions caused by 

medical indications of thoracentesis (such as congestive heart failure) of non-

cancerous patients (Lechner et al. 1985). To immortalise the cells, they were 

transfected with the pRSV-T plasmid (an SV40 ori- construct containing the SV40 

early region and the Rous sarcoma virus long terminal repeat) and cloned. The cells 

were first established by Lechner and colleagues with the aim of investigating the 

carcinogenic effects of asbestos (Lechner et al. 1985).  

The cells displayed a cobblestone-like appearance in culture and were highly 

secretory. The cells were also found to display characteristic microvilli during 

scanning electron microscopy (see Chapter 3, figure 3.43). The MET-5A cell line 

was fully adherent and maintained at sub-culture in RPMI-1640 with 10% heat 

inactivated foetal calf serum (PAA Laboratories Ltd., UK) supplemented with 2mM 

L-Glutamine and 100U/ml (1%) Penicillin/ Streptomycin (PAA Laboratories Ltd., 

UK). The cells were maintained at 37°C in 4% CO2 and used between passages 6-25 

from stocks maintained under air-phase liquid nitrogen in DMSO supplemented 

freezing media. 

2.3.2 NR8383 cell line 

The normal rat lung macrophage cell line NR8383 was purchased from the ATCC 

with ATCC No. CRL-2192. The cell line was established in 1983 by RJ Helmke by 

incubation of collected rat alveolar macrophages in the presence of a gerbil lung cell 

conditioned medium (Helmke et al. 1987) for an extended period over which they 

lost their requirement for exogenous growth factors. The cells were slow growing 

and were maintained at sub-culture in F-12K Medium (Kaighn's Modification of 
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Ham's F-12 Medium (ATCC, Middlesex, UK), supplemented with 15% HIA foetal 

calf serum and 100U/ml (1%) Penicillin/ Streptomycin (PAA Laboratories Ltd., UK) 

at 37°C (4% CO2) from stocks maintained under air-phase liquid nitrogen in DMSO 

supplemented freezing media. The cell line was semi-adherent with newly formed 

cells floating within the media and attaching to the flask upon maturation; as such 

were sub-cultured at around 70% adherent cells. This was done by removal and 

retention of the free floating cells and the adherent cells removed using a cell scraper. 

The adherent and non-adherent cells were recombined and centrifuged at 155g for 5 

minutes. The supernatant was discarded and the cell pellet re-suspended in fresh 

media.   

2.3.3 Cell Culture Treatment 

MET-5A cells were seeded at a density of 120,000 cells per well into a 6 well plate 

(2 ml total volume) in 10% FCS supplemented media (2 mM L-Glutamine and 

100U/ml Penicillin/ Streptomycin). The cells were allowed to adhere for a period of 

24 hrs prior to aspiration of the media, washing with 2 ml of CMF-PBS and 

replacement with 0% FCS containing media. Twenty four hours later at ~80% 

confluency, the cells were treated with particles ranging in concentration of 10, 25, 

50 and 100 µg/cm2 (for toxicity testing) or 7.5 µg/cm2 (for cellular uptake of NTLong2 

MWCNT) for a period of 24 hrs. A negative (media alone) and positive control (1% 

Triton X-100 (Sigma-Aldrich, Poole, UK) to cause complete cell lysis) was included 

on each plate. On completion of the treatment period the plates were centrifuged at 

30g for 5 minutes and 1.5 ml of the media removed for analysis.    

Adherent NR8383 cells were seeded into a Lab-Tek chamber slide (Nunc, 

Langenselbold, Germany) with a total volume of 3 ml at a concentration of 100,000 

cells per flask in 15% FCS supplemented F-12K Medium (with 100U/ml Penicillin/ 

Streptomycin). The cells were maintained at 37°C (4% CO2) overnight and the media 

replaced with 2% FCS supplemented F-12K Medium for further 8 hours. Samples 

were added at a concentration of 5 µg/ml (total concentration of 15 µg) and the slide 

placed into a warm-room set at 37°C onto a remote operate Zeiss Axiovert 

microscope (Carl Zeiss MicroImaging GmbH, Germany) for 1 hour to settle. 

Timelapse images were captured using Leica QWin V3 software (Leica 
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Microsystems (UK) Ltd, Bucks, UK) and combined into a movie using Quicktime 

Pro software (Apple Inc., California, USA). 

2.3.4 Toxicity Testing 

Lactate Dehydrogenase (LDH) Assay 

The level of cellular cytotoxicity/ cytolysis was established using a lactate 

dehydrogenase (LDH) assay (Roche Diagnostics GmbH, Mannheim, Germany). The 

assay is based upon the release of the ubiquitous cytoplasmic enzyme LDH from 

damaged and dead cells into the surrounding media and its detection using the 

colourmetric assay described by Babson and Philips (Babson & Phillips 1965). As 

such the total level of LDH release correlates to the level of dead and/or damaged 

cells.  The assay detects LDH via the reduction of NAD+ to NADH/H+ by the lactate 

found in the test sample (step I of figure 2.2). The addition of a diaphorase catalyst 

transfers two electrons from the NADH/H+ to the tetrazolium salt 2-p-iodophenyl-3-

p-nitrophenyl-5-phenyl tetrazolium chloride (INT) reducing it to the red coloured 

compound formazan (step II of figure 2.2). The formazan is water soluble and is read 

spectrophotometrically at the wavelength 490 nm.  
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Figure 2.2.: Catalysed formation of formazan salt in the detection of lactate dehydrogenase using 

the lactate dehydrogenase LDH assay. Process adapted from assay literature (Roche Applied Science 

2005).   

The assay procedure went as follows. One hundred µl of lavage fluid or cell culture 

media was added in triplicate to a 96 well plate and 100 µl of the LDH test reagent 

(diaphorase/NAD+ mixed with iodotetrazolium chloride and sodium lactate at a ratio 

of 1:45) added to each well. Following a 30 minute incubation period the absorbance 

of each well at 490 nm wavelength was established using a Synergy HT microplate 

reader (BioTek Instruments, Inc. VT, USA). The level of LDH release was expressed 

as a percentage of the total LDH released (generated by total cell lysis using Triton 

X-100) generated from the following equation: 

 

%	LDH	Release	 	
Experimental	Value	–Low	Control

High	Control	–Low	Control
	 100 

 

Low Control = Vehicle treatment only (base line cell death) 

High Control = Triton X-100 treatment (total cell lysis) 

I

II

Formazan salt (red)
Absorbance read at 490nm)

Tetrazolium salt (yellow)

Lactate Pyruvate

Diaphorase Catalyst

LDH
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Bicinchoninic acid (BCA) protein assay  

Total protein concentration of the peritoneal lavage fluid was measured using the 

bicinchoninic acid (BCA) protein assay. The assay makes use of the Biuret reaction 

whereby proteins present in the sample reduce the alkaline copper (II) to its reduced 

form; copper (I). The reduced copper (I) acts as a chromogenic substrate for 

bicinchoninic acid which is an alternative to the Folin reagent for protein 

determination described by Lowry and colleagues (Lowry et al. 1951). The resultant 

reaction leads to the formation of a purple chromophore in a protein concentration 

dependent manner with a strong absorbance at 562 nm.    

Sample protein concentrations were established by comparison to a BSA standard 

(Sigma-Aldrich, Poole, UK) curve (0 – 1000 μg/ml). The samples were then 

incubated at 37ºC for 30 minutes after the addition of the test reagent (1 part copper 

(II) Sulphate solution (4 % w/v) to 50 parts bicinchoninic acid (Sigma-Aldrich, 

Poole, UK)). The absorbance was then read at 570 nm using a Synergy HT 

microplate reader (BioTek Instruments, Inc. VT, USA) and the sample protein 

concentration established via extrapolation from the BSA standard curve (an 

example of which is shown in Appendix 2). Lavage protein as a measure of 

inflammation was shown to correlate significantly with lavage PMN (P<0.001 by 

Spearman rank correlation) showing its relevance as an inflammation marker 

(Appendix 3)  

Single cell gel electrophoresis assay 

The single cell gel electrophoresis assay (comet assay) was used to analyse and 

quantify DNA damage in individual cells. The technique uses individual treated cells 

embedded in a thin layer of agarose gel on a microscope slide, immobilizing them. 

The cell containing slides are placed in a lysis buffer containing Triton X-100 

(Sigma-Aldrich, Poole, UK) to remove all cellular proteins before being transferred 

to an electrophoresis tank. The exposed DNA is allowed to unwind under 

alkaline/neutral conditions before a current is placed through the gel causing broken 

DNA fragments (damaged DNA) to migrate away from the nucleus. The slide is then 

stained with a fluorescent dye and imaged using a microscope with the extent of 
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DNA liberated from the head of the comet was directly proportional to the DNA 

damage (shown in figure 2.3).  

 

Figure 2.3: Alkaline comets of MET‐5A cells showing increased DNA damage. Three MET-5A cells 

are shown with increasing levels of DNA damage. The cell on the left hand side is an untreated cell 

displaying very low levels of intrinsic DNA damage as evident by its round, symmetrical appearance. 

With increasing levels of damage, a longer DNA tail is formed away from the head portion of the 

comet (green trace) as shown by the red trace on the associated graphs. The comet tail moment is 

shown below each corresponding comet image. Comets images are taken at x 20 magnification using 

Comet IV software (Perceptive Instruments, UK) and are artificially coloured.    

The comet assay was first introduced by Ostling and Johanson in 1984 (Ostling & 

Johanson 1984) as a neutral assay in which the lysis and electrophoresis were done 

under neutral conditions which only allows the detection of double strand breaks 

(DSBs) in the DNA. Later the alkaline method was developed Singh (Singh et al. 

1988) which,  depending on the alkalinity of the unwinding buffer, can detect both 

DSBs and single strand breaks (SSBs; pH 12.1) or  DSBs, SSBs and alkali labile 

sites (ALS; pH 13) (Dhawan, Bajpayee, & Parmar 2009). There are various methods 

of scoring comets from visual banding of the comets based on an arbitrary scale 

through to expressing damage in terms of tail moment. Tail moment is a figure 

generated from the tail length (shown as length the red trace on the graph in figure 

2.1) multiplied by percentage DNA in the tail region.  

The assay protocol is as follows. After treatment of in vitro cultured cells, the media 

was removed, the cells washed three times with 1 ml of ice-cold sterile saline and 

trypsin-EDTA added (100 µl; 3%) to the culture plate. The cells were incubated at 
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37°C for 5 minutes and re-suspended in 1.5 ml of 0% Roswell Park Memorial 

Institute 1640 (RPMI) media to stop the action of the trypsin.  

For those cells harvested directly from the peritoneal cavity of mice; female 

C57BL/6 mice were humanly culled via CO2 asphyxiation and cervical dislocation. 

To reduce the numbers of inflammatory cells the peritoneum was lavaged three times 

using 2 ml washes of sterile ice-cold saline. The surface of the diaphragm was then 

scraped using a sterile cell scraper and washed to remove cells. The cells were kept 

on ice prior to commencement of the comet assay which for both in vitro and in vivo 

methods was as follows. Approximately 7500 cells were suspended in 0.5% low 

melting point agarose (Sigma-Aldrich, Poole, UK) warmed to 37°C and pippetted 

onto a glass slide precoated with a thin layer of 1.5% normal agarose (Sigma-

Aldrich, Poole, UK) to aid adherence. A coverslip was added and the slides placed 

on ice to set the agraose prior to removal of the coverslip. The prepared comet slides 

were then placed in an ice-cold saline lysing solution (see appendix 2 for details) 

supplemented with 1% Triton X-1 and 20% Dimethyl Sulfoxide (DMSO) for a 

minimum of 2 hrs in the dark at 4°C. Slides were then rinsed in ice-cold dH2O before 

being transferred to a masked electrophoresis tank containing ice-cold running buffer 

consisting of 1 mM ethylenediaminetetraacetic acid (EDTA) at pH 13. The 

submerged slides were allowed to unwind for 40 minutes prior to electrophoresis at 

23V, 300 mA for 20 minutes in the dark. The slides were removed and washed with 

a neutralization buffer containing 0.4 M Tris at pH 7.5 and dehydrated in neat 

ethanol and dried for storage prior to scoring. Stored slides were rehydrated using the 

nucleic acid stain ‘gel red’ (Biotium Inc., California, USA) and 100 cells scored per 

slide using Comet IV software (Perceptive Instruments, UK) to quantify %T.  

2.3.4.4 Cytokine ELISA 

Lavage levels of interlukin-6 (IL-6) were established using ELISA DuoSet kit (R&D 

systems, Abingdon, UK). Ninety-six well microtitre plates (Corning) were incubated 

overnight at 4°C with 100 µl a coating antibody raised against mouse IL-6. The 

plates were washed 3 times with 0.05% Tween-20 in phosphate buffered saline 

(PBS; pH 7.2) and any non-specific binding sites were blocked using reagent diluent 
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(1% BSA in PBS; R&D systems, Abingdon, UK) for 1 hour  at room temperature 

prior to further washing and addition of test samples/ standards (100 µl) in triplicate. 

After 2 hr incubation at room temperature, the plates were washed and 100 µl 

biotinylated detection antibodies added to each well followed by further 2 hr 

incubation. Following a further washing step, streptavidin conjugated to horseradish 

peroxidise (HRP) was added to each well (100 µl) for 20 minutes. The streptavidin 

bound any present biotin remaining in the well which was in turn associated to the 

secondary antibody which in turn was bound to any detected IL-6 protein. After 

washing, the addition of a 3,3’,5,5’-tetramethylbenzidine (TMB) substrate solution 

(Sigma-Aldrich, Poole, UK) leads to a catalytic reaction with any remaining HRP 

forming an intense blue colour. The subsequent reaction was stopped with 0.5 M 

H2SO4, resulting in a yellow colour, and read at 450 nm. Sample concentrations of 

IL-6 were established via extrapolation from a recombinant IL-6 protein standard 

curve. 

Proteome Profiling 

In order to profile the nature of the response in the peritoneal cavity of mice exposed 

to inflammatory fibres, a mouse proteome profiler array (R&D Systems Inc., 

Abingdon UK) was used. This assay consisted of an array of 39 capture antibodies 

raised against a range of cytokines and chemokines (shown in table 2.1) spotted in 

duplicate onto a nitrocellulose membrane, blocked to reduce non-specific binding. 

The membrane was then incubated overnight at 4°C on a rocking platform with 

mouse peritoneal lavage fluid (1st wash), washed and mixed with biotinylated 

detection antibodies. The membranes were then washed three times using wash 

buffer and incubated with a streptavidin-HRP detection label for 30 minutes. The 

blot was developed using ECL plus (GE Healthcare Life Sciences, Buckinghamshire, 

UK) chemiluminescent detection reagent and exposed to autoradiography film 

(Kodak BioMax MR; Sigma-Aldrich, Poole, UK) and developed using a Konica 

SRX-101A medical film processor (Med Imaging Ltd, Glasgow, UK). The resultant 

developed film was scanned and the pixel density of each array spot was quantified 

using ImageJ software (1.42q, National Institutes of Health, USA). The results were 

expressed as fold increase in spot intensity over vehicle control treated animals.     
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Table 2.1: Mouse proteome cytokine array target proteins  

BCA‐1  IL‐4 M‐CSF 
C5a  IL‐5 MCP1
G‐CSF  IL‐6 MCP5
GM‐CSF  IL‐7 MIG
I‐309  IL‐10 MIP‐1 alpha 
Eotaxin  IL‐12 p70 MIP‐1 beta 
ICAM‐1  IL‐13 MIP‐2
IFN‐gamma  IL‐17 RANTES 
IL‐1 alpha  IL‐23 SDF‐1
IL‐1 beta  IL‐27 TARC
IL‐1 ra  IP‐10 TIMP‐1 
IL‐2  I‐TAC TNF‐alpha 
IL‐3  KC TREM‐1 

 

2.4 IN VIVO EXPERIMENTS 

All in vivo work was carried out by staff holding a valid Home Office personal 

licence (Licence No. 60/10874) under a Home Office approved project licence 

(Licence No. 60/3156).  

All animals used in this study were female C57BL/6 mice aged 8-12 weeks weighing 

approximately 25g obtained from Harlan (UK). Female animals were used because 

group housed male animals had a tendency to fight resulting in serious bullying 

wounds requiring euthanasia. 

Animals were group housed in standard caging with sawdust bedding, environment 

enrichment with free access to sterile water and food within a pathogen-free Home 

Office approved facility. Animals were maintained on a normal 12 hr light and dark 

cycle and were allowed 7 days to acclimatise prior to study commencement. Post 

exposure animals were subject to daily checks for signs of distress or welfare issues.   

2.4.1 Intraperitoneal Injection 

The administration of substances intraperitoneally was performed only on single 

occasions and with varying post-injection recovery periods (24 hrs–6 months). 

Animals were humanly restrained via ‘scruffing’ to expose the abdomen prior to 

injection into the mid abdomen with a total volume of 0.5 ml without aesthetic. 

Animals were immediately placed back into their cage and monitored to ensure 

resumption of normal behaviour.   
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2.4.2 Pharyngeal Aspiration 

Animals were anesthetised using Isoflurane (2-chloro-2-(difluoromethoxy)-1,1,1-

trifluoro-ethane) and monitored until fully unconscious. The mice were then held and 

the tongue gently held at full extension to allow access to the throat. A 50 µl bolus of 

test sample was pipetted to the base of the tongue and the animal were stimulated to 

inhale via covering of the nasal cavities to induce a gasp reflex and held until several 

breaths had occurred (Rao et al. 2003). The animal was then placed immediately 

back into the cage and further observed until a full recovery had occurred prior to 

resumption of group housing for the duration of the experiment.   

2.4.3 Lavage 

Peritoneal Lavage 

At each time point the mice were sacrificed by CO2 asphyxiation or cervical 

dislocation. An incision was made into the skin of the animal at the base of the 

abdomen with care taken not to pierce the abdominal wall. The skin was then 

carefully removed to exposed the underlying tissue as shown in figure 2.4. The 

peritoneum was then lavaged three times using 2 ml washes of sterile ice-cold saline 

injected into the right flank of the basal portion of the abdomen. The abdominal 

cavity was then agitated to ensure the flow of liquid throughout the cavity and the 

resultant lavagate removed using a 21G needle drawn to the side of the animal to 

form a gap away from internal organs into which lavage fluid would pool (figure 

2.4). 
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Figure 2.4: Abdominal portion of a culled mouse undergoing peritoneal lavage.  

Three washes were shown to be sufficient to allow the removal of 90% of free 

floating peritoneal cells by exhustative lavage (appendix 4). The lavages were pooled 

together and placed on ice for the entire duration of the processing. For the detection 

of lavage cytokines/ chemokines, a single 2 ml wash was performed and the lavagate 

placed on ice.  

Bronchoalveolar Lavage 

At each time point, the test subjects were sacrificed by terminal anaesthesia using an 

intraperitoneal injection with 0.5 ml of pentobarbitone (200 mg/ml) followed by 

exsanguination via the abdominal aorta. The thoracic cavity was exposed via 

removal of the diaphragm and cutting of the right portion of the rib cage and through 

the clavicle to expose the trachea. An incision was made in the trachea with a scalpel 

blade and cannulated using a 21 gauge needle and legated with suture. The lungs 

gently inflated using 1 ml of ice-cold sterile saline and agitated. The lavage was then 

gentle withdrawn to avoid rupture of blood vessels and placed on ice. The lungs were 

lavaged a total of three times using 1 ml washes, with the first wash kept separately 

on ice and the subsequent washes polled. All lavages were placed on ice for the 

entire duration of the processing.  
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Lavage Fluid Processing 

After collection (and within 2 hrs), the lavage fluid was centrifuged at 123g for 5 

minutes at 4°C in a Mistral 3000i centrifuge (Thermo Fisher Scientific, Inc., MA, 

USA). An aliquot of the resultant supernatant was retained for total protein 

measurement via the BCA protein assay, and the remaining supernatant was 

discarded. The cell pellet was gently re-suspended in 0.5 ml of 0.1 % BSA/ sterile 

saline solution to buffer the cells and kept on ice. A total cell count was then 

performed using a NucleoCounter (ChemoMetec, A/S, Allerød, Denmark).  

Cytocentrifugation preparations were made by placing ~40,000 cells into a cytology 

funnel with 300 µl of 0.5 ml of 0.1 % BSA/ sterile saline solution. The funnel was 

clipped to a glass slide with a Shandon filter card (Thermo Scientific, UK) and 

centrifuged at 300 rpm using a Cytospin 4, cytocentrifuge (Thermo Scientific, UK). 

The slides were allowed to air dry followed by fixation of the cells with 100% 

methanol and staining using Diff Quik. Differential cell counts were performed on 

cyto-centrifugation preparations, counting a minimum of 300 cells.   

2.4.4 Necropsy 

2.4.4.1  Diaphragm 

Following sacrifice and peritoneal lavage the abdominal wall of the animal was 

dissected free, exposing the peritoneal cavity via a midventral incision with lateral 

incisions extending to the veterebral column, which was then severed below the 

diaphragm. The falciform ligament connecting the diaphragm and liver was severed, 

as was the aorta and psoas muscle which extend through the diaphragm into the 

peritoneal cavity. The diaphragm was then carefully removed by cutting through the 

ribs and chest wall with care taken not to puncture the diaphragm. The free 

diaphragm was, at this stage, still attached to the excised portion of the rib cage as 

shown in figure 2.5 to prevent the diaphragm tissue contracting under elastic tension. 
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Figure 2.5: Excised mouse diaphragm. Shown is the peritoneal aspect of the diaphragm of a C57BL/6 

female mouse. The top of the image shows the xiphoid process (cartilage) extending from the 

sternum. The surrounding ribs and coastal cartilage hold the diaphragm taught and shows clearly the 

central tendonous region (clear window) which extend down to the right and left leaflet. This tendon 

region is surrounded on all sides by a ring of muscular tissue. At the base of the diaphragm is the 

spinal column which has been severed. Above this is the psoas muscle and to the left of which is the 

aorta extending into the abdominal cavity.     

The diaphragm was gently rinsed three times by emersion in ice-cold sterile saline 

and placed overnight into methacarn fixative (60 % methanol, 30 % chloroform and 

10 % glacial acetic acid) for histological processing or 3 % glutaraldehyde/ 0.1 M 

sodium cacodylate (pH 7.2) buffer for SEM. 

Spinal Column

Aorta

Xiphoid Process

Psoas Muscle

Central Tendon

Costal Cartilage
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Lung 

As before, at each time point the mice were sacrificed by terminal anaesthesia using 

an intraperitoneal injection with 0.5 ml of pentobarbitone (200 mg/ml) followed by 

exsanguination via the abdominal aorta. The thoracic cavity was exposed, and the 

trachea cannulated using a 21 gauge needle and ligated with clinical suture. The 

trachea was severed above the cannula and the lungs carefully dissected away from 

thoracic cavity with both the heart and lungs removed on-block. The lungs were then 

attached via the cannula to a 10 ml syringe and methacarn fixative added at a 

hydrostatic pressure of 20 cm H2O. The trachea was then fully ligated and the 

cannula removed prior to full submersion of the lungs and heart in methacarn fixative 

for a period of 24 hrs. After 24 hrs the lungs were removed from the fixative and 

each lobe dissected free prior to histological processing.  

2.4.5 Histology 

Light Microscopy 

2.4.5.1.1 Diaphragm  

After overnight incubation in fixative, the diaphragm tissue was no longer elastic and 

could be carefully excised from the surrounding ribs without collapsing and was 

processed for either histological or SEM analysis. Once removed from the ribs, the 

same full width section of the upper quadrant of the diaphragm was removed from 

each animal sampled (Fig. 2.5). As previously described (Poland et al. 2008) the 

diaphragm section was dehydrated through graded alcohol (ethanol) and imbedded 

on-edge in paraffin, with 4 µm sections of the diaphragm made. Sections were 

stained with H&E stain to show gross pathology and Pico-Sirius Red (PSR) red to 

show collagen deposition (red stain).  
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Figure  2.6: A  schematic  diagram  of  the  area  of  sample  from  the  peritoneal  aspect  of  a mouse 

diaphragm. 

2.4.5.1.2 Lungs  

After fixation, the heart was removed and discarded whilst the individual lobes of the 

lung were dissected free and placed flat in a tissue cassette. As before, the lung tissue 

was dehydrated through graded alcohol (ethanol) and imbedded in paraffin with 4 

µm sections cut so as to encompass all lobes of the lung. Sections were stained with 

H&E stain to show gross pathology and PSR to show collagen deposition (red stain) 

and serial images taken at x100 magnification using QCapture Pro software (Media 

Cyberbernetics Inc., MD, USA). The images were seamlessly re-aligned using 

Adobe Photoshop CS3 Version: 10.0.1 (Adobe systems Inc.) to show and entire 

section of the lung. 

Measurement of Diaphragm Lesion Size  

Serial images along the diaphragm length were taken at x10 magnification using a 

Zeiss Axioskop microscope fitted with a Micropublisher 3.3 RTV camera using 

QCapture Pro software (Media Cyberbernetics Inc., MD, USA) and seamlessly re-

aligned using Adobe Photoshop CS3 Version: 10.0.1 (Adobe systems Inc.) to show 

the entire diaphragm section. Using calibrated software (Image-Pro Plus, Media 

Cybernetics Inc., MD, USA) the total length of each diaphragm along the basement 
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membrane was measured in order to adjust for any differences in size between 

diaphragms. Any areas of granulomatous tissue, identified by histology as 

lymphocytic aggregates adhering to the diaphragm surface (excluding areas of liver, 

connective tissue or lymphatic tissue), were measured using the same software. 

Granuloma area on each diaphragm was calculated in mm2 per unit length of 

diaphragm (in mm) to yield granuloma area per unit diaphragm length (mm2/mm).  

Electron Microscopy 

2.4.5.1.3 Scanning Electron Microscopy (SEM) 

The excised diaphragm was stained with 1% osmium tetroxide in 0.1 M sodium 

cocodylate prior to critical point drying, mounted on a pin stub and gold sputter 

coated before examination by scanning electron microscopy (SEM) using an Hitachi 

S-2600N digital scanning electron microscope (Oxford Instruments). 

2.4.5.1.4 Transmission Electron Microscopy (TEM) 

MET-5A were grown on 200 µm cell culture treated Thermanox coverslips (Nunc 

A/S, Roskilde, Denmark) at a seeding density of 71,250 cells per well into a 24 well 

plate (0.5 ml total volume) in 10% FCS supplemented media (2 mM L-Glutamine 

and 100U/ml Penicillin/ Streptomycin). Treatments were performed as previously 

described and the cells fixed in 3% glutaraldehyde/ 0.1 M sodium cacodylate buffer, 

pH 7.3 overnight at 4°C. The coverslips were then washed three times in cold 0.1 M 

sodium cacodylate buffer. The specimens were then subsequently postfixed in 1% 

osmium tetroxide in 0.1 M sodium cocodylate prior to washing in sodium cocodylate 

buffer. Samples were dehydrated in an ascending acetone series and finally 

embedded in araldite resin sectioning. Sixty nanometre sections were cut using a 

Reichert OMU4 ultramicrotome (Leica Microsystems UK) and stained with uranyl 

acetate and lead citrate. Samples were viewed using a Philips CM12 Transmission 

Electron Microscope (FEI UK Ltd., Cambridge, UK) 

2.5 EVALUATION OF BIOPERSISTENCE 

The biopersistence of fibre samples was established using a method previously 

described (Donaldson 1994; Gerde & Scholander 1988; Luoto et al. 1994) based on 

the use of a physiological extra cellular fluid describe by J.L. Gamble (Gamble 
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1964). A full description of the Gambles solution components is given in Appendix 

5. The pH of the Gambles solution was adjusted to pH 4.5 and the pH readjusted 24 

hrs later.     

Fibre samples each were weighed into 7 ml plastic bijou tubes using a Sartorius 

R180D balance (Sartorius AG, Goettingen, Germany) and Gambles solution (see 

appendices 2 for composition) was added to each sample to a final concentration of 

0.5 mg sample/ml. All samples were sonicated (Fisherbrand FB11002, 40kHz) prior 

to mixing for 2 hrs at room temperature. The samples were agitated by inversion of 

the tubes every 2 days and during extended time points, every 3 weeks the sample 

was removed, centrifuged at 492g for 10 minutes and the Gambles solution removed. 

The sample was then resuspended in fresh Gambles.  

 Upon cessation of the experiment, samples were filtered onto pre-weighed PVC 

filter papers (5.0 m pore size, 25 mm diameter, Skc Inc) pre-wetted with 10 ml of 

ddH2O under vacuum using a membrane filter holder for vacuum filtration 

(Whatman, UK). The sample was washed three times with 10 ml of ddH2O and 

placed into a plastic cassette. The samples were left to dry and acclimatise at room 

temperature for five days, and then weighed to 0.01mg. 

2.6 STATISTICAL ANALYSIS 

All data was analysed using GraphPad Prism 5 (Version 5.03; GraphPad Software 

Inc. USA). Results were expressed as the mean + s.e.m. and multiple comparisons 

were analysed using one-way analysis of variance (ANOVA) with a Tukey-HSD 

method post-test and two sample comparisons were made using the Student's t-test. 

In all cases, values of P < 0.05 were considered significant. Due to the well 

documented challenges associated with analysing comet assay data, the approach of 

Lovell & Omori (2008) was taken whereby a median comet tail moment was 

calculated within each treatment and these replicate values where expressed as a 

median as a measure of central tendency.   
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CHAPTER 3 – THE FIBRE 
PATHOGENICITY OF CARBON 
NANOTUBES  
3.1 ACKNOWLEDGEMENTS 

The carbon nanotube sample NTlong2 was synthesised by Dr Ian Kinloch of the 

University of Manchester during his tenure at the University of Cambridge. The 

NTlong1 sample was graciously gifted by Mitsui & Co and the nanoparticulate carbon 

black sample Printex 90 was gifted by Evonik Degussa GmbH, Düsseldorf, 

Germany. The experimental design was performed by me with input from Prof. Ken 

Donaldson and Dr Rodger Duffin. 

3.2 AIMS AND HYPOTHESIS 

As a new form of industrial fibre, carbon nanotubes may pose the same toxicological 

hazard as asbestos if inhaled. As described in Chapter 1, the toxicity of a fibre or lack 

of can be explained by the FPP which is based upon certain attributes that contribute 

to the overall toxicity of a fibre. Of these attributes, exposure to the compound is one 

crucial step leading to a build up of dose. The other is the role of length and diameter 

which dictate whether a particle is inhalable and if it is likely to frustrate cell 

mediated clearance. The final attribute which forms the FPP is the durability of the 

fibre in question. In Chapter 4 we test the durability of carbon nanotubes but in this 

chapter our aim is to establish if carbon nanotubes display a length dependent 

pathogenic behaviour, a hallmark of the FPP.   

Based on the importance of length/width of a fibrous particle to its toxicity, we 

would hypothesise that, like asbestos, those CNT that form long (>15-20 µm), thin 

(<3 µm) fibres will generate inflammation. Due to the ability of the biological system 

to clear small particles, those CNT which are sufficiently small or compact may be 

successfully cleared for the site of introduction and will not cause inflammation. To 

this aim we developed a panel of different test and control particles in order to test 

the hypothesis which is shown below: 
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Table 3.1: Particle Panel 

Particle  Abbreviation Rational

Long fibre amosite asbestos  LFA A long pathogenic asbestos fibre sample known 
to cause mesothelioma in animals 
 

Short fibre amosite asbestos  SFA A shortened version of LFA, created by ball 
milling to pulverise the long fibres to form a 
compact, non‐fibrous sample 
 

DQ12* quartz  DQ12 A non‐fibrous yet highly pathogenic particulate 
known to cause fibrosis in the lungs of man and 
animals 
 

Printex 90 carbon black   NPCB A compact, spherical graphene nanoparticle 
with a similar bulk chemistry to that of CNT   
 
 

Nanolab, Inc. MWCNT 1‐5 µm  NTTang1 A commercially available MWCNT sample 
formed by CVD and then cut by a proprietary 
process to form nanotubes 1 – 5 µm in length. 
The sample is highly curled so forms a compact 
particle irrespective of fibre length. 
 

Nanolab, Inc. MWCNT 5‐20 µm  NTTang2 A commercially available MWCNT sample 5 – 20 
µm in length formed by CVD. The sample is 
highly curled so forms a compact particle 
irrespective of fibre length. 
 

Mitsui MWCNT NTLong1 A commercially available MWCNT sample 
formed by CVD. The fibres are of intermediate 
length but straight so forming an intermediately 
long CNT fibre sample 
 
 

Kinloch MWCNT NTLong2 A sample consisting of predominantly >20 µm 
MWCNT formed by CVD in a research 
laboratory (not commercially available).  
 

*Standard Quartz  reference material  (‘Ground  Product No.  12’ Döretruper  Sand‐ und  Thonwerke 

GmBH) 

3.3 RESULTS 

3.3.1 Particle Characterisation 

Proper characterisation and description is increasingly important in nanotoxicology 

as we strive to make links and draw conclusions about role various structures, 

contaminants and nanoparticle attributes may play in the toxicology of a particle. As 

such the particles within the panel have been as comprehensibly described as 

possible using those methods available. 
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Particle Morphology 

Figure 3.1 (I) displays representative images of the fibre panel via TEM of the 

particles dispersed using a solvent (isopropanol) prior to imaging. The reason for this 

was to establish as efficiently and accurately as possible the primary particle 

structure for morphphology and particle sizing. In addition, dispersion in the 

dispersion media was incompatible with electron microscopy as the protein formed a 

layer over the particles masking them (in the case of SEM) and caused artifactual 

aggregation as the proteinacous solution dried. However the second panel in figure 3 

(II) shows representative bright field microscopy images of the particle panel 

dispersed in 0.5% BSA/ saline (dispersion media) and glycerol (to reduce particle 

movement for imaging). A brief description of the macroscopic structure of the bulk 

sample and a description of the microscopic structure of the panel is shown in table 

3.2 and a summary of the main fibre attributes for the long fibre samples are shown 

in table 3.3.   

From the physical structure demonstrated in figure 3.1 it was possible to group the 

panel into those containing fibres (+) based on the WHO criteria (WHO 1997) of a 

length greater than 5 µm, width less than 3 µm and an aspect ratio greater than 3:1, 

and those which do not (-). The graphene control particle NPCB contained small 

spherical aggregates consisting of bundles of the primary 14 nm particles. The two 

forms of tangled nanotubes were NTTang1 and NTTang2 which, despite difference in the 

primary nanotube length (i.e. tube end to end) as described by the manufacturer, 

these both formed spherical aggregates. This was due to the large proportion of 

structural defects causing the CNT to curl markedly and aiding their entanglement as 

shown in figure 3.1. Due to the spherical nature of these aggregated forms, 

irrespective of their nominal length as described by the manufacturer (NTTang1 1-5 

µm, NTTang2 5-20 µm), neither sample met the fibre criteria with a mean aspect ratio 

of 0.96 and 0.98 of the NTTang1 and 2 samples respectively. As such these samples 

were not counted on the size distribution analysis shown in figure 3.2.  
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Figure 3.1.: Particle panel morphology. The physical structure of fibres/ particulates used, are shown 

in panel (I) by TEM showing the presence (+) or absence (-) of long fibres (scale shown on image) 

and by bright field microscopy at x1000 magnification (II). 
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The final non-fibrous sample used was short fibre amosite asbestos (SFA). This 

sample was formed from a ball-milled aliquot of the LFA sample in order to 

pulverise and fragment any long fibres. The result is a sample of amosite asbestos 

that is predominantly non-fibrous with only 9.9% of fibres 10 µm or longer. The 

TEM image shows small loose bundles of short, rod-like particles which dispersed 

easily.  

Table 3.2: Gross Morphology of Fibre Panel

  Description
Sample  Macroscopic

 (dry sample) 
Microscopic 

LFA  A silvery‐grey fibrous material. The fibres 
aggregated into wool‐like bundles and 
had to be teased apart 
 

Long singlet fibres ranging in length from 
several microns to over 100 µm.  
 

SFA  Dense and compacted grey powder 
ranging coarse granules of aggregated 
material to fine particles 

Short fragments of crystalline particles 
ranging in size and shape from roughly 
symmetrical to elongated fibres (< 5 
µm). 
 

NPCB  Dense black powder of very fine material
 

Spherical dark particles forming loose 
chains and aggregates 
 

NTTang1  Dense black powder of very fine material 
and non‐fibrous in appearance  
 

Short NT forming tightly packed 
spherical agglomerates a large 
proportion of which are in the respirable 
size range < 5 µm, with frayed edges of 
singlet nanotubes. 
 

NTTang2  Dense black powder containing larger, 
coarser material that than the NTTang1 
sample and non‐fibrous in appearance  
 

Bundles of intermediate length NT. 
Often stellate in form with longer fibres 
protruding from the central tangled 
agglomerate a large proportion of which 
are in respirable size range <5 µm.   
 

NTLong1  A light and dusty black material with a 
fibrous appearance forming loose 
bundles 

Dispersed bundles and singlets of long 
and intermediate length NT, ranging 
from <5 µm to 20 µm. Many very short 
fibres often decorate the long fibres. 
 

NTLong2  A black fibrous material forming needle 
like bundles and flakes. The sample was 
non‐dusty 

Regular, bundles and ropes of NT with a 
fairly constant length and diameter. 
Typically single ropes of tubes are more 
than 20 µm in length. 
 

 

The long fibre control particle LFA contained many long fibres with 64.8% of fibres 

10 µm or longer and 50.4% longer than 15 µm as shown in figure 3.2. the sample 
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consisted of predominantly long, straight singlet fibres and loose bundles of fibres 

which dispersed readily with sonication. Both of the amosite samples were tested for 

the presence of endotoxin contamination and both were below the detection limit of 

the assay (<10 pg/ml). 

 Of the two fibrous CNT samples NTLong1 and NTLong2, the latter sample contained 

the greatest proportion of long fibres (68.60% fibres greater than 20 µm as compared 

to 10.08% with the NTLong1 sample) and both contained significant numbers of WHO 

fibres (>87%). This difference in length characteristics can be seen in figure 3.1 the 

very long and very fibrous nature of NTLong2 is shown the TEM images of this 

sample. These long, thread-like nanotubes appear to form nano-ropes as the fibrous 

nature is still clearly visible under bright-field illumination (x100 magnification) as 

shown in the right hand panel. This would indicate that the fibres and larger than the 

primary particle size described below in table 3.3 as fibres below 0.2 µm in diameter 

would be beyond the limit of resolution under bright field illumination. A brief 

summary of the attributes of the carbon nanotubes samples is shown in table 3.3 for 

side-by-side comparison. 
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Table 3.3: Summary of the Nanotube Panel Attributes 

Classification 

NT tang 1  NT tang 2  NT long1  NT long2 

Source 

NanoLab, Inc. 
(MA, USA) 

NanoLab, Inc. 
(MA, USA) 

Mitsui & Co Ltd. 
(Tokyo, Japan) 

Dr Ian Kinloch
(University of 
Manchester) 

Diameter as supplied by the manufacturer (nm mean±sem) 

15±5  15±5  40‐50  20‐100 

Diameter as determined by author (nm mean±sem) 

15±0.5  10±0.3  85±2  165±5 

Length as supplied by the manufacturer (µm) 

Range 1‐5  Range 5‐20  Mean 13  Max 56 

Percentage fibres greater than 15 µm  

‐  ‐  21  89 

Percentage fibres greater than 20 µm  

‐  ‐  10  69 

Endotoxin (pg/ml) * 

BDL  BDL  BDL  BDL 

 

BDL= Below Detection Limit; 

 ‐ The presence of long fibres could not reliably be determined;  

* Endotoxin detection limit <10 pg/ml 

Adapted from Poland et al. 2008 

Particle Size Distribution 

The size distribution for each of the samples utilised was established using a range of 

available techniques, consisting of light microscopy (bright field and phase contrast), 

TEM, SEM, and dynamic light scatter (DLS). The NPCB sample analysed was non-

fibrous in nature and formed small chain-like aggregates which were 85 ± 7 nm in 

size as assessed by DLS within standard vehicle (0.5% BSA/ sterile saline). The size 

distribution of LFA and SFA samples were based upon historical sizing performed 

with the Institute of Occupational Medicine using phase contrast fibre analysis. This 

method is suitable for asbestos fibre analysis because asbestos fibres are readily 

visible by light microscopy and this is the internationally recognised method for 

asbestos fibre counting. However this technique was not suitable for CNT size 

distribution analysis and as such a range of techniques was employed. Initially DLS 
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was employed in an attempt to gauge the size distribution of the fibre samples used 

in this study but this was found to be inappropriate. DLS works on the scattering of 

light from a laser beam by a particle (Rayleigh scattering) in solution as registered by 

a detector set at a 90° angle from the source. The sample is heated causing the 

particles to move in solution via Brownian motion which cause fluctuations in light 

intensity caused by the scattering particle and registered by the detector, from which 

a size can be calculated. In order to calculate the size of the particles in solution, 

certain algorithmic assumptions must be made of which the most pertinent to this 

application of the technique, is that the particle is a perfect sphere. If we consider a 

particle in solution; it is able to move on a 3 dimensional axis within the fixed laser 

beam. For a spherical particle this is inconsequential as it is identical on all axis of 

rotation. However a fibre is not and as such may present many different size profiles 

depending on the angle of rotation, such as appearing end-on and therefore 

displaying a very small size based on the fibre diameter vs. appearing side-on and 

therefore as a large particle based on its length and everything in-between (with a 

resultant very large polydispersity). The result is that DLS is not suitable for the 

measurement of fibres in solution. The most suitable method is cryogenic 

transmission electron microscopy but this was unavailable at the time of study.     

As such those measurements made represent the best available techniques to 

establish a size distribution of carbon nanotubes but should not be considered as 

refined, nor as rigorous as that used for conventional fibre sizing with larger fibres.  

As previously described, the NTTang samples were seen in tangled aggregates ranging 

in size, complexity and density of fibre packing. Figure 3.3 demonstrates two forms 

of aggregates of NTTang2. Due to the low density of the CNT and web-like structure 

of aggregates, these particles may indeed have a low aerodynamic diameter (Dae) 

which would facilitate their respirability. It is however out-with the scope of this 

project to determine the specific Dae of various forms and aggregations of CNT but 

this information is important in determining the relative hazard and risks from CNT 

exposure. Instead we shall use the basic size contention to establish respirability (i.e. 

< 3 µm diameter) but understood that CNT aggregates larger than this may indeed be 
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respirable. As such of those two aggregates of NTTang2 shown in figure 3.2, we would 

regard image 3.2 I as non-respirable and 3.2 II as respirable (although not a fibre).   

         

 

 Figure 3.2.: Scanning election micrograph of NTTang2 carbon nanotubes. NTTang2 carbon nanotubes 

were suspended in Iso-2-Propanol and sonicated in an ultrasonicating water bath prior to being filter 

from solution onto a PVC filter. Samples were allowed to dry, gold sputter coated and visualised 

under SEM. 

 

As the NTTang samples formed spherical or elongated aggregates, the maximal length 

and minimal diameter was measured wherever possible. The aspect ratio of the 

aggregate was calculated and in those cases where it exceeded a 3:1 length to width 

ratio, the length was checked to see if it was longer than 5 µm and therefore 

classified as a fibre under the WHO specification (WHO 1997). Of the particles 

analysed, none displayed an aspect ratio greater than 3:1 with a large proportion of 

particles possessing an aspect ratio <1.5:1 (93% of NTTang1 and 87% of NTTang2). As 

such the NTTang samples were excluded from the size distribution graph shown in 

figure 3.3 as these samples only consisted of spherical, non-fibrous aggregates.  
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Figure 3.3.: Size distribution of fibrous asbestos and carbon nanotube samples.  

As shown in figure 3.3, the SFA sample consisted of a very low incidence of WHO 

classified fibres and only 4.46% of these were within the range of long (>15 µm) 

fibres. This contrasted with the LFA sample which contained 50.36% of fibres 

greater than >15 µm. Of the two forms of fibrous carbon nanotubes, within the 

NTLong1 sample 87.39% of the particles were classifiable as fibres and it contained a 

moderate proportion of long fibres >15 µm (21.01%). The NTLong2 sample contained 

a similar proportion of WHO classified fibres (89.26) but a substantial proportion of 

these were long fibres (75.21%). In terms of the proportion of long fibres, the particle 

panel could be ranked in order of lowest to highest proportion of fibres >15 µm in 

the following order: 
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1. NPCB 

2. NTTang1 

3. NTTang2 

4. SFA 

5. NTLong1 

6. LFA 

7. NTLong2   

 

Of the CNT samples used, only a size distribution of NTLong1 has been reported 

within the peer reviewed literature. Within the study of Porter et al. 2010, the authors 

reported a median length of 3.86 µm whilst our analysis showed a median length of 

10.30 µm. The difference in measurements could be due to differences in preparation 

methods prior to sizing such as sonication method, which at high power can fracture 

and shorten CNT and was avoided within our study. In addition, it may be possible 

that the NTLong1 sample is particularly susceptible to shortening. Indeed within 

Chapter 4, an investigation of the durability of NTLong1 CNT found that the sample 

rapidly lost an appreciable proportion of its mass (~30%) in an acidic environment 

(pH 4.5) whilst other CNT samples did not. This may suggest that the NTLong1 is 

more fragile and possibly more susceptible to damage and breakage during 

preparation.  

A further source of variability within the sizing methods used within this study and 

that of Porter et al. is that Porter et al. state that they did not measure CNT which had 

formed nanoropes as it was impossible to determine how many individual CNT 

composed the nanoropes. As such, the size distribution would only be reflectant of 

the subset of single CNTs within the sample rather than all the structures formed. 

Our sizings were performed on all structures within the sample, including 

agglomerates so as to give as accurate as possible reflection of the fibre sizes (singlet 

CNT or nanoropes) within the entire sample. Therefore the disparity in results may 

Contains no WHO classified fibres 
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stem from our evaluation of the entire sample in comparison to the Porter et al. 

results which show only the length of the subset of singlet CNT. 

Particle Chemistry 

The importance of contaminating transition metals in driving particle toxicity has 

been well established and is understood for numerous particles including welding 

fumes and asbestos (Fubini & Mollo 1995; Gilmour et al. 1996;McNeilly et al. 

2004). As such it was important for us to fully characterise the level of transition 

metal contaminants within all of the particles used. This was done using inductively 

coupled plasma - optical emission spectroscopy (ICP-OES) performed at the Institute 

of Occupational Medicine. The total proportion of metal contaminants was 

established using acid digestion of the particles in HNO3 prior to measurement. The 

total level of metal contaminants for Cadmium (Cd), Cobalt (Co), Chromium (Cr), 

Copper (Cu), Iron (Fe), Manganese (Mn), Nickel (Ni), Titanium (Ti), Vanadium (V) 

and Zinc (Zn) is shown below:        

 

Table 3.4: Acid (total) extraction of metal contaminants 

  Metal Concentration (µg/g) 

Sample  Cd  Co  Cr  Cu  Fe  Mn  Ni  Ti  V  Zn 

NPCB  ND  ND   0.8  16.2  58.6  0.7  ND  0.8  0.3  23.7 

SFA  0.8  203.6  52.1  81.8  18140  1369  ND  181.1  1.0  118.0 

NTTang1  ND  5.7  23.4  105.2  17600  20.8  53.2  4.4  ND  32.2 

NTTang2  ND  44.1  ND  69.4  11600  12.6  ND  3.9  ND  30.3 

LFA  0.1  1.2  2.8  25.3  354.7  5.6  ND  35.4  ND  21.7 

NTLong1  ND  114.5  10.0  27.7  3426.9  9.2  ND  5.4  ND  19.6 

NTLong2  ND  5.6  3.5  49.8  8477  8.1  3.3  0.8  ND  113.3 

The limit of detection for metals by this method is 0.1µg/g 

As well as understanding the quantity of total transition metals within our particle 

panel, it is also important to understand the level of transition metals which are 

released in a normal aqueous solution. The soluble component of the contaminating 

metals is more likely to become bio-available as such an acidic environment required 
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to release non-soluble metals is only likely to be encountered within a cell 

phagolysosome. The level of soluble metals is given below:     

 

Table 3.5: Aqueous (soluble) extraction of metal contaminants

  Metal Concentration (µg/g) 

Sample  Cd  Co  Cr  Cu  Fe  Mn  Ni  Ti  V  Zn 

NPCB  <0.1  0.3  <0.1  0.2  0.1  <0.1  2.6  0.2  0.1  0.1 

SFA  <0.1  2.1  <0.1  3.1  574.0  36.3  18.4  31.5  3.1  10.5 

NTTang1  <0.1  3.7  0.2  5.1  7.9  0.4  9.7  0.7  <0.1  5.5 

NTTang2  <0.1  <0.1  <0.1  1.0  13.4  <0.1  5.0  0.7  <0.1  7.5 

LFA  <0.1  1.4  3.4  5.2  853.7  104.8  5.1  2.0  <0.1  27.3 

NTLong1  <0.1  1.9  0.1  1.2  <0.1  <0.1  6.2  0.4  0.8  0.7 

NTLong2  <0.1  3.4  <0.1  1.2  37.3  3.6  6.2  0.3  <0.1  <0.1 

The limit of detection for metals by this method is 0.1 µg/g 

Particle Reactivity 

In order to establish the level of intrinsic free-radical activity, each member of the 

particle panel were analysed using Electron Spin Resonance to detect free radical 

generation. In order to detect the transient free radicals, the spin trap Tempone-H 

which is selective for superoxide, peroxyl radicals and peroxynitrite (Dikalov, 

Skatchkov, & Bassenge 1997; Miller et al. 2009) was used together with the positive 

control pyrogallol. 

The results (figure 3.4) show a significant EPR signal with the positive control, 

demonstrating successful free radical detection. Of those panel members analysed, 

only NPCB generated a highly significant EPR signal over control, with a far more 

modest signal (P<0.05) generated by NTLong2. The rest of the samples did not show 

significant free-radical generation as detected by a Tempone-H spin trap.    
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Figure 3.4.: EPR detected  free  radical generation with  the spin  trap Tempone‐H. Significance vs. 

vehicle control indicated by * P<0.05, *** P<0.001. 

3.3.2 Carbon Nanotube Toxicity in Vivo  

The Mouse Peritoneal Assay 

Within the remit of this study, our aim was to investigate the potential for CNT to 

generate harmful effects based on the fibre pathogenicity paradigm. The target 

tissues of pathogenic fibres are the lung and, secondary to that, the pleura. In cases of 

high dose exposure of fibres it is common to see lung pathologies such as interstitial 

fibrosis (as in the case of asbestosis) and bronchiogenic carcinoma. However with 

low dose, repeat exposure, as we might expect with CNT exposure as opposed to 

high dose repeat exposure, pleura disease becomes apparent. As discussed in chapter 

1, a proportion of particles deposited in the lungs pass through into the pleural space 

and (in the case of long fibres) maybe retained at the parietal pleura. As such the 

preferred model of such pleura exposure would be a direct intra-pleural injection but 

at the time of the commencement of this study, that was not considered technically 

feasible. The target cells within the pleural space are the mesothelial cells which line 

the visceral and parietal pleura. As discussed in previous chapters, these mesothelial 

cells are present in several other locations within the body and as such these regions 

can be used as surrogates. Studies have made use of the mesothelial cells found 
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within the testes (Mutsaers, Whitaker, & Papadimitriou 2002) but this location does 

not have the same clearance parameters as found within the pleural space making 

such a model less than ideal. One site with clearance pathways similar to that of the 

pleural space, a mesothelium and continuously moving opposing mesothelial 

membranes is the peritoneal cavity. The mouse peritoneal model is particularly 

sensitive to fibres. As such the peritoneal model is only suitable for evaluating the 

fibre type hazard rather than a particle (spherical) hazard to which it would be 

insensitive. This is also reflected by a similar lack of reactivity to quartz and other 

non-fibrous particles such as coal dust in the pleural space (Murphy et al. manuscript 

in preparation).  

Length Dependent Toxicity – Amosite Asbestos 

The ability of carbon nanotubes of various morphologies and origins to elicit a 

pathogenic response was evaluated using this fibre sensitive mouse peritoneal model. 

Our initial work involved the characterisation of the response of the peritoneal cavity 

to amosite asbestos. As described previously we utilised South African amosite both 

enriched for long fibres (long fibre amosite) and pulverised to remove long fibres 

(short fibre amosite asbestos-SFA). The rationale behind this was that, as within the 

pleural space, the long fibre amosite (LFA) sample would be expected to be retained 

and generate a pathological response whilst the short fibre amosite (SFA) sample 

would not hinder clearance and so would be removed generating no response. Fifty 

µg of SFA or LFA were injected into the peritoneal cavity of female C57BL/6 mice 

in 0.5 ml of 0.5% BSA/ saline as a vehicle. At 6, 24, 72 and 168hrs later the mice 

were humanly culled and the peritoneal cavity lavaged. The level of inflammation 

was established via counting the total number of inflammatory neutrophils (Fig. 3.5), 

and establishing the lavage protein levels as a general measure of inflammation (Fig. 

3.6). As a measure of the chronic inflammatory response and typical foreign body 

reaction, the total level of foreign body giant cells was also established (Fig. 3.7).    
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Figure  3.5:  Peritoneal  neutrophil  recruitment  post  amosite  asbestos  injection.  Female C57BL/6 

mice were intraperitoneally injected with 50 µg/0.5ml of either long fibre amosite asbestos (LFA), 

short fibre amosite asbestos (SFA), or vehicle control (VEH; 0.5% BSA/ Saline). Over a time course 

of 6, 24, 72 and 168 hrs, the peritoneal cavity was lavaged to assess the level neutrophil accumulation 

within the peritoneal cavity. Dot plot with a minimum of 2 animals.  

Figure 3.5 shows that 6 hrs post injection with LFA led to an increase in the total 

number of neutrophils within the peritoneal cavity which increased to peak at 24 hrs. 

Injection of SFA led to only a slight increase in PMN at 6 hrs, after which this 

remained at a basal level together with the vehicle control. The LFA sample 

diminished markedly from its peak at 24 hrs by 3 days post injection and had 

returned to basal levels by 7 days.    

A similar picture was seen in the total protein levels within the lavage fluid as shown 

in figure 3.6. Injection with 50 µg of LFA generated an increase in lavage protein at 

6 hrs post injection, which was maximal at 24 hrs post injection. At 72 hrs the total 

protein concentration within the lavage fluid had dropped markedly to just above 

control level. Injection with SFA generated no response above that of the vehicle 

control.   
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Figure  3.6:  Lavage  fluid protein  content post  amosite  asbestos  injection. Female C57BL/6 mice 

were intraperitoneally injected with 50 µg/0.5ml of either long fibre amosite asbestos (LFA), short 

fibre amosite asbestos (SFA), or vehicle control (VEH; 0.5% BSA/ Saline). Over a time course of 6, 

24, 72 and 168 hrs, the peritoneal cavity was lavaged and the total protein concentration (µg/ml) of the 

lavage fluid established by BCA protein assay. Dot plot with a minimum of 2 animals. 

The induction of the formation of multinucleated giant cells (FBGC) is a typical 

response to a foreign body and sign of chronic inflammation. Figure 3.7 shows that, 

with the initial acute response to injection of LFA, there are no FBGC in the 

lavagable cell fraction taken from the peritoneal cavity. However, as the 

inflammatory reaction progresses and persists, increasing numbers of FBGC are 

found at a peak of 72 hrs post injection. The reduction in FBGC at 162 hr is possibly 

due to the progression of the fibrotic reaction to the fibres which allows fewer cells 

to be efficiently washed from the cavity, instead retaining them in the granulomas. 

Injection of SFA, or vehicle control did not lead to the induction of FBGC formation.   
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Figure 3.7: Induction of peritoneal foreign body giant cell (FBGC) formation post amosite asbestos 

injection. The presence of FBGC in the lavage fluid of female C57BL/6 mice were intraperitoneally 

injected with 50 µg/0.5ml of long fibre amosite asbestos (LFA) was measured over a time course of 6, 

24, 72 and 168hrs. At each time point, the mice were humanly culled and, the peritoneal cavity was 

lavaged to assess the level FBGC accumulation within the peritoneal cavity. Dot plot with a minimum 

of 2 animals. 

Our initial assessment of the pathological response to amosite asbestos injection was 

confined to gross pathology of the surface of the diaphragm and within the peritoneal 

cavity itself. Due to the low contrast nature (white/pale blue in colour) of amosite 

asbestos it was difficult to detect accumulations of fibres in the peritoneal cavity 

using visual inspection. The effects of fibre accumulation after injection of LFA were 

evident at 7 days with slight thickening of the diaphragm wall and increase opacity 

of the surface due to accumulation of fibrotic tissue. Sections of the diaphragm were 

removed, placed in CMF-PBS and stained with haematoxylin and eosin (H&E) stain. 

The removed section was then placed onto a glass slide and held in place using a 

coverslip prior to inspection of the tissue. Figure 3.8, shows images of the diaphragm 

from a SFA treated animal (Fig. 3.8 I) and an animal injected with 50 µg of LFA 

(Fig. 3.8 II).    

 

 

0 50 100 150 200
0.0

0.1

0.2

0.3

Time (Hours)

To
ta

l L
av

ag
e 

F
B

G
C

 (
x1

0
6
)

I II



 

 ‐ 118 ‐ 

 

Figure 3.8: The gross pathology of mouse diaphragm 7 days post amosite injection. The top image 

(I) shows an H&E stained section of diaphragm removed from a female C57BL/6 mouse after 

injection with 50 µg of SFA under x10 magnification. The second image (II) shows a H&E stained 

section of diaphragm removed from a mouse after injection with 50 µg of LFA under x10 

magnification. Within the lesion shown, amosite fibres (white arrows) are clearly visible. Scale bar is 

50 µm.   
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The diaphragm of the SFA injected animal appeared clear with no surface lesions, 

thickening or overt signs of pathological reactions. Figure 3.8 I show the regular 

striated muscle of the diaphragm wall overlain with numerous stained nuclei of the 

mono-layer of surface mesothelium. In contrast, injection with LFA led to some 

surface opacity of the diaphragm due to the presence of fibrotic lesions over the 

surface of the diaphragm. Figure 3.8 II shows one such lesion and numerous 

collections of amosite asbestos fibres are clearly visible. The nuclei associated with 

this section are smaller and overlap each other due to the abundant collection of cells 

forming a multi-layered granuloma.  

3.3.3 Acute inflammation (24 hrs)  

Using amosite asbestos we had confirmed the mouse peritoneal model chosen for 

this study was both fibre sensitive and responded to long amosite asbestos fibres 

which have previously been shown to be inflammogenic and carcinogenic in the 

peritoneal model (Miller et al. 1999b) and via inhalation (Cullen et al. 2000a). Our 

next step was to investigate the acute inflammogenic effects of various morphologies 

of carbon nanotubes and the compact graphene control NPCB. As described within 

the particle characterisation section of this Chapter (3.3.1), four MWCNT samples 

were chosen and two of these met the criterion of a potentially pathogenic fibre. We 

injected each sample into the peritoneal cavity of female C57BL/6 mice at the same 

50 µg dose suspended in 0.5% BSA/ saline as used within the amosite asbestos study 

(0.5ml injection at 100 µg/ml per animal). As discussed in Chapter 2, the MWCNT 

were particularly difficult to disperse due to the strong aggregative forces generated 

by their structure. This was particularly the case for the two highly curled samples 

(NTTang1 and NTTang2) as these not only aggregated due to the presence of Van der 

Waals forces, but also entangled due to their curled shaped. The use of extended 

water bath sonication (~2hrs) and a protein based surfactant allowed the generation 

of stable dispersions with a low incidence of large aggregates as inspected visually 

during sonication. The reasoning behind such artificial efforts to break up large 

aggregates formed by placing hydrophobic MWCNT into solution lies in the nature 

of the model used. The mouse peritoneal model in this study is used as a surrogate 
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for the thoracic mesothelium. Exposure of the thoracic mesothelium to particles 

requires two processes to occur. The first is that a particle must enter the conducting 

airways and penetrate to the slower clearing, non-ciliated respiratory zone which can 

only happen if the particle has a small (<3 µm) aerodynamic diameter. The second 

process is that a particle must translocate from its site of deposition in the alveolar 

region into the pleural space where the net flow of pleural fluid will either deposit it 

onto the parietal pleura and be retain (in the case of long fibres) or be carried into the 

draining lymphatics. As discussed in Chapter 1, there is evidence to suggest that a 

proportion of all particles depositing in the lung, translocate and enter the pleural 

space and so direct injection into the pleural space (or a surrogate such as the 

peritoneal cavity) is valid as long as the particle in question is of a respirable size. 

This is a crucial factor since we are sidestepping the normal elutriating effects of the 

lung and introduction of large, non-respirable material may lead to artifactual 

responses. This has been seen in some studies most notably that of Takagi et al. 

(Takagi et al. 2008) where the use of extremely high doses (3 mg) led to large 

aggregate formation, clearly visible in the resultant histology and as such may have 

led to artifactual results which are unlikely to represent the result of respiratory 

exposure to CNT. This was a string point of criticism for this study (Donaldson et al. 

2008; Ichihara, Castranova, Tanioka, & Miyazawa 2008)      

The preparation of singlet particles or small (< 5 µm) aggregates prior to injection 

therefore more closely follows elutriating effects of the lung, allowing a more 

relevant and realistic presentation of dose to the mesothelium for assessment of 

response.  

Figure 3.9 shows the acute response of the peritoneal cavity to injection with 0.5ml 

of each member of the particle panel as assessed 24 hrs after injection at the peak of 

inflammation as informed by the time course results shown in figures 3.4 and 3.5. 

For ease of comparison, the particle panel members have been grouped into those 

which do not have appreciable numbers of long fibres (vehicle (VEH), SFA, NPCB, 

NTTang1 and NTTang2) and those which contain a large proportion of long fibres (LFA, 

NTLong1 and NTLong2). The results show that injection of short fibres (such as SFA), 

or non-fibrous spherical particles or aggregates such as NPCB or NTTang do not 
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generate significant alterations in the total cell number, influx of polymorphonuclear 

cells (PMN) or increase in protein lavaged from the peritoneal cavity. There is a 

slight increase in total cells, PMN and protein in those animals injected with the 

NTTang samples which may be due to minor irritation as this is both transient and 

non-significant. In stark contrast, injection of LFA led to a highly significant increase 

in all markers of acute inflammation which was to be expected based on our previous 

data and historical findings. Mirroring this significant increase in inflammatory 

markers were the results seen after injection with both NTLong1 and NTLong2. These 

MWCNT samples generated significant increase in total cell number, PMN number 

and total protein and in each case the measurand was higher for NTLong2 than NTLong1 

which may possibly reflect the greater number of long fibres in the NTLong2 sample. 

This result shows that MWCNT samples of similar bulk chemistry can have 

markedly different effects within the peritoneal cavity associated with their 

morphology.  
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Figure 3.9: Acute peritoneal  inflammatory  response post  injection with  fibrous  and non‐fibrous 

particles. Female C57BL/6 mice were intraperitoneally injected with 50 µg/0.5 ml of either VEH 
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(0.5% BSA/ Saline), NPCB, LFA, SFA, two forms of tangled MWCNT (NTTang1 and NTTang2) or long 

MWCNT (NTLong1 or NTLong2). After a period of 24 hrs, the peritoneal cavity was lavaged, the total 

cell number and total PMN number established and the total protein concentration (µg/ml) of the 

lavage fluid measured by BCA protein assay. Dot plot with mean of a minimum of 3 animals ± s.e.m. 

Significance vs. vehicle control indicated by * P<0.05, **P<0.01, *** P<0.001. 

 

The results above demonstrate that injection with long fibres, both amosite asbestos 

and MWCNT generate a significant acute inflammatory response as characterised by 

a dramatic increase in total cell number, total neutrophil number and protein levels in 

the peritoneal lavage fluid. The next step was to establish if an alteration of the dose 

led to a concomitant alteration in inflammatory response.  

Using NTLong2 as the most inflammogenic of the MWCNT tested, we compared this 

to the dose-response of long fibre amosite as a bench mark positive control. Figure 

3.10 shows the total lavage PMN as a measure of acute inflammation 24 hrs after 

injection with 0.1, 0.25, 0.5, 0.75, 1, 5, 10, and 50 µg per mouse of NTLong2 and 0.5, 

1, 10, and 50 µg per mouse of LFA. The results indicate a clear linear dose-response 

relationship for both NTLong2 (R
2 value = 0.9423) and LFA (R2 value = 0.9728).  

The results show that at a dose of 0.25 µg/mouse, NTLong2 causes a significant influx 

of PMN cells into the peritoneal cavity. In comparison, LFA did not cause significant 

induction of PMN influx until a dose of 50 µg/mouse.  
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Figure 3.10: Dose  response post  injection with asbestos and  carbon nanotube  fibres. Mean of a 

minimum of 3 animals ± s.e.m. Significance vs. vehicle control indicated by * P<0.05, *** P<0.001. 

The flow of fluid from the peritoneal cavity is caudally via the diaphragm, which 

allows drainage into underlying lymphatic system which drains to the mediastinal 

lymph nodes (Marco et al. 1992). As such, one would hypothesise that any particles 

which are too large to negotiate the narrow stomatal openings on the diaphragm 

surface would be deposited (e.g. a long fibre or large (> 5µm) aggregate). Figure 

3.11 shows a section of the diaphragm surface after injection of vehicle control (I) 

and NTLong2 carbon nanotubes at a site of no current cellular accumulation 24 hrs 

after injection (50 µg dose). The diaphragm surface appears clear and with a normal 

mesothelium after injection with vehicle control. Injection of NTLong2 led to 

deposition of these carbon nanotubes at the mesothelial surface as shown in the call 

out. Whilst the area shown is without accumulation of inflammatory cell aggregates, 
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this does not indicate that at 24 hrs there is no cellular aggregation or granuloma 

formation at the surface of diaphragm. Indeed at other areas of the diaphragm 

granulomas are visible; however we do see areas of fibre deposition at this time point 

without cellular aggregates, which we do not see at later time points.     

  

Figure 3.11: Diaphragm surface 24hrs after  intraperitoneal  injection of NTLong2 (50 µg). The figure 

shows the peritoneal aspect of the diaphragm of C57BL/6 24hrs after injection with vehicle control (I) 

or NTLong2 and stained with H&E for general pathology. Image taken at x 100 magnification. 

3.3.4 Sub‐Acute inflammation (7 Days)  

After demonstrating the acute inflammogenicity of long fibres in the peritoneal 

cavity as well as the relative inactivity of short fibrous or non-fibrous material we 

investigated the persistence of such a response over a sub-acute (7 day) timeframe. 

Animals were injected as previously with the full panel of fibrous and non-fibrous 

samples and the peritoneal cavity lavaged at 7 days post injection. In addition, the 

diaphragm, as the main zone of deposition of particles in the peritoneal cavity was 

excised and examined histologically.  

In order to ascertain the continuation of the inflammatory state of the peritoneal 

cavity after particle administration and to investigate delayed effects, differential cell 

counts were performed with cells lavaged from the peritoneal cavity (Fig. 3.12). The 

peritoneal lavage fluid was also analysed for total protein levels as a general marker 

of inflammation. The results indicate a substantial decrease in the total numbers of 

cells including PMN that were lavageable from the peritoneal cavity. In relation to 
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total cells (Fig. 3.12 I), there were no significant increases in total cells over vehicle 

control. Interestingly however, treatment of LFA in comparison to the other particle 

treatments led to a non-significant lowering of the total number of cells lavaged from 

the peritoneal cavity. This may be due to a reduction in the numbers of free floating 

cells due to the formation of cellular aggregates (granulomas) at the sites of particle 

deposition which was not seen with non-fibrous materials. However we would 

expect this to be the case with both NTLong1 and NTLong2 as both of these samples 

generated a granulomatous response (see figure 3.15). When looking at the number 

of PMN in the peritoneal cavity, this has again diminished compared to the 24 hr 

time point (figure 3.9) but in comparison to vehicle control levels, it is still 

significantly elevated (P<0.001) whilst LFA and NTLong2 treated animals had 

returned to control levels. Another marker of inflammation, total protein, also 

showed significantly elevated levels for NTLong2 treated animals (P<0.001) but also 

for NTLong1 animals which was not reflected in PMN levels. Again LFA had returned 

to control levels. As shown in figure 3.7, the induction of FBGC is a typical response 

to persistent stimulation of inflammation either via particle or bacterium (e.g. 

tubercles bacillus). Within the lavage fluid of all of the long fibre samples, elevated 

levels of FBGC were evident. For both LFA and NTLong2 samples, these levels were 

significant (P<0.01 and P<0.001 respectively; see figure 3.12) indicating a chronic 

inflammatory response.    

Figure 3.13 shows the examples of cells washed from the peritoneal cavity of mice 

injected with particles and clearly show their association with cells and persistence in 

the cavity. Images a (asbestos) and d (carbon nanotube) of figure 3.13 show the 

typical ‘frustrated’ morphology of a macrophage attempting to phagocytose a fibre 

much longer than itself. Both images b and e in contrast show the successful 

phagocytosis of short fibres/ particles with SFA (b) and NTTang1 (e) particles clearly 

evident inside a macrophage. The continued cellular retention of these non-digestible 
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particles, after 7 days post injection suggests that the particle has either recently been 

taken up or has been safely contained within the cell causing no further stimulation 

(of the cell or environment).  

 

Figure 3.12: Sub‐acute  (7 day) peritoneal  inflammatory  response post  injection with  fibrous and 

non‐fibrous  particles.  Female C57BL/6 mice were intraperitoneally injected with 50 μg/0.5ml of 
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either vehicle control (VEH; 0.5% BSA/ Saline), NPCB, LFA, SFA, NTang1, NTTang2, NTLong1 or 

NTLong2. Seven days later the peritoneal cavity was lavaged and the total cell number (I), total PMN 

(II), total foreign body giant cells (FBGC; III) and total lavage protein concentration (μg/ml; IV) 

established. Dot plot with mean of a minimum of 3 animals ± s.e.m. Significance vs. vehicle control 

indicated by **P<0.01, *** P<0.001. 

Injection of long fibres as shown in figures 3.8 and 3.12 led to the formation of 

FBGC which is a typical reaction to chronic stimulation by a persistent, non-

digestible material such as a bio-implant or bone debris in the biological environment 

(Anderson et al. 1999; DeFife et al. 1999; Vignery 2005). Examples of these striking 

cells are shown in panel’s c and f of figure 3.13. FBGC can contain anywhere 

between a few nuclei to tens of nuclei, often irregularly arranged within the cell 

(Anderson 2000). In the classification of an FBGC for this project, it was judged that 

a bi-nucleated cell could no confidently be judged a FBGC as the cell may simply 

not have completed the cytokinesis stage of cell division. As such cells with 3 or 

more nuclei were counted as FBGCs. Image c of figure 3.13 shows the presence of 

fragments of LFA fibres. The presence of NTLong2 carbon nanotubes is also seen in 

image f indicating either uptake by the FBGC or by one of the macrophages which 

have subsequently fused to form the FBGC.     

 

Figure 3.13: Effect of  fibre  length on phagocytosis by peritoneal macrophages. Image (a) and (b) 

shows the effect of fibre length on phagocytosis by peritoneal macrophages, whereby incorporation of 

a long asbestos fibre (a; hollow arrow) leads to ‘frustrated phagocytosis’, whilst phagocytosis of SFA 

(b; see inset) is successful. Image (c) shows a representative image of an FBGC found after injection 
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of LFA, shown with the inclusion of short fragments of LFA within the FBGC (see inset).  The effect 

of fibre length on phagocytosis can also be seen with NT whereby a long carbon nanotube (d; NTlong2) 

also leads to a situation of frustrated phagocytosis (shown here with erythrocytes (labelled E)) whilst, 

in contrast short, tangled NT (NTtang1) can be readily phagocytosed (e; see inset). Image (f) also 

demonstrates the presence of FBGC after injection of NTlong2 (internalised NTlong2 shown in inset), 

here pictured with a PMN and lymphocyte (labelled PMN and L). All images shown at x100 

magnification with a 5 µm scale bar. Figure reproduced from Poland et al. 2008. 

Injection of long fibres into the peritoneal cavity led to the deposition in and around 

the diaphragm which is main point of egress from the peritoneal cavity. Figure 3.11 

showed evidence of this at 24 hrs post injection and deposition of fibres at this time 

point leads to variable levels of cellular accumulation at the mesothelial surface. 

However, 7 days after intraperitoneal injection of long fibres the cellular reaction at 

the mesothelial surface has evolved to a form a large granuloma type lesion. Figure 

3.14 shows a high magnification (x100) image of an area of a granuloma generated 

by intraperitoneal injection of LFA (50 µg). As can clearly be seen, the granuloma is 

predominantly composed of mononuclear cells and interspersed throughout the 

granuloma are FBGC as indicated in the figure. When examining the mesothelial 

surface of animals injected with non-fibrous material, there is no evidence of particle 

deposition or retention (except in the case of large, non-respirable aggregates 

unintentionally injected as shown in the following sections). However after injection 

of long fibres, material is clearly visible at the mesothelial surface (Fig 3.11) and 

within granulomatous tissue. Long amosite asbestos fibres can be clearly seen within 

the granuloma in figure 3.14 and this co-localisation of fibres and granuloma 

provides convincing evidence of the generation of granulomas in response to fibres.    

Interestingly, the generation of a granuloma is limited to the peritoneal aspect of the 

diaphragm with no such cellular aggregation or fibrosis seen on the opposing 

thoracic side. Within the central tendon region of the diaphragm, the peritoneal and 

thoracic cavities are separated by a layer of tissue approximately 25 µm thick and yet 

we did not see any cellular aggregates or evidence of abnormality on the opposing 

surface as shown in figure 3.14. In addition to this, we also did not find any evidence 

of fibre translocation across the diaphragmatic barrier suggesting that both fibres and 
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the reaction they generated was localised to the peritoneal cavity and in particular at 

zones of deposition.  

 

 

Figure 3.14: Granulomatous lesion induced by LFA. The image shows a high magnification view of a 

granuloma induced by the injection of LFA stained with picro-sirius red stain (PSR). The black 

arrows show the normal mesothelium of the opposing thoracic surface of the diaphragm. The black 

chevrons show the positioning of numerous amosite asbestos fibres within the granuloma and the 

white chevrons show the location of numerous foreign body giant cells.   

 

50µm
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Figure 3.15: The quallitative effect of particle/ fibre on the mesothelial surface on the peritoneal 
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aspect of the diaphragm 7 days post injection. Female C57Bl/6 mice were injected IP with 50 µg of 

particles or  vehicle control alone and at 7-days the mice were killed and the diaphragm excised and 

fixed prior to microscopic examination of the surface of the diaphragm for the presence of 

granulomatous inflammation (labelled GI). The muscular portion of the peritoneal diaphragm 

(labelled PD) and the mesothelial layer (labelled ML) have been aligned for each treatment showing 

any areas of granulomatous inflammation (labelled GI) at the peritoneal aspect of the diaphragm 

surface (scale bar 50 µm). Granulomas were only consistently induced by exposure to LFA, NTlong1 

and NTlong2. NTtang2 produced a small granuloma response in 1 of the 3 mice sampled. Figure adapted 

from Poland et al. 2008   

 

Figure 3.15 shows representative images of the peritoneal aspect of the diaphragm of 

mice injected with 50 µg of each particle treatment as labelled. For clarity the 

diaphragm section from each treatments have been shown side by side with the 

muscular/ mesothelial surface aligned. The figure shows that injection of vehicle 

control and non-fibrous materials such as SFA, NPCB and the tangle form of 

MWCNT led to no accumulation of cellular or extracellular material at the 

diaphragm surface. In stark contrast, injection of long straight fibres of either amosite 

asbestos or carbon nanotubes led to the formation of a large and rather continuous 

lesion on the diaphragm surface. Due to the complexity and density of the lesion it is 

impossible to gauge if the mesothelial surface is still present under the granuloma or 

has been shed. The granuloma itself, as previously shown in figure 3.14 is formed of 

dense collection of inflammatory cells with occasional FBGC visible. Due to the 

non-uniformity in the granuloma depth, the figure appears to show that injection 

NTLong1 led to the formation of a thicker granuloma but this is not the case and such a 

judgment made on granuloma lesion depth would be inaccurate. To investigate the 

relative scale of the granulomatous response, squential microscopic images of the 

diaphragm (x 10 magnification) were taken and re-aligned into a single diaphragm 

(see the supplimentary section of Poland et al. 2008 within the publication section for 

examples), we were able to distinguish the upper margin of the diaphragm (straitaed 

muscle) and lesion (cellular aggregate) during measurement. Using calibrated 

software, areas of lesion were outlined in order to calculated the full area 

ofgranuloma  lesion. The area of a lesion in a section was expressed in mm2 and this 

value was divided by the total length of the diaphragm section to account for 
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differences in diaphragm length to give a lesion area value (mm2) per mm of 

diaphragm. Figure 3.16 shows the results of this analysis and again clearly shows this 

length dependent effect.       

 

Figure 3.16: Fibrotic plaque  formation 7 days post  single  IP  injection of  fibrous and non‐fibrous 

particles.  Female C57BL/6 mice were intraperitoneally injected with 50 µg/0.5ml of either VEH 

(0.5% BSA/ Saline), NPCB, SFA, LFA, NTTang1, NTTang2 or NTLong1, NTLong2 carbon nanotubes. Seven 

days later the size of any fibrotic lesions found on the peritoneal aspect of the diaphragm was 

established and is shown (mm2) per unit length (mm) of diaphragm section.  Dot plot with mean of a 

minimum of 3 animals ± s.e.m. Significance vs. vehicle control indicated by **P<0.01, *** P<0.001.  

 

Injection of vehicle or the non-fibrous particles NPCB, SFA and NTTang1 led to no 

detectable induction of a cellular aggregate or fibrotic lesion on the surface of the 

diaphragm. Injection of NTTang2 led to induction of small discreet lesions in one 

animal injected. These lesions appear to be related to insufficient dispersion of the 

sample resulting in a particle that cannot be cleared but also would not be respirable 

and so would never present to a mesothelial surface and as such is not 

Veh
icl

e

NPCB
SFA

NTTANG1

NTTANG2
LF

A

NTLO
NG1

NTLO
NG2

0.00

0.05

0.10

0.15
Le

si
on

 A
re

a 
(m

m
2
/m

m
)

***

***

**



 

 ‐ 134 ‐ 

physiologically relevant. Figure 3.17 shows such an example of one of these lesions 

formed around large aggregates of NTTang2. The aggregates shown, range in size with 

the largest of which being approximately 32 µm across its shortest dimension (the 

others are approximately 8, 10 and 20 µm in diameter). The image shows the nature 

of an aggregate as being a densely packed spherical accumulation of MWCNT. 

Whilst impossible to critically conclude; it seems realistic to assume that such an 

aggregate is unlikely to de-aggregate and release single, long fibres.   

 

 

 Figure  3.17: Diaphragmatic  lesions  7  days  after  introduction  of NTTang2  carbon  nanotubes. The 

figure shows the peritoneal aspect of the diaphragm of C57BL/6 mice 7 days after intraperitoneal 

injection of 50 µg of NTTang2 showing a discrete lesions on the diaphragm surface stained with H&E. 

Image taken at x20 magnification.  

An interesting component of these discrete lesions is the reaction it caused; both 

inflammatory and mesothelial. Figure 3.12 shows that, in the case of some animals, 

there is a slight elevation in lavage PMN counts which, based upon the 7 day time 

point is unlikely to be initial irritation of the peritoneal cavity and does indicate that 

50µm
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perhaps some material, in the form of larger aggregates may have been retained and 

is continuing to cause minor (non-significant) irritation. 

The mesothelial reaction is perhaps best shown after scanning electron microscopy of 

the surface of the diaphragm. The following diaphragm SEMs are organised in the 

same groupings of non-fibrous materials, namely vehicle control (Fig. 3.18), NPCB 

(Fig. 3.19), SFA (Fig. 3.20), NTTang1 (Fig. 3.21), and NTTang2 (Fig. 3.22) and fibrous 

materials, namely LFA (Fig. 3.23), NTLong1 (Fig. 3.24) and NTLong2 (Fig. 3.25).  

Figure 3.18 shows sequentially higher magnification of the normal mesothelial 

surface, 7 days post injection with vehicle control. The mesothelium appears clear 

and regular, with a striated appearance at lower magnification (Fig. 3.18 I) caused by 

underlying muscle. The lower portion of the image I of figure 3.18 appears shows the 

mesothelium with a more cobblestone appearance due to the presence of cuboidal 

mesothelial cells. These cells appear in clumps and regions and are said to overly the 

lymphatic lacunae (Mutsaers 2004), which act as drainage points from the peritoneal 

cavity (Tsilibary & Wissig 1977) to outlying lymph nodes such as the mediastinal 

lymph nodes (Marco et al.1992). Higher magnification of the squamous mesothelial 

cells show a bushy appearance caused by the presence of numerous microvilli which 

can cover the entire surface (Fig. 3.18 II) or be more centripetal in distribution as 

shown in figure 3.18 III. A similar appearance is seen in animals treated with NPCB 

(Fig. 3.19) which also shows a higher magnification image of the cuboidal cells 

overlying the lucunae region (Fig 3.19 II). The peritoneal aspect of the diaphragm 

was also free of lesions after injection of SFA as shown in figure 3.20, although 

occasional surface macrophage like cells were present on the mesothelial surface, as 

shown most clearly in figure 3.20 II. Injection of 50 µg of NTTang1 led to no surface 

lesions and both cuboidal mesothelial cells (Fig. 3.21 I) and squamous mesothelial 

cells with surface microvilli (Fig 3.21 II and III) were visible.  

The introduction of NTTang2 carbon nanotubes into the peritoneal cavity led to the 

formation of occasional discrete granulomas on the diaphragm surface as shown in 

figure 3.22 I. The nature of this granuloma is interesting when taken in context to the 

granulomas seen after injection of long fibres. The granuloma induced by injection of 

NTTang2, firstly is small with well defined edges. The surface of the granuloma is 
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smooth, indicating mesothelial cell overgrowth and commensurate with mesothelial 

regeneration (Mutsaers 2002). This appearance is in stark contrast to the lesions 

shown in figure 3.23 where we see the surface of the granulomas consist of 

numerous inflammatory cells. The granulomas appear in large rafts across the 

surface of the diaphragm and overly areas of mesothelium (marked ‘Me’ in figures 

3.23 I and II). The mesothelium appears more cuboidal in shape but to the same 

extent as seen with normal lacunae regions. It is likely that this alteration in shape 

represents activated squamous mesothelial cells which have been shown to be 

present after injury or stimulation of the serosal surface. These cells are more 

cuboidal in shape due to the increased metabolic activity indicated by an increase in 

abundance of mitochondria, rough endoplasmic reticulum, microtubules and 

microfilaments (Mutsaers 2004; Mutsaers, Whitaker, & Papadimitriou 2002). The 

inflammatory cells forming this granuloma appear to have lamellipodia, extending 

from the cell (Fig. 3.23 II and III) suggesting motile cells such as macrophages. The 

surface of these cells as shown in figure 3.23 III are ruffled by the presence of 

surface filopodia, possibly suggesting an activated state. In comparison to this 

positive control reaction elicited by LFA, the granuloma caused by NTTang2 (and 

hence also a foreign body reaction) is quite different. The reaction caused by NTTang2 

appears resolved due to the restoration of the mesothelial surface whilst the 

granuloma generated by LFA does not seem resolving and did not appear to be in a 

state of mesothelial regeneration.  

The surface topography of the diaphragm after injection of LFA was similar to that 

seen after injection of NTLong1, indicating a similar length dependent reaction. Again 

large areas of surface granuloma are present (Fig. 3.24 I), and where the 

mesothelium is visible, it appears raised and reactive (Fig 3.24 II) as seen after 

injection of LFA. High powered SEM image of these surface inflammatory cells, 

again also show the presence of lamellipodia and filopodia. 

Mirroring the comparative results we have seen in all our results so far, NTLong2 

appears to elicit the strongest reaction with the formation of extensive granulomas 

over the majority of the surface of the diaphragm. As a result it was difficult to see 

any areas of underlying mesothelium. Figure 3.25 I shows an area of this granuloma 
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which appears almost continuous and shows an area of this granuloma which appears 

almost pedunculated. High powered images of the surface (Fig. 3.25 II) in areas less 

densely populated with inflammatory cells, show the surface mesothelium appears 

irregular in shape again indicating a highly reactive state. 

Taken together, these diaphragm images show that injection of short fibres, or small 

spherical particles lead to no surface reaction or granuloma formation. Injection of 

large spherical aggregates that are too large to be cleared via diaphragmatic stomata 

are deposited at the surface and are rapidly resolved and covered with mesothelium. 

Injection of long fibres in contrast causes widespread granuloma formation 

characterized by large cellular aggregates of macrophage-like cells overlying a 

reactive mesothelium. 
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 Figure 3.18: Scanning electron micrograph at sequentially higher magnification 7 days post injection with vehicle control (0.5% BSA/ saline)  
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 Figure 3.19: Scanning electron micrograph at sequentially higher magnification 7 days post injection with NPCB (50 µg per mouse) 
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Figure 3.20: Scanning electron micrograph at sequentially higher magnification 7 days post injection with SFA (50 µg per mouse) 
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 Figure 3.21: Scanning electron micrograph at sequentially higher magnification 7 days post injection with NTTang1 carbon nanotubes (50 µg per mouse) 
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 Figure 3.22: Scanning electron micrograph at sequentially higher magnification 7 days post injection with NTTang2 carbon nanotubes (50 µg per mouse). The 

notation ‘G’ indicates granuloma; ‘Me’ indicates mesothelium. 
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Figure 3.23: Scanning electron micrograph at sequentially higher magnification 7 days post injection with LFA (50 µg per mouse). The notation ‘Me’ indicates 

granuloma and the white chevron indicates the granuloma edge. 
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Figure 3.24: Scanning electron micrograph at sequentially higher magnification 7 days post injection with NTLong1 carbon nanotubes (50 µg per mouse) 
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Figure 3.25: Scanning electron micrograph at sequentially higher magnification 7 days post injection with NTLong2 carbon nanotubes (50 µg per mouse) 
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The fibrotic nature of these granulomas is shown most clearly when viewing a cross-

section of the diaphragm. Figures 3.26 and 3.27 show granulomatous lesions 7 days 

after injection of 50 µg of LFA or NTLong2 (figures 3.26 and 3.27 respectively), with 

the image on the left (I) showing a H&E stain for general pathology or PSR (II) 

which stains collagen red.   

 

Figure 3.26: Diaphragmatic lesions 7 days after intraperitoneal injection of LFA (50 µg). The figure 

shows the peritoneal aspect of the diaphragm of C57BL/6 mice 7 days after intraperitoneal injection 

of LFA stained with H&E for general pathology (I) or PSR for collagen (II). The normal mesothelium 

on the thoracic side of the diaphragm is indicated by the black chevron. The depth of the granuloma 

above the diaphragm muscle is indicated by the light blue bar. The presence of a multi-nucleated 

foreign body giant cell is indicated by the white chevron. Image taken at x 10 magnification. 

 

Figure  3.27: Diaphragmatic  lesions  7  days  after  intraperitoneal  injection of NTLong2  (50 µg). The 

figure shows the peritoneal aspect of the diaphragm of C57BL/6 mice 7 days after intraperitoneal 
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injection of NTLong2 stained with H&E for general pathology (I) or PSR for collagen (II). The depth of 

the granuloma above the diaphragm muscle is indicated by the light blue bar. The presence of NTLong2 

carbon nanotubes is indicated within the granulomas by black arrows. Image taken at x 20 

magnification. 

Clearly visible, is the muscular bundles of the diaphragm and overlying this is a 

thick, continuous granuloma. In both figures, the depth of this granuloma is indicated 

by a blue line. The cellular nature of the granuloma is demonstrated by the numerous 

stained nuclei within the granuloma and as shown in figure 3.26 I, occasional foreign 

body giant cells are also present. However the fibrotic nature of the granuloma is 

most clearly shown using PSR stain. In both figures 3.26 and 3.27, strong red 

staining is evident throughout the granuloma although in both cases, there appears a 

predominantly cellular cap with little red staining. The SEM images shown in figures 

3.23 and 3.25 suggest that this cellular cap is not mesothelial cell overgrowth but is 

possibly new cellular recruitment to the surface.        

3.3.5 Other drivers of Toxicity  

Whilst all samples used within this study are examined for traces of endotoxin 

contamination which, if present, could lead to a false elicitation of inflammation, 

none had detectable levels of endotoxin suggesting that this could not be a significant 

driver of toxicity. There are however other factors which can drive the pathogenic 

effects of particles which may not relate to our current hypothesis that morphology is 

a critical driver of particle retention and inflammation. The importance of soluble 

components leaching from particle surfaces or other bio-available locations has been 

a consideration of inflammogenic particles such as welding fumes (McNeilly et al. 

2004) and mineral particles (Hetland et al. 2001), and particulate matter (PM) air 

pollution (Wilson et al. 2007). In order to test if a soluble factor is indeed driving the 

inflammation seen after introduction of our pathogenic MWCNT samples, we 

generated a soluble extract of our two pathogenic CNT samples, NTLong1 and 

NTLong2. The soluble extract was generated by 24 hr continuous mixing of the 

MWCNT samples in sterile PBS at a concentration of 1 mg/ml. After this period, the 

samples were centrifuged remove particles and a filtered using a 0.45 µm filter. The 

resultant extract was diluted to the same concentration in 0.5% BSA/ saline as the 

nanotube sample and injected into the peritoneal cavity of female C57BL/6 mice. 



 

 ‐ 148 ‐ 

Twenty four hours later the level of inflammation was investigated using differential 

cell counts to establish PMN influx and total protein.  

Figure  3.28:  inflammatory  effects  of MWCNT  soluble  extract. Results of intraperitoneal injection 

with 50 µg of NTLong1, NTLong2 or soluble extracts at equal dose concentration for a period of 24hrs. 

Analysis was performed with 3 animals per group.  

Figure 3.28 shows the resultant inflammatory response which in both cases is marked 

after injection of the MWCNT samples but not appreciably above vehicle control for 

the extracts.  

This suggests that a soluble component, environmental or otherwise is not the main 

driver of the toxicity seen. To further investigate this we tried to correlate the level of 

inflammation seen (as assessed by total PMN influx 24 hrs and 7 days after injection) 

generated by each member of the particle panel with the metal content of these 

particles. Table 3.6 gives the R2 value for each plot based on PMN influx on the Y-

axis and the corresponding metal content for each of the transition metals analysed. 

As the table shows, none of the metals quantified show a linear relationship with 

inflammation, indeed iron (Fe) which has been suggested to be particularly important 

in CNT pathogenicity (Kagan et al. 2006) has low R2 values suggesting a poor 

relationship.         
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Table 3.6: Relationship between particle soluble metal content and inflammation  

Soluble Metals (µg/g)  Total Metals (µg/g) 
    Total PMN Total PMN
    24hrs  7d 24hrs  7d

R
2
 V
al
u
e 

Co  0.1336  0.2372

R
2
 V
al
u
e 

Co 0.0780  0.0656
Cr  0.1011  0.0680 Cr 0.2027  0.0974
Cu  0.0015  0.1132 Cu 0.1706  0.0033
Fe  0.0031  0.1423 Fe 0.1754  0.0005
Mn  0.0396  0.1048 Mn 0.1808  0.0885
Ni  0.1235  0.0416 Ni 0.0615  0.0060
Ti  0.1723  0.1004 Ti 0.1390  0.1279
V  0.1290  0.0873 V 0.0517  0.0003
Zn  0.0019  0.1939 Zn 0.0208  0.2330

 

Due to the diaphragm being the main point of egress for fluid in the peritoneal 

cavity, a large proportion of particles which cannot negotiate the diaphragmatic 

stomata are deposited there where they generate the formation of fibrotic plaques 

seen in figures 3.23 to 3.27. However the diaphragm is not the only site of particle 

retention and deposition in the peritoneal cavity and numerous lesions could be seen 

throughout the viscera in the cavity. Figure 3.29 shows a section at increasing 

magnification of the peritoneal omentum taken from an animal that had been injected 

7 days previous with 50 µg of NTLong2 and clearly shows the presence of carbon 

nanotubes within this structure.  
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Figure 3.29: Omental  section  taken 7 days post  intraperitoneal  injection of NTLong2 MWCNT. Female C57BL/6 mice intraperitoneally injected with 50 µg of NTLong2 

MWCNT. The image shows a section of greater omental tissue taken 7 days later and stained with H&E. Clearly visible in image I are foci of carbon nanotubes surrounded 

by greyed areas of wider fibre accumulation (as ropes or singlet fibres). Higher magnification (images II and III) show the peculiar fan-like structure of these aligned 

aggregates.      

100µm300µm 50µm

I (x2.5 Magnification) II (x10 Magnification) III (x10 Magnification)
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The omentum is a large section of tissue of which is a double layered extension of 

the visceral peritoneum and consists of the lesser and greater omentum (Moore 

1996). The greater omentum consists of numerous adipocytes and is often referred to 

as the abdominal policeman due to its role in peritoneal infection and trauma. It has 

been documented that absorption of particles occurs as well which is unsurprising as 

the omentum is considered by some authors as secondary lymphoid tissue for the 

peritoneal cavity (Broche & Tellado 2001). As such the localisation of injected 

particles to the omentum is not surprising and it is possible that the fan-like structure 

of the deposited CNT seen (most clearly in image III) may be due to egress from the 

omental capillary network (omental glomeruli) to the location of the surrounding 

macrophages and lymphocytes which compose the omental milky spots (Broche & 

Tellado 2001). It is difficult to speculate the fate of these interstialised CNT or the 

reaction which they may cause. It is known that peritoneal mesothelioma can result 

in a thickened omentum ("omental cake") (Raptopoulos 1985) but this may well be 

due to alterations in the dynamics of the peritoneal cavity (e.g. fluid flow, cell 

movements etc.) rather than specific interaction of particles and the omentum.   

Fibres injected into the peritoneal cavity also deposit on the organs contained within 

the cavity. Figure 3.30 shows one such lesion, whereby particle deposition onto the 

surface of the spleen has led to formation of a fibrotic plaque and thickened 

boundaries at the surface. Such lesions occur over numerous organs including the 

liver, stomach, and intestines with similar pathological results. Due to the difficulties 

in identifying small collections of or singlet fibres in histology sections, it is 

impossible to say if such lesions represent discrete accumulations or if fibres are 

more widely dispersed throughout the peritoneal cavity. However if animals are 

allowed to continue past the 7 day time point used to quantify plaque formation, the 

wider fibrotic effect of MWCNT deposition becomes apparent. 
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Figure  3.30:  Section  of  spleen  taken  7  days  post  intraperitoneal  injection  of  NTLong2 MWCNT. 

Female C57BL/6 mice intraperitoneally injected with 50 µg of NTLong2 MWCNT. The image shows a 

section spleen taken 7 days later and stained with H&E. A nodule of fibrotic tissue is evident on the 

smooth regular surface of the spleen which, as shown in the call-out, consists of carbon nanotubes.  

3.3.6 Chronic inflammation  

The effects of injection of the particle panel into the peritoneal cavity was 

investigated over a greater time-frame to look for signs of resolution in comparison 

to asbestos controls, delayed reaction in the case of non-inflammatory particles (e.g. 

NTTang or SFA) as well as the longer term effect particle deposition has. 

6 Week Post Injection  

Female C57BL/6 mice intraperitoneally injected with 50 µg of each member of the 

particle panel and allowed to recover for a period of 6 weeks prior to being humanely 

culled. The animals were closely monitored throughout this period and did not show 

any overt signs of distress, reduced feeding or inactivity. At the cessation of the 

experiment, each animal (n=3) was lavaged and a differential cell count performed 

for total cells (figure 3.31 I), total PMN (figure 3.31 II), total FBGC (figure 3.31 III), 

and total protein concentration (figure 3.31 IV).  
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Figure 3.31: Chronic  (6 week) peritoneal  inflammatory  response post  injection with  fibrous and 

non‐fibrous  particles.  Female C57BL/6 mice were intraperitoneally injected with 50 µg/0.5ml of 
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either LFA, SFA, or VEH (0.5% BSA/ Saline). Six weeks later the peritoneal cavity was lavaged and 

the total cell number (I) established. A differential cell count was performed to ascertain total PMN 

(II) and total FBGC (III) concentration. In addition the total protein concentration (µg/ml) of the 

lavage fluid established by BCA protein assay. Dot plot with mean of 3 animals ± s.e.m. Significance 

vs. vehicle control indicated by **P<0.01, ***P<0.001. 

Figure 3.31 shows that for all treatments, cell recruitment to the peritoneal cavity had 

diminished markedly with all except the NTLong2 treated animals showing vehicle 

control levels. Those animals treated with NTLong2 surprisingly still displayed a 

significant increase in total cells, total PMN, FBGC and lavage fluid protein over 

control indicting that such a reaction had yet to resolve. The pathological effects of 

CNT accumulation in the peritoneal cavity are shown in figure 3.32. The first image 

(figure 3.32 I) shows the diaphragmatic aspect of the peritoneal cavity of a mouse 

injected with vehicle control displaying the crisp margins of a healthy liver sat 

against the diaphragm. Image II shows the same aspect of a mouse injected with 50 

µg of NTLong2 and shows quite a different response. The liver has become rounded 

and lost its crisp margins, the omentum (towards the bottom of the image) had 

become thickened and milky in colour and many of the internal organs were now 

fused indicating a serve widespread fibrotic reaction. The rounded morphology of the 

liver is likely due to the deposition of fibres on the surface generating the deposition 

of collagen. As this collagen contracts, the surface is compressed and liver rounds 

up.     

 

Figure 3.32: Photographic image of the diaphragmatic aspect of the peritoneal mouse showing the 

visceral organs. Female C57BL/6 mice intraperitoneally injected with vehicle control (I) or 50 µg of 

NTLong2 MWCNT (II). The image shows the exposed peritoneal cavity looking up towards the base of 
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the liver and the diaphragm taken 6 weeks after injection. The * indicates the edge of the diaphragm 

and base of the ribcage, the black chevrons (I) indicate the crisp margins of the liver extending to the 

edge of the diaphragm. Image II shows the fibrosed visceral organs with a thickened omentum shown 

in the bottom corner of the image. The white chevrons indicate the balled-up lobes of the liver 

indicating extensive surface fibrosis.    

Within this experiment, H&E stained sectioning was not performed but instead the 

surface attributes of the diaphragm mesothelium was visualised using SEM. As 

would be expected, the mesothelial surface of control animals was clear with no 

signs of fibrosis or inflammatory cell aggregates. Figure 3.33 shows a representative 

example of these large areas of flat normal squamous mesothelial cells bordered by 

areas of cuboidal mesothelial cells (C) which are thought to overlie lucunae 

(stomatal) regions (Mutsaers 2004; Tsilibary & Wissig 1977).      

 

Figure 3.33: Scanning electron micrographs of the surface of the diaphragm 6 weeks post injection 

with vehicle  control. The scanning electron micrograph shows the normal peritoneal aspect of the 

diaphragm 6 weeks post injection with vehicle control. The diaphragm is lined with large areas of 

squamous mesothelial cells which vary in the degree and location of micro-villi expressed on the 

surface. The squamous areas are broken up by areas of cuboidal mesothelial cells (C) which appear in 

rafts along the surface of the diaphragm and are thought to overlie diaphragm lymphatics.  

100µmC
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In contrast to the clear appearance of control and small particle injected animals, 

figure 3.34 shows a representative image of the diaphragm 6 weeks after injection 

with NTLong2 carbon nanotubes. Image I shows a large tract of inflammatory cells 

forming a fibrotic plaque over the top portion of the image. The white chevron marks 

the border of this plaque and the exposed underlying mesothelium (Me). The surface 

and leading edge of the fibrotic plaque is marked with numerous strands of 

extracellular material presumed to be collagen and fibrin.   
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Figure 3.34: Scanning electron micrographs of the surface of the diaphragm 6 weeks post  injection with NTLong2 carbon nanotubes. The scanning electron micrograph 

shows the peritoneal aspect of the diaphragm 6 weeks post injection with NTLong2. The image on the left (I) shows the mesothelium (Me) overlain with a large fibrotic plaque 

covering the upper portion of the image with its leading edge shown by a white chevron. Image II shows a higher power image of the edge of this plaque (shown by a white 

chevron). The surface mesothelium (to the left of the image) appears ruffled and reactive with neither the flat squamous micro-villus coated appearance of the squamous 

mesothelium or smooth cuboidal appearance of the cuboidal mesothelium. The red arrow indicates possible diaphragmatic stomata with a clearly defined edge. Below this is 

a single inflammatory cell on the surface of the mesothelium.  
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The surface and leading edge of the fibrotic plaque is marked with numerous strands 

of extracellular material presumed to be collagen and fibrin and within these, red 

blood cells are apparent. Figure 3.34 II shows a higher powered image of the edge of 

the fibrotic plaque. The white chevron marks the edge of this plaque which consists 

of tightly aggregated cells, some of which have an elongated and ruffled appearance 

commensurate with macrophages. The surface mesothelium (labelled Me) appears 

highly ruffled which may indicate an activated and responsive state perhaps in 

response to the presence of numerous inflammatory cells. The image also shows a 

possible example of stomata connecting the mesothelial surface with the underlying 

lymphatic channels. These stomata are difficult to identify and confirm but could be 

suggests due to the clear demarcation of the edge (lip) and correct size 

(approximately 10 µm).    

6 Month post Injection  

A small number of animals (n=2) were intraperitoneally injected with a long and 

short amosite asbestos sample and a long (NTLong2) and short (NTTang1) carbon 

nanotube sample and allowed to recover over a period of 6 months prior to being 

culled and undergoing histological examination. Due to the scale of the fibrotic 

response seen at a dose of 50 µg, a lower dose of 10 µg was used in order to maintain 

the welfare of the animals whilst allowing investigation of the long term response. 

Upon cessation of the experiment, the diaphragm was removed, fixed in methacarn 

fixative and the diaphragm sectioned on-edge to show the formation of any fibrous 

plaques. The size of any areas of fibrosis was established using serial imaging of the 

diaphragm (x10 magnification), and measurement of areas of fibrotic lesion using 

calibrated software (QCapture Pro software; Media Cyberbernetics Inc., MD, USA).  

Figure 3.35 shows the result of this measurement and indicates that SFA did not 

elicit the formation of a fibrotic plaque, which is in line with what we have seen at 7 

days and 6 weeks post injection. Interestingly, no detectable fibrotic plaque was 

visible after injection with LFA suggesting that the formation of a continuous plaque 

visible at 7 days and 6 weeks had diminished. Injection of NTLong2 led again to the 

formation of a fibrotic plaque which was diminished in size (0.03 mm2/mm – note 

lower dose of 10 µg) from those seen at 6 weeks (0.5 mm2/mm) and 7 days (0.07 
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mm2/mm). NTTang1 led to the formation of occasional small aggregates potentially 

due to injection of larger, non-dispersed aggregates leading to an artifactual response, 

similar to those discussed in at 7 days post-injection.   

Figure 3.35: Fibrotic plaque formation 6 months post single IP injection of long carbon nanotubes. 

Female C57BL/6 mice were intraperitoneally injected with 10 µg/0.5ml of either vehicle control VEH 

(0.5% BSA/ Saline), SFA, LFA, NTTang1 or NTLong2 carbon nanotubes. Six months later the size of any 

fibrotic lesions found on the peritoneal aspect of the diaphragm was established and is shown (mm) 

per unit length (mm) of diaphragm section.  Dot plot with mean of 2 animals ± s.e.m. Significance 

was not established due to low animal numbers. 

Whilst occasional aggregates of NTTang1 were evident on the peritoneal aspect of the 

diaphragm, the cellular reaction to these aggregates as compared to the long fibres of 

NTLong2 was much lower.   
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Figure 3.36: Mouse diaphragm section taken 6 months after instillation of vehicle control. The image shows half a mouse diaphragm stained with H&E taken on edge with 

the peritoneal aspect at the upper portion and the thoracic aspect at the lower portion. The majority of the image shows the muscular portion with the tendonous region 

beginning to the right of the image. The surface of the mesothelium appears clear with no fibrotic plaque.   
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Figure 3.37: Mouse diaphragm section taken 6 months after instillation of NTLong2. The image shows 

half a mouse diaphragm stained with H&E taken on edge with the peritoneal aspect at the upper 

portion and the thoracic aspect at the lower portion. The surface of the mesothelium appears 

dramatically thickened due to the presence of a large fibrotic plaque extending across much of the 

surface of the diaphragm. Image II is the same section but with the fibrotic plaque highlighted (blue) 

to show the area of measurement in quantifying the plaque.   

Figure 3.38 shows an example of the response to deposition of NTTang1 which has 

formed a small spherical aggregate in comparison to the response to NTLong2. As the 

images on the left show, deposition of the particle (arrow) has led to overgrowth and 

incorporation into the mesothelial layer. This is not associated with accumulations of 

cells nor is there excessive collagen deposition around the site of the CNT particle as 

shown by PSR staining. In stark contrast, deposition of NTLong2 at the surface (a 

collection of fibres is shown by the arrow) as shown in the right hand images has led 

to a large accumulation of extracellular material. Within this fibrotic plaque, cell 

nuclei can be seen stained with haematoxylin but these are far fewer in number 

compared to those seen at earlier time points such as that shown in figure 3.27. This 

shows a change from a cellular accumulation (granuloma) to a fibrous cap which is 

most clearly shown in the PSR stained sectioned where the upper portion of the 

plaque appears almost completely formed of collagen. Also apparent was a thin 

monolayer of cells covering the surface of the plaque which is presumed to be 

overgrowth and restoration of the mesothelial surface. 
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Figure  3.38: Diaphragmatic  lesions  6 months  after  introduction  of  2  forms  of  carbon  nanotube 

differing in aspect ratio. The figure shows the peritoneal aspect of the diaphragm of C57BL/6 mice 6 

months after intraperitoneal injection of 10µg of two separate forms of MWCNT stained with H&E 

for general pathology (upper panels) or PSR for collagen (lower panels). The potent highly 

inflammatory and fibrotic reaction seen in the right panels are caused by the presence of MWCNT in 

the form of fibre, both singlet and nanoropes (arrow). This is contrasted to the response to MWCNT in 

the form of tightly bound dense spherical aggregates rather than fibrous CNT where there is little 

inflammatory or fibrotic reaction. All images are taken at x100 magnification, scale bar is 100 µm.  

3.3.7 DNA Damage In Vivo 

As figures 3.5 to 3.38 show, injection of long fibres into the peritoneal cavity of mice 

cause a potent inflammatory response which progresses to form fibrous lesions at 

sites of deposition including the visceral organs and cavity walls, in particular the 

diaphragm. As environmental exposure and injection of amosite asbestos into the 

peritoneal can lead to carcinogenic effects (Cullen et al. 2000a; Miller et al. 1999b), 
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as a proof of concept study, animals were injected with LFA or vehicle control and 

left for 24 hrs. After this time period the animals were humanly culled and the 

peritoneal cavity lavaged with ice-cold sterile saline to remove non-adhered 

inflammatory cells. A small incision was made in the abdominal wall at the base of 

the abdomen and a cell scraper drawn along the parietal surface of the internal 

abdominal. Collected cells with rinsed from the scrapper and the cavity flushed with 

ice-cold saline to remove dislodged cells. The collected cells were then analysed for 

DNA strand breaks using the alkaline comet assay.  

Figure  3.39:  DNA  damage  in  harvested  peritoneal  cells  24hrs  post  injection with  LFA.  Female 

C57BL/6 mice were intraperitoneally injected with 50 µg/0.5ml of either LFA or VEH (0.5% BSA/ 

Saline). Twenty four hours later, the peritoneal cavity was lavaged and cells harvested using a cell 

scraper from the peritoneal aspect of the abdominal wall prior to analysis for DNA damage (as 

expressed by comet tail moment) using the comet assay. Bar graph showing the median comet tail 

moment derived from 200 comet cells from 2 animals.  

Figure 3.39 shows clearly the induction of DNA damage in LFA exposed animals 

whilst those animals exposed to the vehicle control display little DNA damage in the 

harvested cells. This induction of DNA damage is appears substantial, but due to the 

non-specific nature of the harvesting of the cells, it cannot be ascertained if the cells 

displaying the DNA damage are mesothelial cells (and hence of high relevance) or 

inflammatory cells.           
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3.3.8 Carbon Nanotube Toxicity in Vitro  

When considering the toxicity of fibrous materials, cellular effects can occur via 

direct interaction with the target cell (e.g. fibre/ mesothelial cell interaction) or 

interaction with another cell type that impacts on the function of the target cell. The 

use of in vivo models allows the investigation of the complex multi-cellular interplay 

that occurs when an exogenous particle is introduced. However whilst this interplay 

is biologically very relevant, it does not necessarily allow the investigation of purely 

direct interactions and toxicity which is more suited to the highly artificial in vitro 

environment. Figure 3.40 shows the release of lactate dehydrogenase (LDH) from the 

immortalised human mesothelial cell line MET-5A as a marker of cell membrane 

damage, typically taken as a sign of toxicity. The cells were treated with members of 

the particle panel for a period of 24 hrs prior to LDH analysis. The results show that 

with increasing dose, there is only an increase in LDH release from LFA treated cells 

with significance occurring from a dose of 25 µg/cm2 onward. None of the MWCNT 

samples stimulated LDH release and perhaps most interestingly neither did SFA. 

This indicates that the MWCNT used are not directly damaging to the MET-5A cells 

but also that the cytotoxicity seen with the amosite sample is length dependent as 

incubation with SFA, which has a similar bulk chemistry to the LFA sample did not 

cause appreciable LDH release. 
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Figure 3.40: Particle  induced  cell membrane damage of MET‐5A  cells. MET-5A mesothelial cells 

were incubated for a period of 24hrs with members of the particle panel at 10, 25, 50 and 100 µg/cm2 

prior to harvesting and analysis of the cell media from the presence of lactate dehydrogenase (LDH). 

Significance vs. vehicle control indicated by ***P<0.001.    

The cellular uptake of MWCNT was also investigated by incubation of NTLong2 

MWCNT at a non-toxic dose of 7.5 µg/cm2 for a period of 24 hrs. After this period, 

the cells were fixed and prepared for TEM or SEM imaging. Obtaining high quality 

images of CNT via TEM sectioning proved difficult due to the hardness of the CNT 

in comparison to the knife used (diamond). As a result CNT was often displaced 

from its true positioning leaving tares in the resin section. In addition, it proved 

impossible to obtain a longitudinal section of a CNT and as such, the CNT tend to 

appear shorter as they are rotated in relation to the section (e.g. end-on rather than 

side-on). Figure 3.41 shows cellular interaction and uptake of CNT by the MET-5A 

cells.    
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Figure 3.41: NTLong2 carbon nanotube interaction with cultured MET‐5A cells. MET-5A mesothelial 

cells were incubated for a period of 24hrs with NTLong2 at a non-toxic dose of 7.5 µg/cm2 on 

thermonox coverslips. The cells were fixed using in 3% glutaraldehyde/ 0.1 M sodium cacodylate (pH 

7.2) and postfixed in 1% osmium tetroxide prior to sectioning. Image I shows the small aggregates of 

NTLong2 with a vacuole (green arrow) adjacent to the nucleus (N). Image II shows a higher 

magnification of a CNT aggregate potentially during uptake. It shows the presence of mitochondria 

(M) in the cytoplasm and the CNT fibre perturbing the membrane of the forming phagosome (red 

arrow).    

Image I shows a large aggregated collection of NTLong2 out with the cell and an 

internalised collection of smaller aggregates within a membrane bound vacuole 

likely to be a phagosome (marked with a green arrow). The phagosome is adjacent 

to, but does not contact the nucleus nor was any particles found within or penetrating 

the nucleus or other intracellular organelles. Image II shows a higher power image of 

the possible formation of a phagosome around a small aggregate of CNT. The CNT 

appear to perturb the surface membrane causing its indentation (red arrow) and may 
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penetrate the phagosome membrane although as figure 3.41 shows, this does not 

appear to lead to significant toxicity. As a TEM section only gives a single level of 

the cell, it can be difficult to gauge the level of CNT and mesothelial cell interaction. 

Figure 3.42 shows a SEM image of a mesothelial cell and numerous nanoropes 

formed of NTLong2 carbon nanotubes.  

 

Figure 3.42: NTLong2 carbon nanotube interaction with cultured MET‐5A cells. MET-5A mesothelial 

cells were incubated for a period of 24hrs with NTLong2 at a non-toxic dose of 7.5 µg/cm2 on 

thermonox coverslips. The cells were fixed using in 3% glutaraldehyde/ 0.1 M sodium cacodylate (pH 

7.2) and postfixed in 1% osmium tetroxide prior to sputter coating with gold and SEM imaging. The 

mesothelial cell (M) is apparent on the right hand side of the image and shows the presence of surface 

microvilli (black arrows). The cell is penetrated at numerous points along the left hand side by carbon 

nanotube ropes (red arrows).     

The mesothelial cell is identifiable by the presence of surface microvilli (black 

arrows) and appears to be penetrated in numerous locations by CNT (red arrows) 

where they cause perturbation of the surface outwards. It is suggested that these are 

nanoropes of NTLong2 rather than singlet fibres as the singlet fibres are ~163 nm 

(table 3.3) and some of those seen appear larger in diameter in that. Despite the 
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penetration of the cell, the presence of CNT appears remarkably well tolerated based 

on the results of LDH release after 24hr CNT incubation shown in figure 3.40.  

Based on figures 3.41 and 3.42, it can be stated that NTLong2 carbon nanotubes are 

taken up into mesothelial cells and this does not appear to generate significant 

cellular toxicity. Another question that is raised from this observation is if CNT are 

able to generate sub-lethal, genotoxicity which may have importance in 

understanding the potential for carcinogenic effects following CNT exposure.       

Macrophage handling of fibres 

Whilst evidence of macrophage interaction of with fibres and particles has been seen 

in cells washed from the peritoneal cavity and lungs of mice and evidenced in figure 

3.14, we were unsure as to the handling of fibres and particles by macrophages. To 

address this, the rat alveolar macrophage cell line NR8383 was incubated with 

different members of the fibre panel and the interaction viewed using time lapse 

microscopy. A still image from a time lapse series taken during the co-incubation of 

macrophages and LFA is shown in figure 3.44 and shows the attempted engulfment 

of LFA fibres by macrophages. The full movie is present on DVD 2 at the rear of this 

thesis (Movie 3).  

Movie 1 shows macrophages incubated with SFA and the SFA is visible as small 

dark fragments moving via Brownian motion in the media. Over the duration of the 

movie the SFA samples increasingly settle towards to the bottom of the flask and 

engulfed by roaming macrophages. This is evidenced by the formation of clear areas 

around the macrophages which were previously covered with deposited SFA 

particles. The macrophages appear highly mobile and lead with numerous processes 

in their movement across the flask. For comparison, movie 2 shows macrophages co-

incubated with LFA fibres. The movie shows gain motile macrophages engaging 

with the introduced particles. However due to the length of the fibres, the 

macrophages are unable to engulf a fibre to which they have attempted to 

phagocytose. This is evident in numerous cases throughout the movie but of great 

interest is when a macrophage elongates to try and enclose the fibre much larger than 

itself. Whilst frustrated phagocytosis appears to perhaps slow the macrophages as 

they interact for a greater period with a particle, it does not appear to prevent 
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movement or further uptake which results in macrophages becoming frustrated with 

several fibres. Movie 3 shows a higher magnification (x20) of macrophage 

interaction with LFA fibres and allows a clearer view of macrophage and long fibre 

interaction.            

  

Figure 3.43: Frustrated phagocytosis by amosite asbestos fibres. Image of rat alveolar macrophages 

(NR8383 cell line; white arrow) attempting to phagocytose long amosite asbestos fibres (white 

chevron). The resultant elongation of the cells as demonstrated by the black arrows is the frustration 

of the macrophage as they attempt to fully enclose the fibre which is much longer than itself.    

In comparison, movie 4 shows the interaction of macrophages with NTLong2 carbon 

nanotubes.  The movie again shows the macrophage interaction with the fibres and 

macrophages again attempting to engulf fibres much longer than themselves. The 

clear difference is that whilst the macrophage may become ‘impaled’ on a carbon 

nanotube, it does not seem to elongate along the nanotube as shown with LFA 

(movies 2 and 3). Interaction with a CNT does also not prevent the macrophages 
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movement as they continue to move and attempt to engulf other fibres in addition to 

the fibres the macrophage is already associated with. The result becomes more 

apparent towards the end of the movie as the previously evenly dispersed 

macrophages now form aggregated clumps of cells surrounding CNT. This is due to 

the attempted phagocytosis of MWCNT already associated with another 

macrophage(s) leading to cells being pulled together. It is plausible that such an 

action could occur at the surface of the mesothelium and result in the formation of a 

granuloma at sites of fibre deposition.  

The NTTang1 sample was co-incubated with macrophages as an example of short 

tangled CNT. The particles that are visible appear as small aggregates which, as with 

SFA are easily engulfed by motile macrophages with no frustration of phagocytosis.   

Direct Particle Genotoxicity 

The potential for members of the particle panel to generate DNA damage in the form 

of DNA strand breaks was investigated using the comet assay, performed on cultured 

human mesothelial cells (MET-5A cell line). 

The results show that of the panel members, LFA generates the highest level of 

genetic damage followed by NPCB in comparison to vehicle control (Fig 3.44). Of 

the samples considered, LFA contains the highest level of soluble iron which is 

known to be redox active (Guo et al. 2007; Papanikolaou & Pantopoulos 2005) and 

may be source of ROS generating damage.  

Of the carbon based particles, only NPCB generated an increase in DNA strand 

breaks in comparison to vehicle control. This does reflect the level of intrinsic 

reactivity demonstrated in figure 3.4 using EPR measurements, however this is not 

shown with amosite asbestos suggesting that another component is required to 

generate ROS. For example H2O2 is required to catalyse the Fenton reaction leading 

to the generation of OH. species (Papanikolaou & Pantopoulos 2005). Thus, in the 

absence of H2O2 such activity might not be detected using EPR.  
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Figure  3.44:  Particle  induced  DNA  damage  of  MET‐5A  cells.  MET-5A mesothelial cells were 

incubated for a period of 24 hrs with members of the particle panel at a non-toxic dose of 7.5 µg/cm2 

prior to cell harvesting and analysis using the alkaline comet assay. The median level of DNA strand 

breaks is measured as comet tail moment from a minimum of 4 assays (separate cultures).  

3.4 DISCUSSION 

The role of length in fibre toxicity has been well established in its critical role as a 

part of the 3 D’s of fibre toxicity and known for many years (Oberdorster 2002). 

These attributes which contribute to fibre pathogenicity have been suggested as 

potentially being important for carbon nanotubes as well (Donaldson & Tran 2004). 

Despite this, at the time of commencement of this project, no study had adequately 

investigated the length hypothesis, nor any of the other attributes which contribute to 

fibre toxicity. One of the only studies to attempt to critically evaluate the role of 

length in carbon nanotube toxicity prior to this project and its associated publication 

was that of Sato et al. The authors identified that nanotubes which can range in 
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length from a few nanometres to micrometers in length could have unusual 

toxicological properties as they may share intermediate properties of fibres and 

nanomaterials (Sato et al. 2005). Using in vitro (co-incubation with monocytic THP-

1 cell line) and in vivo (subcutaneous tissue injection in mice) techniques, the study 

compared the effects of 220 nm and 825 nm MWCNT and found that whilst no 

difference was detected in vitro, the longer 825nm MWCNT generated a stronger 

inflammatory response in vivo. Whilst very interesting, the paper did not fully 

address the concept of a ‘long’ fibre in relation to fibre toxicity as the particles they 

used could not be defined as a fibre (i.e. they are shorter than the minimum length).          

Within our study, in order to investigate the length dependent pathogenicity of 

carbon nanotubes in relation to asbestos, a particle panel was developed consisting of 

long MWCNT and tangled CNT. The tangled CNT were in two length fractions (1-5 

µm and 5-20 µm), however, irrespective of the length reported by the manufacturer, 

the longer of the two samples did not possess a straight length and as such formed a 

small spherical particle meaning it was non-fibrous. In future studies, the use of short 

and straight CNT would be preferable to the use of CNT of a markedly different 

morphology (i.e. curled and tangled) when comparing long and short CNT. The use 

of tangled short CNT represented the best material available at the time of the 

initiation of this study.  

These particles were compared against long and short amosite asbestos fibres as well 

as a spherical carbon nanoparticle control. The panel of fibres was thoroughly 

characterised and the long fibre samples were shown to posses varying degrees of 

long fibres (>15 µm), with NTLong1 possessing the lowest proportion followed by 

LFA and LTLong2. Interestingly, when comparing the acute inflammatory response of 

the different fibres, this pattern was replicated, with of the 3 long fibres (all 

generating significant inflammation). NTLong1 generated the lowest PMN and total 

cell influx, followed by LFA and NTLong2. In our assessment of the acute 

inflammatory potential of the fibre panel, the non-fibrous samples (by WHO 

definition (WHO 1997)) did not generate any significant inflammatory response 

which is in stark contrast to the long fibres. This difference is highlight by the 

diversity of physico-chemical characteristics such as particle chemistry, diameter and 
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structure of the particles within the long and short fibre groups. As such, the main 

difference between the SFA and LFA samples and between the NTLong and NTTang 

samples is not bulk chemistry, it is the length. Within particle toxicology, the role of 

contaminants in the activity of a particle in a biological environment has been well 

established. For example the presence of bacterial contaminants such as 

lipopolysaccharide (endotoxin) on the surface has been shown to contribute to the 

biological response of organic dusts such as wool and grain dusts in macrophages 

(Brown et al. 1993; Brown & Donaldson 1996). Within our study we ruled out the 

presence of endotoxin as a contaminant for all particles and in addition, soluble 

extracts of our toxic NTLong MWCNT did not generate any inflammatory response. 

Another consideration behind a driver of particle toxicity not associated with length 

or aspect ratio is the presence of organic compounds such as polyaromatic 

hydrocarbons (PAHs) on the particle surface. PAHs are commonly produced during 

combustion processes due to incomplete combustion of organic molecules and can 

occur both naturally and via athropogenic sources such as combustion engines 

(Haritash & Kaushik 2009), meaning they are a common component of air pollution 

(Bonvallot, Baeza-Squiban, Baulig, Brulant, Boland, Muzeau, Barouki, & Marano 

2001;Muzyka, Veimer, & Shmidt 1998;Sharma et al. 2007;Van Winkle & Scheff 

2001). The PAH content of the samples used within this study was not investigated 

and whilst there some studies investigating the adsorption/ desorption potential of 

CNT (Yang et al. 2007), there are no studies yet systematically investigating the 

level of naturally occurring PAH contamination of CNT nor what effect this may 

have on the relative toxicity. Therefore the role of PAHs in CNT toxicity could be an 

interesting avenue of future research.  

The role of contaminating metals in particle toxicity is well established and has been 

suggested as playing a role in asbestos toxicity also (Chao et al. 1994; Fubini, Mollo, 

& Giamello 1995; Schins 2002). More recently there has been the suggestion that 

presence of residual metal catalysts such as cobalt and iron could contribute to CNT 

toxicity and genotoxicity (Lindberg et al. 2009). The level of remaining catalyst after 

production of CNT can vary between as produced and cleaned (acid treated) CNT. 

This may have a profound effect on the relative metal mediated reactivity such as the 

response seen by Kagan and Colleagues when evaluating SWCNT with an iron 
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content of ~20% (Kagan et al. 2006). Comparing the relative iron concentrations of 

the CNT used within this study, we see that both the tangled MWCNT samples 

which were non-reactive in the peritoneal model contained a higher proportion of 

total iron than the long MWCNT. To fully address this point we attempted to 

demonstrate a linear relationship between a wide range of contaminating metals, but 

no such relationship could be demonstrated suggesting within our assay, metal 

contamination was not the prominent driver of toxicity. In contrast when comparing 

short non-fibrous particles to long fibres, we are able to demonstrate a clear 

difference with long fibres generating significant inflammation and short particles 

universally creating no significant inflammation.  

When comparing the dose response relationship using a range of doses of our 

inflammogenic CNT sample NTLong2, it becomes apparent that on a mass basis 

NTLong2 generates a greater influx of PMN into the peritoneal cavity than LFA. This 

suggests that if performing a direct comparison on a mass basis, NTLong2 CNT is 

more potent at producing an acute inflammatory response than LFA. However if the 

active component of these samples is the fibre shape itself, then a comparison based 

on mass would not allow an accurate comparison of relative potency. This is because 

due to their inherent thinness, lower density and hollow nature of CNT, there is 

likely to be a far greater number of CNT fibres within a sample than of the same 

mass of an LFA sample. As such the difference we see in potency may simply be a 

difference in fibre number (dose). A direct fibre to fibre comparison would enable 

the elucidation of this and would allow us to define the relative potency of CNT 

based on the metric with which fibres are controlled (i.e. fibre number per ml). Due 

to the difficulties in performing accurate fibre counts and size distribution analysis of 

CNT because of their inherent structural propensity to aggregate, it was not possible 

to compare LFA and CNT on a fibre number basis as well as the mass basis used. A 

comparison based on fibre number would be enormously relevant both to 

understanding the critical driver of the toxicity seen but also relevant to how fibres 

are measured, controlled and regulated in the environment.  

Another relevant metric with which to compare particle reactivity could be surface 

area. If the driver of toxicity were a surface attribute such as surface reactivity or 
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surface bound contaminant such as iron, then a case comparison of the two particle 

based on equal surface area (and subsequently differing mass) would be most 

appropriate.   

During the investigation of the relative inflammogenicity of the particles within the 

panel, the acute (24 hr) inflammatory nature of the response of the peritoneal cavity 

to LFA was performed using a broad spectrum cytokine array to look at the increase 

or decrease in a range of cytokines and chemokines in relation to a vehicle treated 

animal (as this investigation was not performed on all samples the results are shown 

in Appendix 6, but the results are of sufficient interest to warrant discussion here). 

This comparison was performed only with the positive control fibre LFA. Of the 39 

analytes present within the array (see Chapter 2 for full list), Appendix 6 shows a 

range of analytes with the fold change in comparison to control. Most strikingly, 

injection of LFA led to a dramatic increase in the lavage fluid levels of the pro-

inflammatory cytokine MCP-1 (119.5 fold increase) and IL-16 (65 fold increase). 

Whilst mesothelial cells are known to produce MCP-1 in response to numerous 

factors such as IL-1β, TNFα and IFN-γ (Visser et al. 1998), mesothelial cells are not 

known to produce IL-16 which is known to be produced by macrophages and 

lymphocytes (Bannert et al. 1999). Another protein which was highly up-regulated 

(29.5 fold increase), that is not thought to be released by mesothelial cells and is 

known to be released from activated phagocytes was triggering receptor expressed on 

myeloid cells 1 (TREM-1) (Barati et al. 2010). Interestingly TREM-1 is thought to 

be highly expressed in response to bacterial infection resulting in amplification of the 

inflammatory response. The true triggering ligand(s) of TREM-1 are not fully known 

but it is suggested that TREM-1 may recognize a soluble protein over expressed as a 

result of inflammation/ tissue damage (Colonna & Facchetti 2003). Activation of 

TREM-1 is also suggested to up regulate MCP-1 expression (Bouchon, Dietrich, & 

Colonna 2000) and as such may be a causal factor in the extremely high expression 

of MCP-1 after LFA injection.  

The primary aim of this thesis was a comparative investigation of CNT and asbestos 

focusing on the drivers of the FPP. However, further study into the relative induction 

of cytokine responses using profiling during the different phases of the response seen 
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using a comparative approach would be an interesting avenue of research in 

understanding if the biological response to asbestos and CNT is truly similar.  

The development of a lesion on the surface of the diaphragm appears to follow 

distinct phases. The first of which was shown at 24 hr post injection, where we found 

deposition of fibres at the surface of the mesothelium. This is likely to occur rapidly 

after injection (although such deposition was only investigated at 24 hrs) as injection 

of particles into the peritoneal cavity has been shown to have transited the diaphragm 

and been found in the outlying medastinal lymph nodes (bu-Hijleh, Habbal, & 

Moqattash 1995) within minutes of injection into the peritoneal cavity. Deposition of 

fibres at the mesothelial surface may lead to the secretion of factors such as IL-8 

(Mutsaers 2002) or MCP-1 which has been shown to be released by mesothelial cells 

in response to asbestos fibres (Hill et al. 2003; Tanaka et al. 2000) and as such 

stimulate macrophage and other inflammatory cell recruitment. Such recruitment 

may arise from the pool of resident peritoneal macrophages, the peritoneal omentum 

(Doherty et al. 1995) but the polar expression of chemokines by mesothelial cells 

may also lead to the sequestering and migration of large numbers of inflammatory 

cells from the circulation via expression of adhesion molecules such as ICAM-1 

(Hill, Mangum, Moss, & Everitt 2003; Li et al. 1998). The result of such recruitment 

would be the cellular accumulation within the peritoneal cavity and, in particular, at 

the site of particle deposition. One of the most striking attributes of this acute 

inflammatory response was the dramatic increase in the number of neutrophils at 24 

hrs post injection only after injection of long fibres which occurred in a dose-

response manner. In the case of NTLong2, this significant increase in the peritoneal 

population of neutrophils was sustained during the 7 day, and remarkably 6 week 

time points. This suggests that NTLong2 has a potent ability to induce neutrophil 

migration into the peritoneal cavity far in excess of long fibre amosite asbestos. As 

previously mentioned, further investigation of this based on a matched fibre number 

would be pertinent in order to perform a true comparison of fibre reactivity.  

We have shown in this study that incubation of CNT in vitro with mesothelial cells 

over a short (24 hr) period did not generate significant levels of genetic damage as 

assessed by the comet assay nor did it cause cytotoxicity despite the demonstration of 
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internalisation of CNT by mesothelial cells. This is contrast to a recently published 

study which also using the comet assay showed that MWCNT could induce 

significant levels of DNA strand breaks in A549 cells (Yamashita et al. 2010). Whilst 

the dose used within our study and that of Yamashita et al. were comparable (35.625 

µg/ml and 50 µg/ml respectively), there is no detailed information about the CNT 

used, such as the level of contaminating iron which would allow a thorough 

discussion of the potential cause of genotoxicity seen within this study. Perhaps the 

most detailed study thus far looking at CNT genotoxicity is that of Jacobsen et al. 

which showed that SWCNT were less genotoxic in vitro than carbon black (in 

agreement with our own results with MWCNT) and diesel soot (Jacobsen et al. 

2008). However the use of single cell in vitro assays only allows a highly artificial 

examination of direct particle induced genetic damage (produced in the absence of 

inflammation, e.g. via the intrinsic production of ROS), and as such is unable to 

replicate the complex interplay and role of other cells in the generation of genetic 

damage.  

It has been shown previously that long fibres can stimulate high levels of oxidant 

production by inflammatory cells which is not seen with non-fibrous particles 

(Hansen & Mossman 1987) suggesting a role for length in the generation of a pro-

oxidant environment. Such oxidant production could impact on both the activation of 

oxidant sensitive transcription factors such as NF-κB (Rahman & MacNee 2000), 

and oxidant mediated genetic damage. The role of inflammatory cells in the 

development of genetic damage has been discussed more recently in numerous 

publications (Borm et al. 2006; Donaldson, Poland, & Schins 2010; Knaapen et al. 

1999; Schins 2002) although such a link has been established for some time 

(Weitzman & Stossel 1981). Inflammatory cells can act as a source of oxidants 

which deplete intracellular anti-oxidants such as glutathione and generate DNA 

lesions (secondary genotoxicity). This means that even a non-reactive (i.e. does not 

directly cause DNA damage) particle can potentially cause DNA damage resulting in 

carcinogenicity if it generates inflammation. This has been a suggested route of 

carcinogenicity in rodents seen after high exposure to poorly soluble low-toxicity 

(PSLT) particles (Schins & Knaapen 2007). High exposure to PSLT has been shown 

to lead to a condition known as lung overload, whereby the lungs ability to cope with 
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chronic particle deposition is overwhelmed leading to a reduction or cessation of 

particle clearance resulting in a massive build-up of particles triggering 

inflammation, fibrosis and cancer (Miller 2000; Morrow 1988; Tran et al. 2000). In 

such a situation, the generation of inflammation alone, possibly acts as a trigger of 

genetic damage leading to carcinogenicity. Indeed in a study by Driscoll et al., it was 

shown that co-culture of BAL cells retrieved after instillation of particles (α-quartz 

and carbon black) with rat lung epithelial cells led to increase in mutation frequency 

(Driscoll et al. 1997). It was further shown that such mutation frequency was greatest 

for those cells exposed to isolated BAL neutrophils indicating a prominent role for 

inflammatory cells and in particular neutrophils in non-target genetic damage. The 

role of oxidants as a mediator in this was shown by the addition of the anti-oxidant 

catalase which inhibited the mutation frequency caused (Driscoll, Deyo, Carter, 

Howard, Hassenbein, & Bertram 1997).      

As we have seen, injection of long fibres leads to a dramatic and, in the case of 

NTLong2 carbon nanotubes, sustained increase in peritoneal neutrophils. It is 

conceivable that such a population of activated inflammatory cells may lead to a 

potent environment, rich in oxidants that could lead to substantial secondary 

genotoxicity in non-target cells such as the mesothelium. Indeed excessive and 

persistent release of ROS leading to a highly pro-oxidant environment is considered 

a hallmark of secondary genotoxicity for particles (Schins 2002). In a pilot 

experiment, we have demonstrated that injection of our positive long fibre control 

LFA, led to an increase in comet tail moment in cells removed from the abdominal 

wall 24 hrs after injection of LFA. Further investigation of in vivo genotoxicity of 

CNT would be an interesting and important avenue of future research which would 

allow the role of other sources of genotoxicity such as ROS production by 

inflammatory cells (secondary genotoxicity) to be evaluated.  

The next stage after fibre deposition and inflammatory cell recruitment is the 

formation of a histocytic aggregation or granuloma at the mesothelial surface as was 

witnessed at sites across the mesothelium. Over time, this granuloma grows and 

becomes fibrotic with the deposition of extracellular matrix (as shown by staining 

with PSR showing collagen deposition). The chemokine, MCP-1 is dramatically 
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elevated during this initial (24 hr) period and has been shown in various studies to be 

associated with both fibrosis and granuloma formation. The formation of such 

granulomas is likely as a result, firstly of stimulation of an (acute) inflammatory 

response leading to cellular recruitment to the peritoneal cavity. The lack of 

clearance of the particle prevents cessation of the inflammatory response and may 

lead to a more chronic, macrophage mediated response typified by the formation of 

granulomas possibly in attempt to suppress and wall-off the offending particles.  

When comparing inflammatory markers such as total lavage protein and PMN influx, 

there is a substantial reduction in both markers between 24 hrs and 7 days post 

injection of fibres. The formation of foreign body giant cells is also another marker 

of the chronicity of the response to the fibres. Monocyte/macrophage fusion forming 

FBGC has been shown to be promoted by IL-4 and IL-13 which are predominantly 

secreted by CD4+T helper 2 (Th2) lymphocytes (Anderson, Defife, McNally, 

Collier, & Jenney 1999) which typically account for 5-10% of the cellular population 

within normal peritoneal cavity (Lewis & Holmes 1991).  

Histological and SEM analysis of the formed granuloma at 7 days post injection 

seems to show a predominance of mononuclear cells with a highly ruffled surface 

due to the presence of surface filopodia, suggesting cellular activation. A similar 

appearance was seen with all long fibre induced granulomas although these 

contrasted markedly to the granuloma formed by the presence of occasional large 

aggregates of NTTang2 which could not be cleared. The presence of such a granuloma 

is shown in figure 3.18 but most striking is the smooth appearance shown in figure 

3.23. This smooth surface suggests overgrowth of mesothelial cells and the 

resumption of a normal serosal surface, typical of the regenerative phase of serosal 

damage (Mutsaers 2002). What is perhaps most interesting is why at the same time 

point, is there a difference in the mesothelial reaction to an agglomerated particle in 

comparison to fibre shaped particles? Here we see that deposition of a non-fibrous 

particle leads to a muted inflammatory response as we do not see large aggregates of 

activated inflammatory cells adhering to the diaphragm surface as witnessed with 

fibrous particles. The scale of the granuloma is much smaller as shown in figure 3.38 

(bearing in mind this is certainly not the same retained dose of particles but does 
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show a difference in response), where as in response to fibres, there is the formation 

of a large heavily fibrosed granuloma. And finally, over the same period, the surface 

of the granuloma elicited by a non-fibrous aggregate is re-colonised by mesothelial 

cells, whilst no such overgrowth is observed with fibrous particles. This perhaps 

suggests that fibrous particles either due to a larger retained dose or due to their 

morphology generate a larger inflammatory and fibrotic response which is not 

conducive to rapid restoration of the mesothelial surface. 

At later time points, we see the thickness of the granulomas increase and further 

deposition of extracellular matrix. Also evident is the vascularisation of the lesion 

which is required due to the increasing depth of the granuloma which can, in areas, 

be thicker in depth than the diaphragm itself. Heavy fibrosis, cellular accumulation 

and vascularisation of these lesions suggest they are potentially permanent nature and 

indeed during our longest time point (6 months), prominent lesions were still present.   

As we have shown, particle deposition can occur at numerous sites throughout the 

peritoneal cavity including the spleen, liver and in particular can accumulate in 

tissues such as the omentum. As demonstrated at the diaphragm surface; deposition 

leads to granuloma formation and fibrosis. This can have a dramatic impact as is 

shown in figure 3.32 where surface deposition of fibres on the liver (note no fibres 

can be grossly observed in the form of large aggregates but are likely present as a 

thin deposited layer) leads to extensive fibrosis of the surface of the organ. Over time 

the deposited extracellular matrix contracts causing the lobes of the liver to round up. 

This may, with time, have led to organ failure or other health problems associated 

with excessive peritoneal fibrosis. Such extensive fibrosis leading to death was seen 

in the study by Takagi et al. after injection of a large 3 mg/ mouse dose of MWCNT 

where several treated animals died of constriction of the ileus (Takagi et al. 2008). 

The degree of fibrosis and adhesion formation 6 weeks post injection with MWCNT 

in our study was marked and may have been influenced by the nature of the 

peritoneal cavity. In response to inflammation or perforation of the gut, the omental 

tissue adheres to such damaged tissues (Glik & Douvdevani 2006). The omentum, 

known as ‘policeman of the abdomen’, is thought to play a prominent role in the 

adsorption of bacteria and particles from the peritoneal cavity (Collins et al. 2009). 
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Within our own work, the presence of focal collections or ‘black spots’ were noted in 

the omentum after intraperitoneal injection of CNT and carbon black particles (due 

to their light coloured nature, SFA and LFA were not visible by gross inspection). As 

shown in figure 3.30, accumulation of CNT appears to happen in a focal manner with 

particles forming in aligned foci which appear to correspond to large accumulations 

of leukocytes or ‘milky spots’ (Cui et al. 2002). As well as acting as a source of 

leukocytes, the omentum is also known to form adhesions within the peritoneal 

cavity at sites of damage (Collins, Hogan, O'Shea, & Winter 2009) and as such the 

multiple sites of damage/ inflammation caused by CNT injection may act as multiple 

sites of adhesion for the omentum leading to widespread fibrosis and adhesion 

formation with the peritoneal cavity.  

In summation, injection of long, straight carbon nanotubes into the peritoneal cavity 

of mice leads to the formation of a potent acute inflammatory response at a similar 

magnitude as long fibre amosite asbestos. Injection of tangled CNT, forming small 

spherical aggregates does not cause inflammation showing that length is the primary 

cause of inflammation in this model. Retention of long fibres within the peritoneal 

cavity leads to the formation of large areas of fibrosis which again are not 

demonstrated with short spherical particles. The CNT themselves do not appear to be 

particularly cytotoxic in comparison to amosite asbestos in vitro, nor are the directly 

genotoxic suggesting the material itself is not inherently reactive or toxic. However 

in vivo, the NTLong2 CNT sample generates a larger and more sustained influx of 

inflammatory cells and is associated with higher granuloma area than asbestos 

suggesting on an equal mass basis.  This suggests that the shape/ length of the CNT 

are critical drivers in CNT in vivo toxicity.     

As mentioned within Chapter 1, the model used within this study is not without its 

critics primarily because the model is not an exposure model. Instead the mouse 

peritoneal assay is a model of the effects of particles may have in a serosal cavity 

(primarily the thoracic cavity) to which particles are known to accumulate/ transit. 

The use of this model for addressing the effects of asbestos exposure is valid due to 

the availably of evidence showing asbestos particles within this cavity and localised 

within tumours (Boutin et al. 1996; Suzuki, Yuen, & Ashley 2005). However there 
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was no such evidence for MWCNT, indeed due to the fledgling nature of the CNT 

industry there is little human evidence for exposure as yet. The use of the model was 

based upon our knowledge of the target tissue for fibre toxicity (the mesothelium) 

and the evidence of fibre and particle translocation from the lung to the pleural space. 

As such we would have no reason to suggest that MWCNT, like other particles/ 

fibres depositing in the lung would not also transit to the pleura. Whilst we consider 

this a valid argument, only recently was our hypothesis given credence by the 

publication of study showing sub-pleural deposition of MWCNT in mice (Ryman-

Rasmussen et al. 2009a) after inhalation which had important implication for the 

potential for CNT to deposit and potentially translocate (Donaldson & Poland 2009). 

However whilst important this study showed only sub-pleural localisation of the 

CNT and no penetrations of the adjacent pleural space was observed. A later study 

by Mercer et al. showed that after pharyngeal aspiration of CNT, particles were 

noted in the airways (18%), alveolar region (81.6% and sub-pleurally (0.6%) at one 

day post exposure (Mercer et al. 2010). This was accompanied with evidence of 

numerous penetrations of CNT into the sub-pleural tissues and into the pleural space. 

Such penetrations decreased during the following seven days which the authors 

attributed to the action of macrophages and lymphatic flow suggesting release of the 

fibres through into the pleural space. Citing our own work (Donaldson, Murphy, 

Duffin, & Poland 2010), the authors address this issue of fibre retention at the 

parietal pleura and point towards the short (3.9 µm) nature of the CNT used as 

potential being a source of clearance. The authors also reported that intra-pleural 

levels of CNT rose again at 28 days, remaining constant for a further 28 days and put 

forward the suggestion that the lung burden of CNT may act as a reservoir of fibres 

and act to replenish intra-pleural fibres due to constant fibre translocation (Mercer et 

al. 2010). This raised the question if fibres reach a critical level, do the points of 

egress (stomata) become clogged? Whilst the fibre accumulation at the parietal 

surface was not investigated within this study, the authors pointed towards an 

ongoing NIOSH study involving inhalation of the same CNT for 12 days with a 1 

year post exposure period in which the longer term kinetics of fibre penetration, 

retention and removal from the pleural space will be investigated (Mercer et al. 
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2010). This study is likely to be of very high value in the understanding of likelihood 

of asbestos-like pathogenicity after CNT exposure.    

The Ryman-Rasmussen study showing sub-pleural deposition of CNT and the 

Mercer study showing penetration of CNT from the lung into the pleural space 

validates our approach in investigating the effects of CNT in a mesothelial-lined 

cavity using a surrogate for the pleural cavity.    
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CHAPTER 4 – DURABILITY OF CARBON 
NANOTUBES 
4.1 ACKNOWLEDGEMENTS 

This study was performed in collaboration with the Commonwealth Scientific and 

Industrial Research Organisation (CSIRO) and the Institute of Occupational 

Medicine (IOM). Only those components of the study in which the author took an 

active part in are described herein. The sample preparation (sample and filter 

weighing) was performed by Dr. Megan Osmond, and the incubation and Gambles 

replacements were performed by Craig Poland and Fiona Murphy. The sample 

recovery and weighing were performed by Dr. Megan Osmond with the aid of Craig 

Poland and Fiona Murphy. The in vivo component of this study was performed by 

Craig Poland, Dr. Megan Osmond and Fiona Murphy. The experimental design was 

performed by me and within the CSIRO collaboration also by Dr. Megan Osmond 

with input from Prof. Ken Donaldson and Dr Rodger Duffin. 

 

4.2 AIMS AND HYPOTHESIS 

Biopersistence is defined as a materials ability to withstand the deleterious effects of 

a biological environment and persist without removal from the biological system. 

The importance of biopersistence in the pathogenesis of fibrous particles has been 

known for many years and has been discussed in Chapter 1. There we can see how 

the ability of a material to dissolve or break up in the biological environment can be 

considered as another, albeit passive, clearance mechanism. This is because 

biopersistence is simply another factor in the build up of material at a site of 

deposition. If the internal deposition of particles (supply) outstrips removal of the 

particles (demand) either due to the material dissolving away or cellular mediated 

clearance then you will get a build up of dose (surplus). We have already touched on 

the frustration of cellular clearance mechanisms by length and so in this situation, 

clearance can only occur via the offending fibre dissolving away completely or 

breaking into smaller fragments to allow normal cellular clearance. Amphibole 
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asbestos is known to be durable, a commercially exploited attribute and as such is 

biopersistent in the lung which is a key feature of its pathogenicity. Glass fibre on the 

other hand is biosoluble, and whilst long and inhalable, does not cause significant 

disease due to its lack of biopersistence. Based on the graphene structure of CNT 

which impart exceptional strength and rigidity and the chemical inertness of carbon 

we would hypothesis that CNT would be biopersistent and therefore for fill another 

of the criteria of the FPP.        

As mentioned, biopersistence is the ability of material to persist in a biological 

environment (in vivo). This can be done by introducing known amounts of a material 

into the lungs of animals either by inhalation or instillation and at various time points 

removing the lungs and establishing the quantity of material left using methods such 

as mass after dissolving away lung tissue (Searl, Buchanan, Cullen, Jones, Miller, & 

Soutar 1999) or using markers such as radiolabels. These methods, whilst the gold 

standards of establishing biopersistence in the lung, are out with the scope of this 

study and as such durability (in vitro) will be established as a surrogate for 

biopersistence. 

Our aim therefore has been to establish the durability of CNT against fibrous 

particles of known durability using a synthetic solution maintained at a pH to 

simulate the lung environment. To this end two studies have been performed. The 

first study which acted as a pilot study to the second was performed wholly by the 

author whilst the second larger study was performed in conjunction with Dr. Megan 

Osmond and Fiona Murphy as noted in the acknowledgements section of this 

chapter.   

4.3 RESULTS 

As previously mentioned, two studies were performed into the durability of 

MWCNT in comparison to both durable and non-durable control fibres. The first 

study was considered a pilot study using a single form of MWCNT with the intention 

of demonstrating both the ability of the test system to differentiate between fibres of 

known durability, as well as indicating the durability of a single form of CNT. Please 
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note these results are pilot in nature and established from a single experiment in 

every case.  

The methodology used within both experiments was based upon the use of a 

simulated physiological extra cellular fluid describe by J.L. Gamble (Gamble 1964) 

with the addition of Formaldehyde to prevent microbial growth.  

The methodology consisted of a static system with gentle agitation of the sample 

(inversion of the tube) every 2 days rather than a flow-through system such as that 

used by Luoto et al. (Luoto et al. 1994; Luoto et al. 1998). The flow through system 

consisted of the placement of fibres onto a filter and a continuous flow of Gambles 

solution passed through the filter using a peristaltic pump. The use of a static system, 

whereby the fibres were simply bathed in Gambles solution, and the solution 

replaced periodically to prevent saturation, we felt to be appropriate to mimic the 

progressive dissolution of fibres deposited in a biological system.    

4.3.1 Study 1 (Pilot) 

Test Samples 

A total of four test samples were utilised in the pilot study with the intention of 

comparing a representative MWCNT sample against 3 other fibrous samples of 

known durability (see table 4.1). These consisted of amosite asbestos (LFA) which is 

known to be highly durable in the biological environment (Searl, Buchanan, Cullen, 

Jones, Miller, & Soutar 1999), chrysotile asbestos which due to the presence of 

soluble brucite is known to be non-durable (Jones et al. 1989). The 3rd sample is a 

rapidly soluble glass fibre created by Rockwool international and is named X607 

(Hesterberg et al. 1998). 
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Table 4.1: Study 1 test samples 

Fibre  Abbreviation Source Durability 

Long fibre amosite 
asbestos 

LFA  Manville Corporation 
(USA) 

Durable 

 
Long fibre chrysotile 
asbestos 

LFC 
Manville Corporation 
(USA) 

Non‐durable 

 
Multi‐walled carbon 
nanotubes 

NTTang2  NanoLab Inc.  Unknown 

 
Glass Fibre 
 

X607  Rockwool International  Non‐durable 

Test Sample Durability 

Figure 4.1 shows the percentage recovery of each of the fibre samples as compared 

to the zero time point control (no dissolution). The result was calculated by 

recovering the fibres using a filter system under vacuum onto 25 mm diameter, 5.0 

µm pore size PVC filters followed by drying and gravimetric analysis.   

Figure 4.1: Durability of natural and man‐made fibres in simulated physiological fluid. 
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The results clearly show that of the samples analysed, LFA and NTTang2 did not lose 

appreciable mass during the 93 day time period analysed. A 93 incubation at pH 4.5 

led to 13% decrease in LFA mass whilst NTTang2 CNT decreased by only 5.7%. In 

contrast X607 glass fibre decreased in recoverable mass by 46.4% and chrysotile 

asbestos (LFC) decreased to the greatest extent by 76.6%. These results suggest that 

as expect, the biodurable LFA retains much of its mass during the 93 day incubation 

period whilst the biosoluble X607 and LFC decreased in mass to a large extent 

(although due to the low experimental numbers, statistical analysis was not 

appropriate). In comparison, NTTang2 carbon nanotubes appear resistant to loss of 

mass in a pH 4.5 environment.        

4.3.2 Study 2  

The second study into the durability of CNT was based upon the encouraging results 

of the first study and was developed in collaboration with the CSIRO (the Australian 

Commonwealth Scientific and Industrial Research Organisation) and the Institute 

of Occupational Medicine. The aim of this study was to more critically evaluate the 

durability of several forms of CNT, encompassing both MWCNT and SWCNT in 

comparison to samples of known durability (Table 4.2). The CNT samples 

consisted of three forms of MWCNT, two of which are used in other chapters 

(NTTang2 and NTLong1) and the third sample is of a spinnable MWCNT (NTspin) fibre 

manufactured by the CSIRO. The fourth CNT sample was a commercially available 

(Sigma-Aldrich, Poole, UK) SWCNT sample.  
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Table 4.2: Study 2 test samples 

Fibre  Abbreviation Source Durability 

Long fibre amosite 
asbestos 

LFA  Manville Corporation 
(USA) 

Durable 

 
Long fibre chrysotile 
asbestos 

LFC 
Manville Corporation 
(USA) 

Non‐durable 

 
Glass Fibre 
 

X607  Rockwool International  Non‐durable 

 
Multi‐walled carbon 
nanotubes 

NTLong1  Mitsui & Co.  Unknown 

 
Multi‐walled carbon 
nanotubes 

NTTang2  NanoLab Inc.  Unknown 

 
Multi‐walled carbon 
nanotubes 

NTSpin  CSIRO, Australia  Unknown 

 
Single‐walled carbon 
nanotubes 

NTSW  Sigma‐Aldrich   Unknown 

 

A more ambitious 24 week timeframe was used for the evaluation of fibre 

durability, with time points set at 3, 6, 10 and 24 weeks during which samples 

would be removed, filtered, weighed and analysed for alternations in length and 

surface structure (e.g. etching of the surface showing damage or degradation). A 

proportion of the recovered fibres were also used to analyse the biological activity 

of the remaining fibres based on the assumption of 100% recovery (e.g. no 

dissolution) to analyse the effects of fibre loss on sample toxicity. This was 

performed using the mouse peritoneal assay using both acute (24 hr) and sub-acute 

(7 day) time points. At these time points, the level of acute inflammation was 

established via differential cell counts to indentify the proportion of PMN within 

the cellular population, total lavage protein, lavage IL-6 and LDH.  

The nature of this study is summarised in figure 4.2 is based upon an approach 

suggested in the 1994 study by Donaldson for evaluating the effect of the lung 

environment on the biological activity of fibres (Donaldson 1994). Within the 

Donaldson study, a range of fibrous materials including asbestos fibres, refractory 

ceramic fibres (RCF) and manmade synthetic vitreous (MMVF) fibres were treated 

to mimic residence in the lung. These fibres were then injected into the peritoneal 
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cavity of mice assuming no dissolution at a dose of 500 µg per mouse and the level 

of inflammation established 4 days later.  

 

   

 

Figure 4.2: Experimental test system for the durability of fibres and subsequent effect on biological 

activity. * Experimental outcome investigated but not shown or discussed within the main body of this 

thesis as the author was not involved with this part of the analysis.   
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Test Sample Durability 

Table 4.3: Significance of differences in recovered mass following incubation in Gambles solution.#  

Sample 
Type 

Incubation 
Period 
(wk) 

% 0wk 
Recovery 

SEM 

Significance 
of 

Difference 
from 0wk 

Significance 
of 

Difference 
from 3wk 

Significance 
of 

Difference 
from 6wk 

Significance 
of 

Difference 
from 10wk 

X607 

0 100  2.09  

3 75.8  5.46 *  

6 59.2  3.2 *** ns  

10 46.86  3.07 *** ** ns 

24 37.82  6.6 *** *** *  ns

LFA 

0 100  1.55  

3 95.53  1.48 ns  

6 94.13  1.2 ns ns  

10 83.76  2.62 *** ** ** 

24 75.43  1.33 *** *** ***  *

LFC 

0 100  0.3  

3 77.26  2.93 ***  

6 75.8  2.6 *** ns  

10 53.79  1.42 *** *** *** 

24 28.23  3.03 *** *** ***  ***

NTSPIN 

0 100  3  

3 99.14  1.23 ns  

6 101.92  1.39 ns ns  

10 102.18  1.36 ns ns ns 

24 114.18  2.91 ** ** **  **

NTSW 

0 100  2.46  

3 103.92  3.94 ns  

6 107.08  2.85 ns ns  

10 101.51  2.69 ns ns ns 

24 88.68  6.4 ns ns *  ns

NTLONG1 

0 100  1.36  

3 70.37  6.75 **  

6 71.99  3 ** ns  

10 80.19  7.41 ns ns ns 

24 70.76  2.59 ** ns ns  ns

NTTANG2 

0 100  23.85  

3 94.23  6.01 ns  

6 94.84  14.94 ns ns  

10 108.39  15.83 ns ns ns 

24 74.06  2.58 ns ns ns  ns

(*: p<0.05; **: p<0.01; ***: p<0.001; ns: not significant)  

#Table compiled by Dr Megan Osmond (CSIRO)    
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Table 4.3 shows the percentage recovery of each fibre at each given time point in 

relation to 0 week recovery. The 0 week recovery sample were aliquots of each fibre 

sample which were handled in the exact same fashion as each of the samples, namely 

weighed and suspended to a concentration of 0.5mg/ml in Gambles solution and 

sonicated for 2 hrs. The samples were then filtered and washed prior to gravimetric 

analysis with the fibre recovery taken as 100% (no dissolution). The table shows the 

statistical significance of recovery percentage against each of the time points, 0, 3, 6, 

10 and 24 weeks. Similar to what we had observed in the pilot experiments, both 

LFC and X607 fibres rapidly lost mass resulting in a significant alteration in fibre 

mass recovery from 3 weeks onwards, culminating in a 71.77% and 62.18% loss 

respectively. The durable LFA sample also showed some significant loss in fibre 

mass, again in line with what we observed previously, with a total of 24.57% loss of 

fibre mass at 24weeks. The sample did not however loose significant mass until 10 

weeks of incubation in Gambles solution at pH. 4.5 and at this time still only 

accounted for 16.24% of the samples overall mass. Over the time course, the NTSPIN 

sample did not reduce in mass the significant change in comparison to 0 week 

recovery shown in table 4.3 is actually due to an increase in % mass recovery. The 

reason behind such an increase is unknown and a similar increase in mass was 

observed in the pilot study for LFA at 7 days but due to the single experimental 

point, this was presumed to be experimental error. The low standard error reported in 

the NTSPIN sample suggests that this is a repeatable observation and perhaps may be 

due to deposition of salts from the Gambles solution onto the sample which was not 

washed off during sample recovery. However such an increase was not observed 

consistently with all samples and as such this may cast doubt on the potential for salt 

deposition influencing the result.  

The single wall CNT sample also did not show a significant loss of mass but at 24 

weeks did show an 11.32% loss. The NTLong1 sample used within several of the 

studies conducted in the preparation of this thesis did show a significant reduction in 

fibre mass from 3 weeks onwards. This loss of mass did however during this initial 3 

week period and was not cumulative, with the total mass loss occurring within the 

initial three week period and subsequent incubations at longer time points showing 

no further reduction. This suggests that some soluble component was present within 
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the sample and that this readily dissolved during the initial 3 week incubation. Once 

this component had been removed, the mass loss stabilised at ~30%, with the 

remaining fraction being durable.   

The NTTang2 sample did not show significant reduction in mass but this may have, in 

part been due to large intra-sample variability. The NTTang2 sample was particularly 

hydrophobic and because of this caused difficulties during Gambles replacements 

and sample recovery. Despite this, the sample, in a similar manner to LFA, retained 

its mass though most of the time points but did loose mass at the 24 week time point 

(25.94%).  

Overall these results suggest that the CNT fibres in comparison to durable LFA and 

non-durable LFC and X607 are relatively durable and resistant to mass loss. The 

samples however were not all the same and NTLong1 lost a significant proportion of 

mass which may have been linked to a soluble fraction within the non-soluble bulk 

of the material. This again suggests that CNT cannot be grouped as having the same 

properties and between samples these may vary widely.  

4.3.3 In vivo bioactivity of the fibres treated to simulate 

residence in a  biological  system 

The bioactivity of the test samples was investigated using the mouse peritoneal 

assay. The only samples that were used in this investigation were those containing 

long fibres. This was because irrespective of dissolution, those samples with no long 

fibres would not cause inflammation or fibrosis in this fibre sensitive model. As such 

NTSW and NTTang2 were not analysed using this model.  The NTSPIN sample was also 

not used because no stable dispersion could be made due to the fibre length (Fig 4.3) 

and as such, irrespective of treatment, the sample for injection consisted of 

predominantly large non-respirable aggregates. These aggregates would cause an 

artifactual reaction and as such invalidate any results.  
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Figure  4.3:  SEM  image  of  NTSPIN multi‐walled  carbon  nanotubes.  The image shows the filtered 

NTSPIN sample after filtration from Gambles solution onto a 5.0 µm PVC filter prior to dispersion. 

Notice the long hair-like aggregations of the spun carbon nanotubes.    

In summation, NTLong1 was the only carbon nanotube sample investigated for 

biological activity and this was compared against the durable LFA sample and the 

non-durable LFC and X607 samples.  

Animals were injected with 0.5 ml of each particle suspended in 0.5% BSA/saline at 

a presumed original mass concentration of 100 µg/ml (50 µg per mouse) as 

performed previously (Poland et al. 2008). After 24 hrs the peritoneal cavity was 

lavaged and cytocentrifugation preparations prepared for differential cell counts. 

Please note these differential cell counts were performed by the CSIRO and as such 

not included in this part of the thesis but the results can be viewed in the attached 

collaborative publication (Osmond-McLeod et al. 2011). The lavage fluid 

supernatant was also analysed for total protein levels, IL-6 levels and LDH levels as 

markers of inflammation and cellular damage. A group of animals was also 

maintained for 7 days and histological analysis of the diaphragm performed as 

previously reported in Chapter 3 for signs of particle retention and fibrosis at the 

diaphragm surface.    

20 µm
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Acute effects 

After 24 hrs post injection with NTLong1, LFC, LFA or X607 glass fibre, the mouse 

peritoneal cavity was lavaged and lavage supernatant levels of total protein, LDH 

and IL-6 were established as shown in figure 4.4, .4.5 and 4.6 respectively.  

Untreated NTLong1 generates a substantial increase in lavage total protein (Fig. 4.4), 

LDH (Fig. 4.5) and IL-6 (Fig. 4.6) indicating the generation of acute inflammation in 

the peritoneal cavity. In all cases except for LDH, this increase in inflammatory 

markers had decreased after 10 weeks in Gambles solution but such a decrease was 

only statistically significant in the case of IL-6. Injection of the non-durable LFC led 

to similar repose with a significant increase in protein and LDH inflammatory 

markers seen after injection of 0 week fibres and non-significant decrease after 10 

weeks in Gambles solution. The response seen after injection of 0 week fibres was 

not as pronounced as that seen with NTLong1 suggesting that the LFC sample on a 

mass basis not as inflammogenic. Injection of the 0 week LFA sample generated a 

significant increase in lavage protein, IL-6 and LDH levels. Also, as reflected in the 

recovery weights of the fibre sample, the 10 week LFA sample did not diminish in 

inflammogenicity. Injection of untreated X607 led to small increase in lavage total 

protein although this appeared to be predominantly in the case of a single animal, 

whilst LDH were increased (non-significantly) but again variability within the results 

was quite marked. There was a modest decrease in inflammogenicity post Gambles 

treatment but again this was non-significant.    
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Figure 4.4: Total lavage protein levels 24hrs after injection with particles. Particles which had either 

not undergone (0) or undergone Gambles treatment for 10 weeks (10) were injected into the peritoneal 

cavity of C57BL/6 mice for 24hrs and the total protein levels established via BCA protein assay. 

Significance vs. Vehicle *P=<0.05, **P=<0.01  
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Figure 4.5: Lavage lactate dehydrogenase (LDH) levels 24hrs after injection with particles. Particles 

which had either not undergone (0) or undergone Gambles treatment for 10 weeks (10) were injected 

into the peritoneal cavity of C57BL/6 mice for 24hrs and the LDH levels established. 
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Figure  4.6:  Lavage  IL‐6  levels  24hrs  after  injection with  particles.  Particles which had either not 

undergone (0) or undergone Gambles treatment for 10 weeks (10) were injected into the peritoneal 

cavity of C57BL/6 mice for 24hrs and the IL-6 levels of the lavage fluid established via ELISA.  

Significance vs. 0 week # P=<0.05 
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Sub‐acute effects 

The effect of fibre dissolution the ability of each sample to generate a fibrotic repose 

at the surface of the mesothelium was investigated 7 days after injection with each of 

the long fibre samples. NTLong1 and LFA generated the most prominent reaction at 

the mesothelial surface, similar to that seen in Chapter 3. Figure 4.7 shows 

representative sections the diaphragm surface after injection of either the 0 week or 

10 week Gambles treated fibres. The left hand column shows the 0 week treated 

fibres and both NTLong1 and LFA led to the formation of a florid granuloma 

approximately 50 µm in depth and composed predominantly of mononuclear cells 

and extracellular matrix. Injection of the same fibre samples after 10 weeks in 

gambles led to no real alteration of the response to LFA but did lead to large 

reduction in the granuloma response to NTLong1 leading to the almost complete 

abrogation of the fibrotic response with the normal mesothelium clearly visible.    

Figure 4.8 shows the results of the quantification of these granulomas for each of the 

long fibre samples injected. The results show that of the 4 fibre types injected, only 

X607 failed to generate a granulomatous response. Of the responses generated, both 

NTLong1 and LFA at 0 weeks showed response in the majority of the animals treated 

(3 of 4) whilst injection of LFC only generated a large response in one of the animals 

treated. Incubation of the fibre samples in Gambles solution led to a decrease in 

granulomatous response in NTLong1 treated animals (P <0.05) and LFC (non-

significant) but caused no such reduction in the LFA sample which preserved its 

fibrotic activity.  
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Figure 4.7: Diaphragm surface of NTLong1 and LFA treated animals. The figure shows the response 

at the mesothelial surface to NTLong1 and LFA at 0 weeks incubation in Gambles solution. The black 

bar indicates the depth of the granuloma tissue above the mesothelial surface. The right hand portion 

of the figure shows animals treated with fibres after 10 weeks in Gambles solution showing a 

diminished response for NTLong1 but not LFA.   
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Figure 4.8: Diaphragm surface lesion areas 7 days post injection with fibres. Significance vs. vehicle 

control *P=<0.05, vs. 0 week # P=<0.05. 

Both figures 4.9 and 4.10 show the presence of fibres within the granulomas. The 

very narrow nature of carbon nanotubes mean that small accumulations are only 
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visible as darkened areas within the granuloma (marked by black chevrons in figure 

4.9). As can clearly be seen, these fibres generate a potent fibrotic reaction creating a 

fibrotic plaque tens to hundreds of microns thick. Figure 4.10 shows a similar 

example of a fibre found associated with the granuloma, which due to is larger size, 

diameter and regular shape is clearly visible as a single fibre. The fibre appears to be 

surrounded by predominantly mononuclear cells and to the right of the last black 

chevron there is a foreign body giant cell, typical of a foreign body type reaction.   

 

Figure  4.9:  Diaphragm  surface  7  days  after  injection  with  NTLong1.  The figure shows NTLong1 

MWCNT visible in the granuloma at the mesothelial surface. This is more apparent in the call out and 

is demonstrated by the black chevrons.   

 

 

 

50µm

50µm
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Figure 4.10: Diaphragm  surface 7 days after  injection with  LFA. The figure shows the diaphragm 

surface with an LFA induced granuloma. The callout shows the presence of long LFA fibres within 

the granuloma (shown by black chevrons) and the right of which is a foreign body giant cell.   

4.4 DISCUSSION 

The biopersistence of a fibre as discussed in Chapter 1 is an important attribute in the 

FPP and a defining attribute as to what causes a durable long fibre such as amosite 

asbestos to be pathogenic whilst other, equally long fibres such as chrysotile asbestos 

or glass fibres are not. As a concept, exposure to a fibre with a dimension that allows 

penetration of the lung (as with all the samples used here) but does not allow 

clearance by macrophages (in the case of 5 of the samples used) leaves only one 

route of removal resulting in a reduction of dose, namely dissolution or breakage. 

Therefore exposure to a biopersistent fibre that will not dissolve or break means that 

it shall persist in the lung environment where it may trigger pathological effects. As 

such a low but repeated exposure to a biopersistent fibre that is of the correct 

dimension to both gain access to the body and prevent its removal can lead to an 

increase in dose.  

50µm

50µm
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Our investigation of the applicability of fibre pathogenicity paradigm to carbon 

nanotubes, it was pertinent to assess their durability in the biological environment. 

As biopersistence is defined as its ability to resist damage or modification that would 

substantially alter its structure in vivo, we were unable to apply methods such as that 

of Searl et al. (Searl 1997). Instead as an analogous method, we attempted to 

establish the durability of CNT which refers to in vitro methods of establishing a 

particles resistance to environments, using a simulated physiological fluid.   

The use of an acidic solution was meant to more accurately represent the 

environment of a macrophage phagolysosome, and as such a more stringent 

assessment of particle durability in the lung.  The results of the preliminary analysis 

of CNT durability using NTTang2 as a representative MWCNT sample showed that in 

comparison to durable and non-durable controls, NTTang2 was extremely durable over 

a 93 day period. This result was confirmed during a larger scale and more in depth 

analysis of the durability of CNT conducted in collaboration with the CSIRO and 

Institute of Occupational Medicine which showed a moderate but non-significant 

reduction in mass only at 24 weeks. The analysis of a single CNT sample in the pilot 

experiment does not allow sufficient confidence to suggest that all CNT are durable 

in such an acidic environment and as such several other samples were included in the 

follow-up study. The results from this study again suggest that the majority of CNT 

(including both SWCNT and MWCNT) may be as biopersistant as amosite asbestos. 

This may well be expected due to the robust nature of carbon nanotubes with their 

exceptional intrinsic properties such as hardness, rigidity and strength which, taken 

with their non-soluble and hydrophobic nature, suggests they should be very 

persistent in an aqueous solution. However and possibly most interestingly, the 

NTLong1 sample did lose mass during the incubation period suggesting it possesses 

some soluble component. The total mass loss appeared to occur within the first 3 

week incubation suggesting the soluble component had dissolved by this time point 

and lack of subsequent mass loss suggests the remaining mass was durable. It is 

unknown what the soluble component was but the subsequent trend towards a 

decrease in inflammogenicity suggests that the loss of mass was associated with a 

decrease in the proportion of long fibres. This is further supported by the significant 

reduction in granuloma formation 7 days after injection of the 10 week NTLong1 
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sample into the peritoneal cavity. The 0 week sample generated a large fibrotic 

reaction, similar to that generated by LFA and the granuloma also showed evidence 

of CNTs within the granuloma. In stark contrast injection of the 10 week Gambles 

treated NTLong1 sample led to almost no granuloma formation with little evidence of 

fibre deposition and retention at the mesothelial surface. This suggests that the 

treated CNT sample had been successfully cleared from the peritoneal cavity 

whereas the 0 week treated version of the same sample could not. As such one would 

presume that 10 week treatment of NTLong1 led to an important shortening of the fibre 

resulting in a loss of biological activity.  

Of the control fibres, it is interesting to note that despite the presence of long fibres, 

the 0 week sample of LFC only generated a large granulomatous response in one 

animal. Such a disparity in the results may be due to simple sample difficulties due to 

the measurement of small proportion of the diaphragm surface or may belie the lack 

of particle durability on the biological environment as the sample did generate an 

acute inflammatory response, similar in scale to that of LFA. The X607 sample is 

another sample known to be non-durable but did contain long fibres and as such did 

generate a moderate inflammatory reaction once injected. This sample however 

failed to persist at the mesothelial surface at as such was associated with detectable 

fibrotic lesions 7 days after injection of either the 0 or 10 week samples. These 

results further point towards the importance of fibre durability in generating a 

sustained biological response which can lead to the formation of pathological 

changes such as fibrosis. Indeed an interesting future experiment could be the repeat 

administration of X607 with sufficient time between injections to allow for the 

importance of durability in fibre build up during repeat exposure to be shown.    

When considering future work, it would be important to use a greater variety of CNT 

within the experimental design, particularly a greater emphasis on those long fibres 

shown to be pathogenic. In this study two long and potentially pathogenic CNT 

fibres were analysed but of these only one could be investigated for its pathogenic 

activity and this particle was shown to lose significant mass. Ideally the NTLong2 CNT 

sample of Chapter 3 would also have been analysed but due to the large amount of 

material required for such experiments and in the interest of material preservation 

this was not performed.  
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The pH of the gambles used within this experiment is much lower than that of the 

physiological environment of the lung (~pH 7; (Luoto et al. 1994)) and, in pH terms, 

more closely resembles the intracellular environment of a macrophage (Thelohan & 

de 1994). The use of a low pH Gambles solution in this experiment was intended as 

representing a more hostile environment (e.g. undergoing macrophage attack) than 

simply being bathed in pH neutral lung lining fluid. However it could be interesting 

to see if similar reductions in mass do occur in less hostile environmental conditions. 

In relation to this, future work could also focus on the use of more extreme 

conditions involving low pH, protease attack and oxidising conditions to more 

actually reflect macrophage/ neutrophil attack and attempted degradation. In the 

study Allen et al. (Allen et al. 2008), oxidised SWCNT were incubated in a solution 

of horseradish peroxidise and H2O2 for a period of 12 weeks. The aim of this study 

was to simulate the environmental degradation of SWCNT rather than the biological 

degradation (hence the use of a 4°C incubation temperature rather than 37°C). The 

study showed that incubation in this test system generated visually apparent 

biodegradation and by the 16 weeks it had become difficult to account for any 

nanotube structure. This was further confirmed using TEM, DLS, electrophoresis (to 

ascertain the mobility profile of the treated SWCNT), and ultraviolet-visible-near-

infrared spectroscopy. The authors also speculated that other peroxidises in plants 

and animals (e.g. myeloperoxidase) may cause effective degradation of such 

SWCNT which could be important in avoiding CNT cytotoxicity (Allen et al. 2008).    

This study was important in demonstrating that CNT (SWCNT) were degradable 

using natural occurring means. These results were taken further by a co-author of the 

Allen study and the SWCNT durability was investigated using biologically relevant 

test systems. Within this study, SWCNT which were carboxylated and shortened by 

chemical cutting were exposed to human myeloperoxidase (hMPO) and H2O2 

(neither hMPO nor H2O2 alone degraded the CNT) which was shown to degrade the 

SWCNT, turning the black CNT suspension translucent (Kagan et al. 2010). After 

demonstrating the degradation of SWCNT using acellular suspensions, the authors 

then co-incubated the SWCNT with activated neutrophils, triggered to release hMPO 

using cytochalasin B. As a large proportion of the total hMPO was purported to 

remain inside the neutrophils, the authors coated the SWCNT with immunoglobulin 
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G (IgG) which increases the recognition of the SWCNT by neutrophils. The result 

was 100% degradation of the IgG-SWCNT whilst only 30% degradation of the 

SWCNT alone as ascertained by  infrared spectroscopy (Kagan et al. 2010). 

Aspiration of these degraded nanotubes (acelluar) was also shown to induce less 

inflammation in the lungs of mice. This study demonstrated convincingly the ability 

cellular enzymes to degrade SWCNT. However, whilst very interesting such a result 

is not necessarily universally applicable to all CNT. Firstly the CNT used were of a 

single walled variety and as such more flexible and potentially more prone to 

fragmentation due to the presence of only one wall. A MWCNT may, in the same 

conditions prove far more robust as damage to the outer wall(s) would unlikely lead 

to complete fracture of the tube. Also the experimental design involved the harsh 

oxidation of the CNT which would likely cause a large proportion of defects within 

the SWCNT, weakening its structure markedly before it underwent treatment. The 

authors in their through assessment of the mechanisms of degradation using 

modelling, signalled that the presence of carboxyl groups (area of oxidative damage) 

on the surface of the oxidised SWCNT provided anchor points for highly charged 

residues on hMPO generating cleavage of the CNT and these points (Kagan et al. 

2010). The importance of the presence of such functional groups on the surface of 

SWCNT has also been shown by the degradation of carboxylated SWCNT using a 

phagolysosomal stimulant (Liu, Hurt, & Kane 2010). Interestingly within this study 

unmodified, ozone-treated, and aryl-sulfonated SWCNT were shown not to degrade 

and the authors concluded that both the presence of carboxyl groups on the surface 

and collateral damage to the tubular graphenic backbone of the nanotubes during the 

oxidation process provide points for further attack. As such these experiments do not 

necessarily represent ‘as-prepared’ CNT which due to the presence of far few defects 

may resist such degradative treatment. The only way to test such a hypothesis would 

be to perform a study such as that of Kagan and colleagues which more accurately 

represents cellular attack on the fibre surface with samples similar to those used 

within this study, that is long MWCNT that are both as-produced (not acid cleaned, 

NTLong2) and acid cleaned. This would allow us to confidently judge the true 

durability of CNT (not just degraded SWCNT) in a representative test system. 
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Of course the most useful method of investigation would the biopersistence of the 

CNT samples using a rodent model such performed historically in the investigation 

of industrial fibres (Bernstein et al. 1994; Creutzenberg, Bellmann, & Muhle 1998; 

Hesterberg et al. 1996). If technically feasible, this would allow the recovery of the 

fibres from a true biological environment to ascertain the degradative effects but 

perhaps more importantly would allow the establishment of lung retention kinetics 

(fibre half times).               
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CHAPTER 5 – SURFACE 
MODIFICATION OF CARBON 
NANOTUBES 
5.1 ACKNOWLEDGEMENTS 

This study was performed in collaboration with the laboratory of Prof. James Tour at 

Rice University, Houston, Texas and the laboratory of Prof. Vicki Stone at 

Edinburgh Napier University, Edinburgh UK. A long MWCNT sample was 

produced at The Nanoscience Centre, University of Cambridge by Matthew Boyles 

(Edinburgh Napier University, Edinburgh, UK) and has been labelled NTLong. This 

sample was created using the same equipment and methodology as that used to create 

the NTLong2 sample described in Chapters 2/3. The long carbon nanotube sample 

NTLong was sent to Rice University where it was functionalised in two separate ways 

by Amanda Higginbotham and Ashley Leonard before being returned for 

toxicological analysis. The experimental design was performed by me with input 

from Prof. Ken Donaldson and Dr Rodger Duffin. 

5.2 AIMS AND HYPOTHESIS 

The surface of a particle has been shown to contribute to its overall toxicity (chapter 

1, section 1.3.3). In certain cases, such as crystalline quartz, the surface of the 

particle can in fact be the entirely biologically active attribute of the particle due to 

the presence of active components such as silanol groups (Castranova 2004; Fubini 

1998). In such a case, the particle can be made fully inert by coating the surface and 

blocking these reactive sites (Duffin et al. 2001). The aim of this study is to 

investigate the relationship between the length-dependent pathogenicity of a fibre 

sample and the surface of the fibre. In the case of carbon nanotubes, surface 

functionalisation is commonly used for various endpoints including the addition of 

various tags and labels for tracking and even to aid dispersion (Heister et al. 

2010;Tong et al. 2009). By using different forms of functional groups attached to the 

surface of a pathogenic carbon nanotube sample we aim to critically test if the level 

of inflammation and fibrosis triggered in vivo can be altered by simple alteration of 
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the surface. Based on the FPP, we would hypothesise that where alterations in fibre 

surface do not alter the primary fibre length and biopersistence then functionalisation 

will have little effect on fibre pathogenicity in comparison to its native, non-

functionalised form.  

5.3 RESULTS 

5.3.1 Carbon Nanotube Functionalisation 

As described in Chapter 2, surface functionalisation of long MWCNT was performed 

on a sub-set of the NTLong MWCNT sample. The sample was functionalised in two 

separate ways -alkylation and -arylation by Amanda Higginbotham and Ashley 

Leonard (Rice University, TX, USA).  

Arylation  

The NTLong sample was arylated using aryl iodide isophthalic acid synthesised within 

the Tour Laboratory (figure 5.1 I). The isophthalic acid group was then attached to 

the sidewall of the MWCNT (shown schematically in figure 5.1 II) to form the 

sample NTLong-AR.  
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Figure 5.1.: A  schematic diagram of  the arylation of  carbon nanotubes. Aryl Iodide was formed 

from sodium iodide (I) prior to covalent bonding to NTLong carbon nanotubes in the presence of 

ammonia and lithium (II). Diagram adapted from one provided by Amanda Higginbotham during 

correspondence.  

Within a carbon nanotube, each carbon atom is connected covalently to three other 

carbon atoms held at a 120° angle from each other in the XY plane. This allows the 

formation of a diffuse electron orbital in the Z-axis (the Pz orbital) which allows 

CNT to be electrically and thermally very conductive and also, where these clouds 

overlap, leads to the formation of weak π bonds (Fig. 5.2 I). Within an insulating 

graphitic material such as diamond, these electrons are localised within the bonds 

rather than forming a diffuse electron cloud and as such forms an insulator (Vaisman, 

Wagner, & Marom 2007). The native NTLong form is that of sp2, however with the 

covalent attachment of the aryl groups to carbon atoms along the NTLong sample, this 

structure changes from a conductive sp2 to an insulating sp3 form as the electrons 

within the Pz orbital are now localised to the aryl bond (Fig. 5.2 II).  
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Figure 5.2: A schematic diagram of the alteration of the  SP2 graphenic structure of NTLong carbon 

nanotubes  by  arylation.  (I) shows the SP2 orientation of the carbon atoms (orange), covalently 

attached across the XY plane. This results in a free electron field (green) along the Z axis (the PZ 

orbital) causing weak π bonds causing associated Van der Waal’s forces (Sahu & Casciano 2009).(II) 

The addition of aryl groups leads to localisation of the carbon electrons to the covalent attachments of 

the aryl group forming an SP3 structure.    

Arylation does not shorten the CNT since, in contrast to conventional acid treatment 

for surface detrivatisation, which creates damaged areas, the graphene surface is not 

directly oxidised. Functionally the result of arylation is a reduction in the 

conductivity of the CNT and a reduction in its hydrophobicity enabling the formation 

of more stable nanotube suspensions. The shortened form NTLong-AR is used to denote 

this sample in the subsequent text. 

Alkylation 

The second method of functionalisation utilised here was alkylation using essentially 

the same method as for arylation but without the formation of the aryl groups due to 
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the omission of aryl-iodide in the reaction. The result is the covalent attachment of 

long carbon chains to the sidewalls of the NTLong sample (Fig.  5.3).  

 

Figure 5.3: A schematic diagram of the alkylation of carbon nanotubes. Long carbon chains were 

covalently attached to the sidewalls of the NTLong sample in the presence of liquid ammonia and 

lithium to form an alkylated MWCNT (NTLong-AL). Diagram adapted from one provided by Amanda 

Higginbotham during correspondence. 

Again as the CNT sample is not directly oxidised, alkylation should not shorten the 

CNT. The shortened form NTLong-AL is used to denote this sample in the subsequent 

text. Functionally the NTLong-AL has no reduction in hydrophobicity as no polar head 

groups have been attached to the non-polar carbon chains as in the NTLong-AR sample.   

As can be seen in figure 5.4, functionalisation (figure 5.4, images II and III) 

maintained the long fibre structure seen in the non-functionalised NTLong sample 

(Fig. 5.4 I). Dispersion resulted in the formation of loose aggregates of long fibres 

which were injected into the peritoneal cavity of C57BL/6 mice. 
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Figure  5.4:  Light micrographs  of  dispersions  of  functionalised  and  non‐functionalised MWCNT. 

Representative light micrographs taken at x1000 magnification of (I) non-functionalised NTLONG 

carbon nanotubes, (II) NTLong-AR and (III) NTLong-AL. Scale bar is 20 µm.  

 

A size distribution of the NTLong sample was established and compared to that of the 

functionalised forms. Each sample was dispersed and deposited onto formvar coated 

copper TEM grids and imaged under high magnification. Sizing of the MWCNT was 

done using calibrated imaging software (see chapter 2 for details) on the images 

obtained with using a minimum of 150 MWCNT. Analysis using D'Agostino & 

Pearson omnibus normality test (GraphPad Prism 5.0) showed the length 

distributions and were not normally distributed and as such non-parametric analysis 

was performed (Mann Whitney test) to establish significant difference in length 

between the 3 samples. As shown in figure 5.5, the length distribution of NTLong, 

NTLong-AL and NTLong-AR were very similar, with a median length of 6.3, 6.6 and 6.7 

µm respectively and were not significantly different in length. This demonstrates that 

the method of functionalisation was indeed non-destructive and did not cause 

significant shortening.    
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Figure 5.5.: Size distribution of fibrous asbestos and carbon nanotube samples 

5.3.2 Acute Inflammogenicity of functionalised NTLong2  

Fifty µg of the NTLong sample, as well as NTLong-AR and NTLong-AL samples were 

injected into the peritoneal cavity of female C57BL/6 mice in 0.5 ml of 0.5% BSA/ 

saline as a vehicle. Twenty four hours later at the peak of the inflammatory response 

the mice were culled and the peritoneal cavity lavaged. The level of acute 

inflammation was established via counting the total number of lavage cells (Fig. 5.6 

I), the total number of inflammatory neutrophils (Fig. 5.6 II), and establishing the 

lavage protein levels as a general measure of inflammation (Fig. 5.6 III). Overall the 

results demonstrate a situation whereby surface functionalisation of the NTLong 

sample has only caused a moderate reduction in the recruitment of cells to the 

peritoneal cavity. Both figures 5.6 I and II show that cell numbers are still 

significantly above that of the vehicle control.  
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Figure 5.6: Acute (24 hr) inflammogenicity of functionalised and non‐functionalised Long MWCNT. 

Female C57BL/6 mice were intraperitoneally injected with 50 µg/0.5ml sample treatments and the 

peritoneal cavity lavaged 24hrs later to assess the level acute inflammation. Treatments (from the left) 

were vehicle control (0.5% BSA/ Saline), NTLong, NTLong-AR and NTLong-AL Inflammation was 

established via total cell number (I), total neutrophil number (II) and lavage protein levels (III). 

Representative light micrographs of cyto-centrifugation preparations of isolated lavage cells stained 

with DiffQuik taken at x1000 magnification. Images are from animals treated with   non-

functionalised NTLONG carbon nanotubes (IV), NTLong-AR (V) and NTLong-AL (VI). Scatter plot with 

mean of a minimum of 3 animals ± s.e.m. Significance vs. vehicle control indicated by *P<0.05, 
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**P<0.01, ***P<0.001, and vs. NTLong 
#P<0.05 and ###P<0.001. All images taken at x100 

magnification. 

The results show there is a non-significant trend to towards a decrease in the total 

number of cells and PMN for the NTLong-AR and a significant decrease in protein 

(P<0.001) in comparison to the NTLong sample. However, in the case of the NTLong-AL 

sample we see a significant decrease in the total cells (P<0.05) but a similar level of 

PMN influx to that of the NTLong sample, indicating a decrease in the mononuclear 

population. The protein level in lavage from NTLong-AL exposed mice was not 

significantly different from vehicle control levels. The lavage cells showed in all 

cases, evidence of uptake of CNT as well as frustrated phagocytosis as shown in 

figure 5.6 IV, V and VI. 

5.3.3 Chronic Inflammogenicity of functionalised NTLong2  

In order to establish the chronicity of the inflammatory response as well as any 

fibrotic/ granulomatous response, treated animals were monitored over a period of 7 

days. After 7 days, the mice were culled, the peritoneal cavity lavaged and the level 

of inflammation established via counting the total number of lavaged cells (Figure 

5.7 I), the total number of inflammatory neutrophils (Figure 5.7 II), the lavage 

protein levels (Figure 5.7 III) and as a marker of chronic inflammation, the total 

number of multinuclear foreign body giant cells (FBGC; Fig. 5.7 IV).  

The results of the IP injection of the NTLong sample elicited a similar response to that 

seen with IP injection of NTLong2 sample. This was manifest as a persistent and 

highly significant increase in the number of PMN, lavage protein levels and FBGC’s. 

In the case of the NTLong-AR sample the results also mirror its acute inflammatory 

reaction with low level of total cells in the lavage fluid as well as low levels of PMN 

and protein, none of which were significantly increased over vehicle control levels. 

In contrast, injection with NTLong-AL led to an inflammatory response equal to that of 

the NTLong sample (P<0.001). Neither NTLong-AR nor NTLong-AL generated any 

significant increase in the numbers of FBGC.     
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Figure  5.7:  sub‐chronic  (7  day)  inflammogenicity  of  functionalised  and  non‐functionalised  long 

MWCNT. Female C57BL/6 mice were intraperitoneally injected with 50 µg/0.5ml sample treatments 

and the peritoneal cavity lavaged 7 days later to assess the continuation of inflammation. Treatments 

(from the left) were vehicle control (0.5% BSA/ Saline), NTLong, NTLong-AR and NTLong-AL. 

Inflammation was established via total cell number (I), total neutrophil number (II) and lavage protein 

levels (III). As a marker of chronic inflammation, the number of foreign body giant cells (FBGC) was 

also established (IV). Scatter plot with mean of a minimum of 3 animals ± s.e.m. Significance vs. 

vehicle control indicated by ***P<0.001, and vs. NTLong 
#P<0.05 and ###P<0.001.  

Granulomatous response to MWCNT 

A striking response to the injection of long fibres into the peritoneal cavity was the 

formation of large histiocytic/ fibrotic lesions at areas of fibre deposition as 

described in Chapter 3. In order to test if surface functionalisation alters this 

granulomatous response, female C57BL/6 mice were sacrificed 7 days after a single 

50 µg intraperitoneal injection of with NTLong, NTLong-AR or NTLong-AL. The 

diaphragms were removed, fixed and sectioned for histological analysis. 
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Representative images of portions of the peritoneal aspect of the diaphragm stained 

with H&E are shown in figure 5.8. Clearly visible in all sections is the muscular 

portion (Fig. 5.8, M) which comprises much of the diaphragm and is evident by the 

presence of striated bundles of muscle fibres overlain, in the case of the vehicle 

control (Fig. 5.8, I) with a mesothelium.  Seven days post-injection with NTLong, the 

diaphragm is covered with an almost continuous granuloma, formed of various cell 

types including mononuclear, macrophage–like cells and FBGCs (Fig. 5.8, II G). 

Within the granuloma, blood vessels could be seen indicating vascularisation as well 

as NTLong carbon nanotubes. The surface of the granuloma did not have a clear 

continuous mesothelial layer but had loose mononuclear cells or possibly rounded 

‘reactive’ mesothelial cells at the lesion surface in some regions. Nor was a 

mesothelial layer evident between the granuloma and the muscular portion of the 

diaphragm. Those animals injected with NTLong-AR (Fig. 5.8, III) also developed 

semi-continuous granulomas although these were not as thick as those seen overlying 

the diaphragm of the NTLong treated animals but having a similar morphology. The 

granulomas caused by injection of NTLong-AL (Fig. 5.8, IV) were not continuous, but 

instead were often discrete, focal and surrounded by areas of normal mesothelium. 

They ranged widely in size from small histiocytic aggregates on the surface to very 

occasional larger granulomatous masses over the surface of the diaphragm.  

 

Figure 5.8: Granuloma  formation post‐injection with  functionalised  and non‐functionalised  long 

MWCNT. Seven days post injection with vehicle control (I; 0.5% BSA/Saline), NTLong (II; 50 µg), 

NTLong-AR (III; 50 µg) or NTLong-AL (IV; 50 µg), the animals were sacrificed, the diaphragm removed 

and sectioned for histological examination for the presence of granulomatous lesions. Serial images 

were take along the peritoneal aspect of the diaphragm at x100 magnification and representative 
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images are shown with a 50 µm scale bar. The images show a distinct muscular portion (M), and in 

the case of images II-IV, areas of granuloma (G) are evident. 

Figure 5.9 shows the quantification of the granulomatous lesions demonstrated in 

figure 5.8. The results show that injection of NTLong leads to the formation of large 

areas of granulomatous tissue, similar to that seen after injection of the NTLong2 

sample used elsewhere. This granuloma formation was significantly greater than that 

seen in animals injected with vehicle control and significantly greater than the 

granulomas generated after injection of NTLong-AR or NTLong-AL, neither of which was 

significantly above control levels although sporadic areas of granuloma were evident 

on the diaphragm surface.  

 

Figure  5.9  Granulomatous  response  post  intra‐peritoneal  injection  of  functionalised  NTLong 

carbon  nanotubes.  Female C57BL/6 mice were injected into the peritoneal cavity with 50 µg of 

NTLong, NTLong-AR or NTLong-AL. Seven days post injection, the animals were sacrificed, the 

diaphragm removed and sectioned for histological examination for the presence of granulomatous 

lesions. Areas of granuloma were measured and expressed per mm of the total section length. Scatter 

plot with mean of a minimum of 6 animals ± s.e.m. Significance vs. vehicle control indicated by 

***P<0.001, and vs. NTLong 
###P<0.001 

For clarity of comparison, the results of the acute and chronic response to injection of 

functionalised and non-functionalised NTLong nanotubes are shown in table 5.1. The 

results show that, as expected, the NTLong sample caused a potent acute inflammatory 
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response with a significant influx of cells into the peritoneal cavity. This response 

was maintained at the 7 days time point and led to the generation of significant 

numbers of FBGC’s and large areas of granulomas. Of two forms of functionalised 

NTLong, the hydrophobic NTLong-AL sample bore the closest resemblance to the native 

NTLong sample (which is also hydrophobic) although it did not generate significant 

levels of FBGC or granulomatous tissue, markers of chronic inflammation. The 

hydrophilic NTLong-AR generated a muted response in comparison to the other 

treatments with few markers of acute and no markers of chronic inflammation 

reaching significance over vehicle control. 

 

Table 5.1: Summary of acute and chronic in vivo response

    Statistical Significance 

  Duration  NTLong NTLong-AR  NTLong-AL

Lavage Cells  24 Hrs  *** ** * 
  7 Days  *** NS ***
     
Lavage PMN  24 Hrs  *** * **
  7 Days  *** NS ***
     
Lavage Protein 24 Hrs  *** NS NS
  7 Days  *** NS ***
     
Lavage FBGC  24 Hrs  ‐ ‐ ‐ 
  7 Days  *** NS NS
     
Granuloma Size 24 Hrs  ‐ ‐ ‐ 
  7 Days  *** NS NS
     

Significance vs. vehicle control indicated by *P<0.05, **P<0.01, ***P<0.001 

5.4 DISCUSSION 

The ability to alter the surface by addition of various side chains, labels, proteins or 

pharmacological compounds has been an enormously attractive component of 

nanomaterials. Indeed it is this flexibility of function and adaptability reflected in 

different reactivates within the both industrial processes (Byrne & Gun'ko 2010) and 

biological systems (e.g. drug delivery, cell growth (Bianco et al. 2005; Prato, 

Kostarelos, & Bianco 2008)) which have helped promise a great deal from the 

nanotechnological revolution. Having demonstrated the role of shape as a factor in 

MWCNT effects in the peritoneal cavity, we then set out to investigate whether 
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alteration of the surface chemistry would alter the pathogenicity of a form of 

MWCNT morphologically similar to that of a sample previously shown to be highly 

pathogenic (Poland et al. 2008). 

Of the different forms of surface functionalisation, acid functionalisation (AF) is a 

technique commonly used to produce reactive sites such as carboxyl groups around 

which derivatisation chemistry can be based. This typically involves the heating of 

CNT in mixtures of strong acids such as nitric and sulphuric acid (Heister et al.  

2010; Saxena et al. 2007). This aggressive treatment breaks the strong carbon-carbon 

bonds exposing sites to which groups can be easily attached (Burghard 2005). 

Naturally such a destructive process causes damage within the nanotubes themselves 

and can considerably shorten long fibres. Indeed in the case of our own study we 

initially utilised acid functionalisation to functionalise the NTLong2 sample in 

collaboration with Prof. Kostas Kostarelos (University of London). However we 

found that, post-functionalisation, our sample of predominantly very long fibres, had 

been shortened to fragments, precluding meaningful comparison with the non-

functionalised material and confounding the experiment. Of those experiments 

looking at the toxicity of carbon nanotubes after functionalisation, none have thus far 

used non-destructive functionalisation on already long carbon nanotubes   

Because of our demonstration of the importance of length in toxicity it was our aim 

to derivatise the CNT surface without altering length. Functionalisation using non-

destructive methods maintains the length of the CNT allows a critical evaluation of 

the role of surface in the toxicity of any fibre. Our results demonstrate that 

functionalisation both by arylation and alkylation did not lead to alteration in fibre 

but length but did lead to a decrease in the acute inflammogenicity of the non-

functionalised parent material. This attenuation of the foreign-body response was 

maintained into the chronic phase with similar reduction in the granulomatous 

response seen with both arylated and alkylated CNT. The NTLong-AL sample however 

did show significant levels of inflammatory markers (lavage cells, PMN and protein) 

and enabled us to classify 3 CNT samples based on their pathogenicity as shown 

below in order of pathogenicity: 

NTLong →  NT‐ALKYLATED    →  NT‐ARYLATED 
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However, in order to unequivocally establish that purely functionalisation has driven 

this alteration in both acute and chronic response we performed a full size 

distribution analysis performed on the nanotube samples used. Shortening of the 

functionalised samples would lead to a reduction in pathogenicity, as we have seen 

after PEGylation of long nickel nanowire sample later in Chapter 6.  

In a recent study by Tong and colleagues (Tong et al. 2009) they noted enhanced 

cardiac ischemia/reperfusion injury as well as myocardial degeneration in mice 

which had been given an intrapulmonary instillation of acid-functionalised SWCNT 

which was not seen with the non- functionalised sample. Interestingly there was an 

increase in the acute inflammogenicity of NPCB after functionalisation as 

demonstrated by an increase in the percentage of neutrophils of the lung BAL fluid. 

They noticed a size reduction in the SWCNT sample after functionalisation as one 

would expect after aggressive oxidation of the CNT sample. They suggested that the 

increase in affects could have been through increased solubility, mobilisation of the 

functionalised SWCNT into the vasculature or perhaps through indirect affects such 

as increased lung inflammation or oxidative stress as has been suggested for forms of 

combustion derived nanoparticles (Duffin, Mills, & Donaldson 2007). This latter 

hypothesis is supported by work from the group of Prof. Fubini at the Universita` 

degli Studi di Torino. Using grinding as a method to physically break CNT, they 

generated defects via the disruption of the graphene framework forming dangling 

bonds and products of reaction of dangling bonds with oxygen. Heating the ground 

samples allowed the reduction of exposed metal oxides and annealing at high 

temperatures of defects and dangling bonds within the graphene framework, 

essentially restoring the graphene surface to generate a less reactive sample for 

comparison (Fenoglio et al. 2008). Of those effects seen, the most striking was the 

decrease in the level of acute inflammatory cell influx and acute phase cytokines into 

the lung with heating of the defective ground nanotubes. In addition they also 

established that heating of the CNT to 2400°C eliminated markers of genotoxicity 

(Muller et al. 2008). Ideally there would have been a comparison with the unground 

material but this would have introduced other factors such as length which could 

affect results. Interestingly in the study by Muller et al. they found that whilst there 

was a clear differential between the ground and heat- annealed ground CNT, this was 
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not-borne out in the longer term response. Here they saw a similar reaction to the 

different materials and were able to conclude that the results of acute toxicity tests 

may not be predictive of the long-term lung response (Muller et al. 2008). This they 

ascribed to the modification of the material surface via protein binding leading to a 

passivation of the material surface or that the long-term response to CNT develops 

independently of the acute response and might reflect a non-specific foreign-body 

reaction. Whilst our result showed elevated inflammatory cells during the acute 

response (although not with lavage protein), we found the most compelling 

difference was the with fibrotic, foreign-body reaction seen at 7 days post 

instillation. As the arylation and alkylation chemistry used does not result in the 

formation of reactive sites there is no reactive surface to be passivated. However 

interaction with biomolecules may provide an explanation for the results we have 

seen. It is known that certain attributes of particles such as its size, charge, and 

coatings that can exert steric or electrosteric effects which can affect how 

biomolecules, and subsequently cells, interact with particles (Nel et al. 2009). 

Hydrophilicity or hydrophobicity are such attributes and hydrophobic surfaces tend 

to attract. This is because water is a polar solvent and does not readily interact with a 

non-polar surface such as that of a CNT. For a biomolecule such as a protein to 

adsorb to a surface, both the molecule and the surface must dehydrate, which is 

already the case for the hydrophobic surface (Wilson et al. 2005). Hydrophilic 

surfaces on the other hand present a substantial energy barrier to protein adsorption 

due to requirement to displace water molecules and as such can have a repulsive 

effect (Wilson, Clegg, Leavesley, & Pearcy 2005). Indeed various proteins such as 

albumin, immunoglobulins, complement, and fibrinogen are known to bind strongly 

to hydrophobic surface such as CNTs resulting in the opsonisation of the CNT 

enabling receptor-mediated phagocytosis (Nel et al. 2009; Owens, III & Peppas 

2006). Prevention of this via altering the hydrophobicity of the CNT or by providing 

steric hindrance to the binding of biomolecules may therefore reduce particle uptake 

and subsequent cellular response. Taking into account the role hydrophobicity can 

play in particle-biomolecule-cell interactions our results showing that 

functionalisation of the surface of a pathogenic CNT sample with chemistry that 

alters its hydrophobicity via addition of side groups alters response in vivo is perhaps 
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unsurprising. The sample which showed the least response in the peritoneal cavity 

was the hydrophilic NTLong-AR which may have resisted opsonisation and cellular 

uptake to a degree, resulting in its muted potential to cause acute inflammatory and 

granulomatous responses. The NTLong-AL sample did retain its hyrophobicity and 

generated a cellular response (both acute and chronic) similar to that of the 

hydrophobic NTLong sample. However in contrast to the NTLong sample the NTLong-AL 

did not generate a significant granulomatous response which may have been due to 

the specific alteration of the surface chemistry by the addition of carbon side chains.  

This study is unique as, thus far, studies have often used destructive methods, know 

to introduce defects and potential reactive sites which have been associated with an 

increase in toxicity of the CNT tested. We have shown that using non-destructive 

methods of functionalisation the overall toxicity of a MWCNT can be reduced. Such 

an observation is important as it alters the fundamental understanding of the toxicity 

of CNT and as such may indeed offer another important attribute to the FPP. It is 

however important that further investigation to establish the cause of the reduction in 

toxicity so that this may be fully understood and perhaps applied to future CNT. 
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CHAPTER 6 – ALTERNATIVE FORMS 
OF HIGH ASPECT RATIO 
NANOPARTICLES 
6.1 ACKNOWLEDGEMENTS 

Nickel nanowire synthesis was performed by Dr. Adriele Prina-Mello and Ms. Fiona 

Byrne as part of a formal collaboration between the ELEGI/Colt laboratories, UoE 

and the Centre for Research on Adaptive Nanostructures and Nanodevices 

(CRANN), Trinity College Dublin. The further functionalisation of the nickel 

nanowires with polyethylene glycol was performed by Ms. Gemma Louise Davies of 

CRANN, Trinity College Dublin. The size distribution of all the nickel nanowires 

was also performed by Ms. Fiona Byrne. The experimental design was performed by 

me with input from Prof. Ken Donaldson and Dr Rodger Duffin. 

6.2 AIMS AND HYPOTHESIS 

As discussed in Chapter 1 the pathogenic nature of a fibre is greatly influenced by 

the fulfilment of the requirements of the FPP. In order to more fully test whether the 

FPP governs nano-fibre toxicity and is relevant in attributing an ‘added fibre-hazard’ 

to nano-fibrous materials it is important to test more than one form of nanofibre. 

Whilst carbon nanotubes are produced in larger quantities, already commercialised 

and utilised in an increasing range of products, they are not the only form of 

nanofibres currently under development for commercial applications. This project 

thus far has focused on CNT as they are the most likely of the nanofibrous materials 

to lead to human exposure due to the reasons listed above and therefore the potential 

to lead to the fulfilment of the 3rd requirement of the FPP; dose. Nanowires are 

another form of high aspect ratio nanoparticle, and differ from carbon nanotubes in 

several aspects. Firstly a nanotube, as its name suggests is a hollow tube whist a 

nanowire is a solid structure (CEN ISO/TS 27687:2009). Nanowires can be 

synthesised in many different ways and of the various methods which continue to be 

developed for the production of nanowires, the use of template-based growth 

methods is becoming increasingly popular. Part of the reason for the interest in 
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nanowires is the controllability of the production process including diameter, length 

and density, reduced contamination as well as low production costs and easy 

scalability (Cao & Liu 2008). Template-based systems make use of nano-scale 

templates into which a material of choice is deposited, leading to the self assembly of 

a nanowire followed by release of the nanofibres from the template. Templates can 

consist of wide range of substrates, most often alumina membranes (Prina-Mello, 

Diao, & Coey 2006) but even nano-biological structures such as the tobacco mosaic 

virus (Knez et al. 2003) or microtubules (Zhou et al. 2008) can be used. Whilst 

nanowires in many ways differ from carbon nanotubes in commercially desirable 

traits such as tensile strength, the commercial interest in nanowires is likely to 

increase in the coming years.  

To this end we utilised nickel nanowires (NiNW) provided by the CRANN institute, 

Trinity College Dublin (see above acknowledgements) as alternative form of nano-

fibre to test the FPP. These nanowires were being developed for use in biomedical 

applications and our aim was to study the effect of length on the inflammogenicity of 

nanofibres using NiNW as a non-carbonaceous nano-material to demonstrate the role 

of length in elicitation of response in the peritoneal cavity. The NiNW used within 

this study are very different from CNT or asbestos fibres and as such represent an 

ideal candidate to test an alternative form of HARN against the FPP. We 

hypothesised that, as with CNT and other fibres, long nickel nanowires would show a 

response in the mouse peritoneal model and short would not. 

6.3 RESULTS 

6.3.1 NiO nanowire Synthesis 

The NiNW used within this study were synthesised using electrochemical deposition 

of nickel using an alumina template (Anodisc 25, Whatman, U.K.). A gold electrode 

was applied to the underside of a 200mm diameter alumina membrane with a depth 

of 60 µm and 200 nm diameter pores. The membrane was placed into a NiSO4 bath 

and a current applied, causing the reduction and deposition of nickel from the 

solution onto the negativly charged surface of the gold electrode. The deposition of 

nickel is confined to the pores of the membrane causing the formation of nanowires 
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into the 200 nm diameter pores of an alumina membrane (Fig. 6.1) which produced 

straight nanowires with a very regular 200 nm diameter (Prina-Mello, Diao, & Coey 

2006). 

The nanowires were removed from the membrane by dissolving it in 1 M NaOH and 

re-suspending the solution in deionised water (Chiriac H, Moga AE, Urse M, Óvári 

TA: Preparation and magnetic properties of electrodeposited magnetic nanowires. 

Sensor Actuat A-Phys 2003, 106:348-351.). By altering the deposition time in the 

fibre-production process, the length of the nanowires was altered allowing the 

formation of a predominantly long (L-NiNW) and a predominantly short test sample 

(S-NiNW) as shown in figure 6.2. In order to control for bulk chemical composition, 

we utilised a commercially available nickel oxide nanoparticle (Nanostructured & 

amorphous materials Inc., TX, USA). These particles were non-fibrous and spherical 

in shape, with a mean dry particle diameter of 15 nm (+/- 5 nm; manufacturer’s 

description) and a hydrodynamic diameter of 57 (±10) nm in experimental dispersant 

(0.5% BSA/ Saline), ascertained by diffraction light scattering (DLS, Brookhaven 

Instruments Corporation, NY, USA) 
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Figure 6.1: Diagram of nickel nanowire synthesis. The typical template mechanism for the production 

of nickel (and other electrically conductive material) nanowires are shown (adapted from Cao & Liu 

2008). 

Physical Morphology 

A length distribution of the nanowires used within this study was established (Fig. 

6.2 and images of the nanowires are shown in figure 6.3 with a summary of their 

attributes and contaminants shown in table 6.1.  
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Table 6.1: Characterisation of nickel nanowire and oxide nanoparticle samples 

  L‐NiNW  L‐NiNW PEG  S‐NiNW  NiO 

Source 

  CRANN CRANN CRANN Nanostructured & 
amorphous 

materials, Inc. 

Length (mean) 

  24µm  13µm 4µm 57nm

Diameter 

  200nm 200nm 200 nm 57nm

Percentage particles greater than 15 µm in length

  87%  29% 0% 0%

Percentage particles greater than 5 µm in length

  100%  99% 21% 100

Endotoxin (pg/ml)* 

  BDL  0.21 BDL BDL

BDL = below detection limits 

* Endotoxin detection limit <0.1EU/ml 

 

The long NiNW were predominantly (73%) above 20 µm in length (Fig. 6.2) with a 

mean length (± standard deviation) of 24 µm (± 7 µm) and hence given the notation 

L-NiNW. To further investigate the role of surface in the peritoneal response to these 

long fibres a proportion of the L-NiNW sample was further altered by functionalising 

them with polyethylene glycol (PEG). A suspension of L-NiNW in deionised water 

was mixed with a solution of O,O’-Bis-(3-aminopropyl)-polyethylene glycol-1,500 

(Sigma-Aldrich, Poole, UK) and allowed to react overnight before washing several 

times with distilled H2O. Samples were examined by transmission electron 

microscopy (TEM, Jeol JEM-2100, Japan) and wires displayed a uniform PEG 

coating layer of 30 nm thickness on the surface of bare nickel nanowires. Dispersion 

of L-NiNW using probe sonication (Bandelin electronics GmbH & Co, Model 

UW2200, Berlin, Germany) prior to PEG coating led to significant shortening of the 
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L-NiNW PEG sample (mean length difference 10.83 µm; P <0.0001) in comparison 

to the native L-NiNW sample. The L-NiNW PEG sample was found to show low 

levels of endotoxin contamination whilst all other particles were below the detection 

limit of the assay. 

The third nanowire sample used was a short fibre sample with 100% of the fibres less 

than 10 µm and 77% less than 5 µm in length (Fig. 6.2) with a mean fibre length of 4 

± 1 µm, denominated S-NiNW. The TEM image shown in the right hand panel of 

figure 2 shows the short fibres forming disjointed end-on chains (dipole-dipole 

interaction between NiNWs due to their remnant magnetization); these are readily 

dispersed into singlet short fibres in protein solution for injection as shown under the 

light microscopy images in the left hand panel. All of these fibres irrespective of 

length had straight morphology and regular diameter of 200 ± 10 nm.  

 

 

Figure 6.2: Size distribution of nickel nanowires. Size distribution performed by measurement of a 

minimum of 100 fibres imaged under scanning electron microscopy (SEM, Carl Zeiss Ultra Plus, 

U.K.).  
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Figure  6.3: Morphological  structure  of  nickel  nanowires  and  nickel  oxide. Brightfield images of 

nickel based nanoparticles were taken at x400 magnification in glycerol after dispersion in dH2O (left 
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hand panel). TEM images were taken for nickel nanoparticles dispersed in dH2O and deposited onto 

formvar coated TEM grids (0.5 µg) prior to imaging. (Right hand panel)(Please note different scale 

bar between TEM of NiNW and NiNP) 

6.3.2 Length Dependent Toxicity of Nickel Nanowires 

To investigate if NiNW, as an alternative form of HARN to MWCNT, display length 

dependant pathogenic effects long and short nanowires were injected 

intraperitoneally into female C57BL/6 mice. Subsequently the acute and sub-acute 

inflammogenic effects were measured.  

Similar to the response seen with asbestos and CNT (Donaldson, Brown, Brown, 

Bolton, & Davis 1989;Poland, Duffin, Kinloch, Maynard AD, Wallace, Seaton A, 

Stone V, Brown, MacNee W, & Donaldson K 2008) NiNW show clear length-

dependent inflammogenicity in the peritoneal cavity, with L-NiNW being highly 

inflammogenic and S-NiNW not significantly inflammogenic (Fig 6.4). Twenty four 

hours after injection of 50 µg of L-NiNW (~7.9 x106 fibres), S-NiNW (~31.25 x106 

fibres) and NiNP, into the peritoneal cavity the inflammatory response to each 

particle was evaluated following washing (lavaging) the peritoneal cavity with ice-

cold sterile saline. The total number of inflammatory neutrophils (PMN) and total 

protein levels within the lavage fluid as a measure of increased vascular permeability 

due to inflammation, was established (Fig. 6.4 I). The results demonstrate a highly 

significant increase with L-NiNW (P<0.001) compared to controls, which is 

significantly greater than that of S-NiNW and NiNP (P<0.001). Figure 6.4, panel II 

shows the typical cellular response post injection with the S-NiNW (top panel) and 

NiNP (bottom panel) showing complete unperturbed uptake of the particles by 

macrophages. Uptake of the L-NiNW sample (middle panel) leads to frustration of 

the process of phagocytosis by failure to fully enclose the fibre. This leads to an 

inflammatory cell influx as noted by the presence of neutrophils in the lavage fluid.  
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Figure 6.4: Length dependent  inflammogenicity of nickel nanowires (24 hrs). (I) Female C57BL/6 

mice were intraperitoneally injected with 50 µg of long (L-NiNW) and short (S-NiNW) nickel 

nanowires and the peritoneal cavity lavaged 24 hrs later to assess the level acute inflammation. Panel 

II shows typical macrophage uptake of NiNW and nanoparticles in the peritoneal cavity 24 hrs after 

injection. Scatter plot with mean of 3 animals ± s.e.m. Significance vs. vehicle control indicated by 

***P<0.001, and vs. NiNW-24 #P<0.001. All images taken at x1000 magnification under Brightfield 

illumination. 

 

Figure 6.5 shows the response at the diaphragmatic mesothelial surface 7 days post 

injection with the two nickel nanowires and control nanoparticles; the point of fibre 

egress and hence deposition of the long fibres. Treatment with S-NiNW or the 

compact nickel oxide particle control showed no lesions on the peritoneal aspect of 
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the diaphragm at the mesothelium. In contrast, treatment with L-NiNW resulted in 

granulomas at the mesothelial surface.    

 

Figure 6.5: Granulomatous  response post  injection with  long but not  short nickel nanowires or 

nanoparticles at 7 days post injection. C57BL/6 mice were intra-peritoneally injected with 50 µg of 

short (S-NiNW; I) or long (L-NiNW; II) nickel nanowires and nickel oxide nanoparticle (NiNP; III). 7 

days post injection the animals were sacrificed and the diaphragm removed and sectioned for 

histological examination for the presence of granulomatous lesions. The peritoneal aspect of the 

diaphragm is shown with the muscular area (M) and overlying mesothelium (arrow) shown. Areas of 

granuloma (G) are shown and were measured and expressed per mm of the total section length (IV). 

Mean of 3 animals (for vehicle control, S-NiNW, NiNP exposure) and 6 animals (for L-NiNW 

exposure) ± s.e.m..   
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To investigate the dose-relatedness of the inflammogenicity of the L-NiNW, mice 

were injected intra-peritoneally at mass doses of 0.5, 1, 10 and 50 µg per mouse in a 

0.5 ml vehicle of 0.5% BSA/ saline and, the peritoneal cavity lavaged 24 hrs later. 

Injection of L-NiNW into the peritoneal cavity of C57BL/6 mice led to an induction 

of a straight-line dose response relationship for neutrophil infiltration (r2 = 0.9863; 

Fig. 6.6). This response at 50 µg per mouse was in excess of what we have 

previously seen with the same mass of long multi-walled CNT and long fibre amosite 

asbestos (Poland et al. 2008) shown in Chapter 3; total protein levels in the peritoneal 

lavage fluid at 24 hrs supported the PMN data. Injected animals were also lavaged at 

7 days post injection to show chronicity of the inflammation (Fig.6. 6; right hand 

panel). However, after 7 days the inflammatory response was markedly reduced 

showing no dose-response relationship and only a dose of 1 µg of NiNW per mouse 

produced a significant increase in neutrophils over vehicle control. 

 

Figure 6.6:  Inflammatory  response post  intraperitoneal  injection with  L‐NiNW. Female C57BL/6 

mice were intra-peritoneally injected with increasing doses of long nickel nanowires (L-NiNW) and 

24hrs or 7 days post injection were sacrificed and the peritoneal cavity lavaged. Total lavage 
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neutrophil (PMN) numbers were counted (top graphs) and total lavage protein measured as a general 

marker of inflammation (bottom graphs). Mean of 3 animals ± s.e.m. Significance vs. vehicle control 

indicated by *P<0.05, **P<0.01, ***P<0.001. 

We excluded a role for soluble agents leaching from the particle surface in these 

effects by using an aqueous extract prepared by 24 hrs mixing of the highest dose of 

L-NiNW (50 µg) in sterile saline followed by centrifugation to remove the long 

nanowires and which would have contained any soluble Ni ions or other soluble 

components (Labelled 50 Extract; Fig 6.7). Soluble components are known to play a 

role in the toxicity of combustion derived nanoparticles (McNeilly et al. 2004; Nel, 

Diaz-Sanchez, & Li 2001) and other metallic nanoparticles such as Cu and Zn (Cho 

et al. 2010) but the lack of inflammation after instillation of the aqueous extract 

confirmed that nickel ions did not contribute to the inflammogenicity of the L-NiNW 

sample. 

Figure 6.7: Inflammatory response post intraperitoneal injection with L‐NiNW or soluble extract of 
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L‐NiNW. Female C57BL/6 mice were intra-peritoneally injected with 50 µg of L-NiNW or a souble 

extract at equivalent dose (50 (extract)) and 24 hrs or 7 days post injection were sacrificed and the 

peritoneal cavity lavaged. Total lavage neutrophil (PMN) numbers were counted (top graphs) and total 

lavage protein measured as a general marker of inflammation (bottom graphs). Mean of 3 animals ± 

s.e.m. Significance vs. vehicle control indicated by ***P<0.001. 

As fibres also pose a hazard to the lungs in the form of fibrosis and lung cancer, in 

addition to establishing the short-term mesothelial inflammatory response to the 

NiNW, we assessed the pulmonary response by aspirating 50 µg of L-NiNW and S-

NiNW and NiNP into the lungs of mice (Fig. 6.8).  

Effect of Nickel Nanowire on lung histopathology 

Seven days post aspiration with 50 µg of either L-NiNW, S-NiNW or NiNP, the 

lungs were inflated, and fixed for histological analysis. Figure 6.8 show the 

histological appearance of an entire lung section from representative animals and 

figure 6.9 demonstrates alveolar septal thickness post-exposure. An inflammatory 

response characterised by the presence of inflammatory granulocytes was present in 

all lung sections, to varying extents, except those receiving the vehicle control. As 

nickel NP are known to be inflammogenic in the lung (Lu et al. 2009b), we expected 

an inflammatory reaction with all forms of nickel aspirated into the lungs but we 

expected an extra inflammation due to long fibres and the clearance problems that 

they pose to macrophages as described above. However, there was a dramatic 

difference in response between the nickel particle types. This was most evident in the 

comparison between the NiNP and the long L-NiNW. The presence of NiNP caused 

a very mild diffuse alveolitis as would be expected by the NiNP reaching the alveolar 

region following aspiration. However, there was no remodelling or fibrosis of the 

airways and only mild alveolar wall thickening at sites of inflammation (Fig. 6.9) 

although there were very occasional instances of small granulomas with mild 

collagen staining around larger aggregates of nickel oxide nanoparticles. Deposition 

of long NiNW in contrast led only to a moderate inflammatory response in the 

peripheral airways but did lead to a strong granulomatous response evident as areas 

of intense nuclear staining, in solid highly cellular granulomas (Fig. 6.8 III). These 

granulomas consisted of macrophages and numerous NiNW fibres. The frequent 

occurrence of these granulomas at terminal bronchioles and alveolar ducts is well 
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described (Brody et al. 1984) and is the result of interception of the long fibres at this 

narrowing. The resultant frustrated phagocytosis means that macrophages are unable 

to clear the long fibres to the ciliated epithelium of the terminal bronchiole and so the 

granuloma evolves around the retained fibres. Within the early granulomas the pro-

inflammatory effects of frustrated phagocytosis of the long fibres likely leads to 

further cellular recruitment at the site of deposition, leading to granuloma 

enlargement and blocking of the airspaces (bronchiolitis obliterans). Due to the 

shorter size of the short NiNW, retention did not occur predominantly at the terminal 

bronchioles and particles reached the alveolar region with subsequent alveoli wall 

thickening rather similar to what was seen with NiNP. To sum up, despite the same 

chemical composition, differing morphology of the nickel samples has led to 

differential patterns of deposition and retention (first alveolar duct bifurcation vs. 

peripheral alveoli), and different cellular response (focal granuloma formation vs. 

mild diffuse alveolitis).  

 

Figure 6.8: Lung pathology 7 days post aspiration with particles. The effect of different lengths of 

nickel nanowire samples and nickel oxide nanoparticles is demonstrated 7 days after 50 µg aspiration 

of (I) vehicle control (0.5% BSA/ saline), (II) S-NiNW, (III) L-NiNW or (IV) NiNP into the lungs of 

C57BL/6 mice. Each panel shows an entire lung section stained with H&E stain to demonstrate gross 

pathology with call outs showing high magnification (x100) terminal bronchioles. These call outs 

show the same stained with H&E and PSR red to show collagen deposition (red stain). Asterisks 

denote the presence of representative collagenous granulomas. Lung images taken at x2.5 and callouts 

at x100 magnification. Treatments performed N=3 and vehicle control N=2. 
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Figure  6.9:  Lung  alveolar  septa  7  days  post  aspiration  of  nickel  particles.  The effect of lung 

aspiration of different lengths of nickel nanowires and nickel oxide nanoparticles on the alveolar septa 

is shown 7 days after aspiration of each test sample into the lungs mice. Lung images stained with 

H&E stain and taken at x100 magnification; scale bar = 20 µm. Treatments performed N=3 and 

vehicle control N=2. 

Alteration of the inflammatory response to L‐NiNW      by 

surface modification with Polyethylene Glycol 

One of the many attractive attributes of nanomaterials is the ability to not only 

modify their size but also their surface attributes through adding certain functional 

groups, polymers and peptides to their surface. In nanomedicine this has become a 

mechanism whereby nanomaterials can be selectively targeted to certain 

organs/tissue or gain entry into privileged areas within the cell such as the nucleus 

(Nativo, Prior, & Brust 2008). This begs the question of what effect surface 

modification may have on the toxicity of nanomaterials. To establish if surface 
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modification of NiNW can alter the toxicity of this L-NiNW, the nanowire surface 

was PEGylated and compared to non-PEGylated nickel nanowires. In relation to 

nanomaterials the effect of PEGylation in forming a steric hindrance was described 

by Nel et al., as a main force in governing interfacial interactions between 

nanomaterials and biological systems (Nel et al. 2009). One of the methods ascribed 

to PEGylation and its role in creating a stealth particle (i.e., not recognised or 

removed by the reticuloendothelial system) is the prevention of opsonisation of the 

particle surface (Wattendorf & Merkle 2008). A naked surface is likely to become 

rapidly opsonised in the complex milieu of biological proteins such as complement 

and immunoglobulin’s, especially in the presence of increased vascular permeability 

and cellular activation caused by inflammation. This surface opsonisation allows 

recognition of the foreign particle by phagocytes via receptor mediated phagocytosis. 

The covalently bound PEG chains to the surface of the nanowires prevents 

opsonisation by creating a barrier between the particle surface and opsonising 

proteins so that attachments (e.g. hydrophilic/ hydrophobic, electrostatic interactions) 

cannot take place (Owens, III & Peppas 2006). While the injection of L-NiNW into 

the peritoneal cavity led to significant inflammatory response, the PEGylated version 

did not (Fig. 6.10).  

Due to the shortening of the L-NiNW prior to PEGylation described earlier in table 

6.1 and shown in figure 6.3, it is impossible to directly attribute the reduction in 

acute inflammogenicity purely to presence of PEG on the surface of the nanowires.  
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Figure 6.10:  Inflammatory response post  intra‐peritoneal  injection with PEG functionalised 24µm 

nickel nanowires. C57BL/6 mice were intra-peritoneally injected with 50 µg of non-PEGylated (L-

NiNW) or PEGylated (L-NiNW PEG) long nanowires. 24hrs later, the animals were lavaged and the 

levels (I) PMN, (II) total protein, (III) interleukin-6 (IL-6) and (IV) Lactate dehydrogenase were 

established.  Scatter plot with mean of 4 animals’ ± s.e.m. Actual P value shown for L-NiNW vs. L-

NiNW PEG. 

However the shortening of the L-NiNW sample does allow us important insight into 

the effect of a reduction in the number of long fibres has on inherent pathogenicity. 

By comparing the L-NiNW to the shortened L-NiNW PEG sample we can calculate 

the percentage reduction in fibre number for each length fraction (Tables 6.2 – 6.5). 

For example by comparing length distribution of the L-NiNW with L-NiNW PEG 

we can see that 87 % of the fibres within the L-NiNW sample are ≥15 µm, whilst 
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only 29% of the fibres within the L-NiNW PEG sample are ≥15 µm. This is a 53% 

reduction in fibres ≥15 µm within the L-NiNW PEG sample.  

  

Table 6.2: Total PMN 
Length 
Fraction 
(µm) 

Reduction in L‐NiNW PEG 
fibres longer than length 

fraction (%)* 

Total PMN (x106)
L‐NiNW 

Predicted reduction 
in PMN (x106)# 

Total PMN 
(x106) 

L‐NiNW PEG 

9  11.5 

8.10 ± 1.96 

7.16 

3.48 ± 0.86 

10  17.1  6.71 

11  22.3  6.29 

12  31.1  5.58 

13  44.2  4.52 

14  52.6  3.84 

15  66.4  2.72 

16  73.6  2.14 

17  81.5  1.50 
 

 

Table 6.3: Lavage IL‐6 
Length 
Fraction 
(µm) 

Reduction in L‐NiNW PEG 
fibres longer than length 

fraction (%)* 

Lavage IL‐6 
(pg/ml) 
L‐NiNW 

Predicted reduction 
in PMN (x106)# 

Lavage IL‐6 
(pg/ml) 

L‐NiNW PEG 

9  11.5 

780.8 ± 141.2 

691.0 

291.7 ± 
128.0 

10  17.1  647.3 

11  22.3  606.7 

12  31.1  538.0 

13  44.2  435.7 

14  52.6  370.1 

15  66.4  262.3 

16  73.6  206.1 

17  81.5  144.4 
 

 

Table 6.4: Lavage LDH 
Length 
Fraction 
(µm) 

Reduction in L‐NiNW PEG 
fibres longer than length 

fraction (%)* 

Lavage LDH 
(ab450nm) 
L‐NiNW 

Predicted reduction 
in PMN (x106)# 

Lavage LDH 
(ab450nm) 
L‐NiNW PEG 

9  11.5 

0.888 ± 0.060 

0.787 

0.352 ± 
0.014 

10  17.1  0.737 

11  22.3  0.691 

12  31.1  0.612 

13  44.2  0.496 

14  52.6  0.421 

15  66.4  0.299 

16  73.6  0.235 

17  81.5  0.164 
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Table 6.5: Lavage Protein 
Length 
Fraction 
(µm) 

Reduction in L‐NiNW PEG 
fibres longer than length 

fraction (%)* 

Lavage Protein 
(µg/ml) 
L‐NiNW 

Predicted reduction 
in PMN (x106)# 

Lavage 
Protein 
(µg/ml) 

L‐NiNW PEG 

9  11.5 

387.9 ± 194.0 

343.3 

120.1 ± 60.1 

10  17.1  321.6 

11  22.3  301.4 

12  31.1  267.3 

13  44.2  216.4 

14  52.6  183.9 

15  66.4  130.3 

16  73.6  102.4 

17  81.5  71.8 
 

 

*In comparison to the non-sonicated L-NiNW  

#Prediction based on the reduction in the assay outcome (Total PMN, Protein, LDH or IL-6) to the 

extent of the corresponding reduction in fibre length fraction. The result which most closely reflects 

the actual outcome is shown shaded. 

The biologically effective dose (BED) refers to the fraction of a total dose that may 

cause an adverse effect. In the case of fibres this would be the proportion of the total 

dose which is both biopersistent and sufficiently long to cause problems with 

clearance. If the BED were those fibres ≥15 µm in length then we would expect to 

see a parallel reduction in the pathogenicity of the L-NiNW PEG sample based on 

the fewer number of fibres within that length category. Our experimental results 

show that the L-NiNW PEG sample caused a 57% reduction in total PMN at 24 hrs 

compared to L-NiNW. When comparing all the measures of inflammation (PMN, IL-

6, LDH and Protein; Tables 6.2 – 6.5) with different length fractions it is apparent 

that fibres longer than 14-16 µm represent the BED. It must however be stressed that 

no true conclusions can be based upon this data as the presence of both fibre 

shortening and PEGylation means that the experiment is confounded. Therefore any 

interesting findings would certainly require further investigation prioir to any solid 

conclusions being drawn.  
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6.4 DISCUSSION 

The commercial applications of nanofibres is a growth field, and whilst carbon 

nanotubes still remain the nanofibres in greatest volume of production, other forms 

of nanowires, nanorods and nanotubes are being developed and commercialised. 

There are multiple methods of production of nanowires and with their easy 

scalability, flexibility of production material (e.g. Ni, Cu, TiO2, Al18B4O33, Si) and 

high level of control over physical attributes; non-carbonaceous nanofibres are likely 

to being increasingly economically important. Nanowires have been suggested for 

more traditional uses such as reinforcement of ceramic composites (Song et al. 2006) 

to highly technical applications such as improved lithium ion batteries (Teki et al. 

2009) electronics, photonics (Zou et al. 2006) and the development of biomolecular 

sensors (Lu et al. 2009a). It is therefore reasonable to suggest that significant human 

exposure to nanofibres is unlikely to be confined to carbon nanotubes and so it is also 

important to establish if other forms of high aspect ratio nano-materials (HARN) 

may also harbour fibre hazard as shown by other conventional commercially 

exploited fibres such as asbestos and synthetic vitreous fibres.  

The importance of fibre length along with the other attributes which make up the 

FPP in the elucidation of fibre toxicity has been well established (Donaldson & Tran 

2004; Goodglick & Kane 1990; WHO IARC  2002). We have demonstrated that 

carbon nanotubes which meet the length criteria cause a potent inflammatory and 

fibrotic response in the peritoneal cavity of mice (Chapter 3 (Poland et al. 2008). To 

ascertain if this response is applicable to other forms of HARN which meet the 

length requirements of the FPP we investigated the inflammatory potential of nickel 

nanowires. The straight fibrous nature and controllability of synthesis has enabled us 

to use two size fractions of NiNW. A predominantly long >20 µm sample and a short 

(<5 µm) sample which we hypothesised would show differing inflammatory and 

responses based on length rather than bulk chemistry in the mouse peritoneal assay.    

Injection of L-NiNW into the peritoneal cavity of C57BL/6 mice led to an induction 

of a straight-line dose response relationship of neutrophil infiltration, whilst injection 

of S-NINW or the spherical control did not, confirming our hypothesis of a length 

dependent effect. The potential cause of this difference in response to long and short 
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nanowires that were otherwise chemically identical can be sought in the handling of 

fibre by macrophages.  Macrophages removed from the peritoneal cavity 24 hrs after 

injection of either the S-NiNW or NiNP showed complete engulfment of the particles 

which are localised to the cytoplasm. However a proportion of macrophages 

removed after intraperitoneal injection of the L-NiNW sample show incomplete 

phagocytosis with fibre protruding from the cell or two macrophages sharing a single 

fibre which causes both macrophages to undergo frustrated phagocytosis. Such 

frustrated phagocytosis is accompanied by release of cellular components involved in 

microbiocidal activity such as NADPH-oxidase dependent release of reactive oxidant 

species (ROS) (Hansen & Mossman 1987), cytokines and release of proteases and 

other components of cytoplasmic lysosomes. This causes further recruitment of 

inflammatory cells as well as ’innocent bystander’ injury to the surrounding 

mesothelium (Kamp et al. 1992; Ye et al. 1999).       

Normal pulmonary clearance sees to it that most of the particles that reach the distal 

lung are removed upwards by macrophages and mucocillary action and never reach 

the pleural or peritoneal mesothelium. However we recently reviewed the data 

(Donaldson, Murphy, Duffin, & Poland 2010) supporting the contention that a 

proportion of all deposited particles and fibres pass through from the lung into the 

pleural space (Mitchev, Dumortier, & De 2002). The normal elutriating effects of 

passage through the airways ensures that peripherally-depositing particles are all 

small (<5 µm aerodynamic diameter (Dae)) and so those that do reach the pleura can 

easily exit through the stomatal pores in the parietal pleura which are around 2-8µm 

(Tsilibary & Wissig 1977) and enter the lymphatic system. It could be suggested that 

long fibres, which can still reach the distal lungs and pleura, because of their 

uniquely small Dae despite their length, cannot negotiate these stomata and build up 

on the parietal pleura leading to disease. Thus the pleural space has a size-selective 

mechanism of clearance that has an analogous size-dependent mechanism in the 

peritoneal cavity (Donaldson, Murphy, Duffin, & Poland 2010) making the mouse 

peritoneal assay a realistic model for studying fibre length effects that occur 

primarily in the pleural cavity, with obvious caveats. However the fibre length-

dependent inflammatory response in the peritoneal and pleural spaces is similar with 

CNT although the response to L-NiNW waned with time in the peritoneal cavity, as 
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seen with CNT and LFA, whereas over a week the inflammation persists in the 

pleural space (Murphy et al. 2011).      

As has been previously seen in the peritoneal assay for a range of fibres, this potent 

acute inflammatory response generated by fibre retention at the mesothelial, surface, 

characterised by in influx of PMN had waned substantially by 7 days post injection 

(Cullen, Searl, Miller, Davis, & Jones 2000b). As noted previously, there was 

evidence of granuloma formation at the diaphragm surface with only the L-NIW 

sample as a consequence of retention and deposition of L-NiNW at the diagram 

surface. The long fibres serve as initiating point, potentially activating or damaging 

mesothelial cells at the site of deposition leading to recruitment and phagocytosis by 

macrophages followed by fibroblasts forming an organised granuloma. This response 

has been seen with other fibre types introduced to the peritoneal cavity of mice 

(Koerten et al. 1990; Moalli, Macdonald, Goodglick, & Kane 1987; Poland et al.  

2008). However this granulomatous response was not as florid as seen previously 

with NTlong2 carbon nanotubes, which in our hands resulted in 16 fold increase in 

granuloma area over the levels seen with L-NiNW. The reason behind is possibly 

due to the metric by which fibres were compared, namely on a mass basis rather than 

fibre number. Nickel has a density of 8.91 g/cm3 whilst solid graphitic carbon has a 

density of only 2.267 g/cm3 (although this is solid graphite and as such hollow CNT 

are likely to possess and even lower density) and as such per unit mass of nickel will 

contain fewer fibres than the same mass of carbon nanotubes of similar size. As the 

reaction within the peritoneal space is likely to be related to fibre number (larger 

fibre number will mean increased fibre dose per cell) then one would expect an 

increased response to the same mass dose of CNT. Whilst this is the case for the 

granulomatous response seen, this is clearly not the case for the acute influx of PMN 

cells which showed a similar response between long NiNW and long CNT (13.49 x 

106 vs. 13.01 x 106 respectively). This increased acute inflammogenicity of the 

NiNW may be due to the nickel chemistry which only occurs in this model due to 

frustration of the clearance mechanisms as this was not seen with an aqueous extract, 

short fibres nor compact particles.    
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This length dependent differential in biological response to long and short fibres/ 

particles was also demonstrated after lung aspiration of the fibre samples. The 

presence of NiNP caused a diffuse alveolitis as would be expected by introduction of 

nickel particles to the lung (Lu et al. 2009) of rodents. Due to their nanometre 

diameter and low density, the NiNP reach the alveolar region with ease causing the 

PMN and macrophage influx into the peripheral airspaces. However the introduction 

of NiNP did not lead to any remodelling or blockage of the airspaces except for mild 

alveolar wall thickening at sites of inflammation. The single case of a small 

granuloma occurred due to the presence of a single larger, non-respirable aggregate 

of NINP and was not representative of the overall response. L-NiNW, in contrast, led 

not only to an inflammatory response in the peripheral airways but also to a 

substantial histological response with abundant areas of focal granuloma which when 

stained with PSR, showed their collagenous nature. The frequent positioning of these 

granulomas at the first duct bifurcation is well described as the site of deposition of 

long fibres and is likely to happen due to interception at this narrowing as airspace 

diameter approaches length of the longest fibres (Brody et al. 1984; Lippmann 1994). 

The resultant inflammatory reaction led to the formation of a histocytic aggregates 

consisting of macrophages, unable to clear the long fibres to the ciliated epithelium 

of the terminal bronchiole.  

Similar granulomatous reactions have more recently been reported in the literature 

after administration of carbon nanotubes both via instillation (Kim et al. 2010; Porter 

et al. 2010; Shvedova et al. 2008) and inhalation (Ma-Hock et al. 2009). It is 

however unclear if retention of fibres in a granuloma may aid their translocation 

potential to the pleura by increasing retention time or hinder translocation by 

increasing the cellular barriers which must be crossed. However the only study thus 

far demonstrating pleural penetration by CNT also showed the presence of 

granulomas within the lung after fibre aspiration (Mercer et al. 2010).     

Due to the shorter size of the S-NiNW, deposition did not occur predominantly at the 

first bifurcation, but fibres penetrated beyond this into the alveolar region. Here 

smaller granulomas formed around collections of nanowires and infiltration of 

numerous PMN and macrophages towards the periphery of the lung, resulting in a 
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reaction similar to that of the NiNP. Collectively, these results demonstrate that 

despite the same chemical composition, differing morphology of the nickel samples 

led to a different pattern of deposition (first alveolar duct bifurcation vs. peripheral 

alveoli), and different cellular response (focal granuloma formation vs. diffuse 

alveolitis).  

Chapter 5 described the ability to modify surface attributes of nanomaterials through 

surface modification. Attachment of polyethylene glycol (PEG) is a commonly used 

method of surface modification which can dramatically improve the circulation time 

of drugs as a consequence of prevention of opsonisation, recognition and uptake by 

cells (Harris & Chess 2003). To establish if surface modification of NiNW might 

alter the toxicity of this material, our collaborators at Trinity College Dublin 

PEGylated the surface of the highly inflammogenic L-NiNW and we compared it to 

the non-PEGylated version. However, as mentioned, PEGylation of the L-NINW 

sample caused shortening of the sample, confounding any meaningful comparison of 

PEGylated and non-PEGylated L-NINW. As a size distribution was performed, it 

was possible to calculate the level (percentage) of shortening within each size 

bracket, e.g. the PEGylation process caused a 52.6% reduction in 14 µm nanowires. 

When compared to the reduction in inflammation seen with the PEGylated nanowires 

using a range of inflammatory endpoints, we were able to compare this to the 

reduction in fibres within each size category. The reduction size category which most 

closely reflected the reduction inflammation was ~15 µm, indicating that this may be 

the critical length at which a fibre becomes pathogenic. Fibres dramatically shorter 

than this may be less pathogenic whilst fibres much greater than this length may not 

increase the fibres pathogenicity. However based on the confounded basis of this 

data, further anaylsis would need to be performed before any definitive conclusions 

can be drawn. As such, this currently can only represent an interesting observation.         

In conclusion, NiNW cause a strong length–dependent inflammatory response in a 

model sensitive to long fibre toxicity. This response is dose-dependent and is not 

driven soluble components as neither NINP nor an aqueous extract of the 

inflammogenic L-NiNW sample could mimic this effect. This suggests that long 

nanofibres of any type will comply with the FPP. It should be noted that the FPP 



 

 ‐ 255 ‐ 

does not rule out a particle effect as is seen with many low aspect ratio particles such 

as quartz (Donaldson & Tran 2002) or PM10 (Seaton et al. 1995). The FPP simply 

registers the ‘added toxicity’ due to the fibrous habit which results in retention a 

material and cell activation whilst low aspect ratio particles can be phagocytosed 

effectively without causing cell activation.  
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CHAPTER 7 – CONCLUDING REMARKS 

The fibre pathogenicity paradigm represents perhaps the most robust structure 

activity relationship currently in particle toxicology. The use of (quantitative) 

structure activity relationships (QSAR) is built on the understanding of the driving 

forces(s) behind a materials toxicity. Once this has been established and shown to be 

generally applicable to materials of differing compositions but sharing the same 

driver of toxicity (e.g. fibre length, and biodurability) it can be used to predict the 

toxicity of a material based on these attributes. This can have enormous implications 

for regulation of materials though such regulatory programmes as REACH 

(Registration, Evaluation, Authorisation and Restriction of Chemicals) regulation in 

the EU. The development of QSAR approaches enables the hazard potential of 

material to be judged using ‘non-testing’ methods such as read-across from other, 

previously characterised material and also using in silico methods. Such approaches 

have benefits for the rapid advancement of technology perhaps due a reduced testing 

burden, and also further facilitating the safe development of materials. It also allows 

the reduction of animal testing in research which is an important component of 

modern research and regulation but also focuses testing towards those materials that 

are likely to cause harm and require exposure limits to be developed.  

The understanding of the driver of toxicity of certain forms of material (e.g. fibres) 

can also allow careful consideration during the development of materials or products 

to avoid the pitfalls which could lead to health effects. This so called ‘safe by design’ 

approach can help reduce the potential for a product to fail later in the costly 

development stage or worse still cause harm to workers or consumers as was so 

woefully seen in the case of asbestos.       

The concern the production and use of nanoparticles on an industrial scale could 

cause adverse health effects in workers and the general population is very real (The 

Royal Society and Royal Academy of Engineering 2004). The success of the 

nanotechnology industry depends on public and government acceptance which will 

be greatly aided by allying fears and identifying and controlling hazards before they 

cause a problem.  



 

 ‐ 257 ‐ 

The aim of this project was to investigate the link between the well established FPP 

and a new class of highly engineered fibrous nanomaterials. The FPP has been 

developed using a wide range of materials encompassing asbestos, ceramic fibres, 

zeolite, rock and slag wools, glass fibres and organic fibres (para-aramid) and found 

to be universally applicable. However the aim of this project was to demonstrate or 

refute the applicability of this paradigm to a very different form of materials that 

workers are beginning to be exposed to.  

The use of a model of exposure of the mesothelium, an important target tissue of 

asbestos pathogenicity, has enabled us to critically test the fibre paradigm using a 

range of CNT. We have demonstrated that exposure of the peritoneal cavity to long 

but not short/ aggregated CNT led to a potent inflammatory and fibrotic response 

with wide ranging pathology. This size selectivity is reflected in the FPP and 

suggests that carbon nanotubes which are truly fibrous may adhere to the FPP. The 

scale and longevity of the inflammatory response was remarkable and suggests that 

long fibrous CNT should be treated with care. Another critical criterion of the FPP is 

the durability of a fibre. Using an acellular method to assess fibre durability at a pH 

selected to mimic the most aggressive environment a fibre may find itself (within a 

macrophage phagolysosome), we demonstrated that of the 4 CNT tested, 3 were 

highly durable. This again suggests that some CNT may meet all the criteria of the 

FPP but importantly some may fail and as such show lower pathogenicity. This 

requires further research but may allow a way in which the pathogenicity of long 

fibres can be reduced. Similar to this, the work of Kagan and Li have shown that 

functionalisation can also reduce a nanotubes durability in a biological environment 

which may again offer another way to reduce a fibrous nanomaterials toxicity 

(Kagan et al. 2010; Liu, Hurt, & Kane 2010). Further sources of harm reduction that 

have been indicated within this project are the effects that surface functionalisation 

can have on the toxicity of MWCNT, and again may enable safe-by-design 

development of CNT.  

Encouragingly from these studies and those of others, there is the potential for 

engineering solutions to reduce the toxicity of nanofibres based on altering the 

attributes of a nanofibre which may make it toxic. Chapter 3 has shown that short 
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fibres (< 5 µm) and those CNT which do not form long straight fibres due to being 

either short or highly curled/ tangled are non inflammogenic in a fibre sensitive 

model. This was further demonstrated in Chapter 6 using another form of fibrous 

nanomaterial formed from nickel oxide nanowires. The demonstration that the FPP 

was applicable to MWCNT as well as NiNW raises the real possibility of its 

relevance to all nanofibres that meet the FPP requirements. As such manufacturers of 

nanofibres and subsequent users must manage these hazards appropriately to ensure 

safe use. In March 2008, the UK Health and Safety Executive took the steps to 

produce guidelines on the risk management of CNT (The Health and Safety 

Executive 2009). In outlining methods risk management of CNT, currently the most 

widespread nanofibres used, the HSE took the steps to point out the relevance of 

understanding the possible risks associated with working with all forms of nanofibres 

pointing that “the risk management principles detailed here are equally applicable to 

other nano-dimensioned bio-persistent fibres with a similar aspect ratio”. The results 

shown here confirm this cautionary approach to safe working practices with all forms 

of nanofibres that meet the length, biopersistence and potentially dose requirements 

outlined in the FPP for a pathogenic fibre. If indeed future health effects are to be 

avoided, the in-built added fibre toxicity of all forms of respirable nanofibres which 

meets these criteria need to be understood and acted upon.  

Further testing with a wider range of CNT samples is still required to futher test the 

FPP but crucially, in vivo analysis using relevant routes of exposure (e.g. inhalation) 

must be carried out. These should ideally be whole of life in nature to ascertain the 

potential carcinogenicity of the CNT in the animal model and critically test the 

paradigms of toxicology rather than focus on the analysis of single material type as 

has more commonly been done (Ellinger-Ziegelbauer & Pauluhn 2009; Ma-Hock et 

al. 2009; Pauluhn 2010). Whilst very few studies have yet addressed critically the 

FPP in relation to fibrous nanomaterials, increasingly interesting and high value 

studies are emerging which aim to inform the safe handling of nanotechnology.     
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Appendix 1  ‐ Dispersal of Carbon Nanotubes  for Toxicological 
Studies:  Evaluation  of  dipalmitoylphosphatidylcholine  and 
bovine serum albumin compared to Tween‐80 
 

Carbon nanotubes (CNTs), like other nanoparticles, are of considerable toxicological 

interest but resist dispersion in aqueous media due mainly to strong attractive forces 

such as Van der Waals forces (Jiang, Gao, & Sun 2003;Vaisman, Wagner, & Marom 

2007), forming dense, tangled aggregates especially after acid purification (Li, 

Kinloch, & Windle 2005). The drive from industry to produce uniform dispersions of 

CNTs has led to numerous methods of dispersion using various organic solvents such 

as chloroform (Li, Kinloch, & Windle 2005), surfactants, sodium dodecyl sulphate 

(Jiang, Gao, & Sun 2003), and Tween-80 (Warheit, Laurence, Reed, Roach, 

Reynolds, & Webb 2004). However, whilst these dispersants may be very efficient, 

they are generally unsuitable for use in toxicological studies due to their intrinsic 

toxicity.  

This study aimed to look at simple methods for dispersing CNTs in aqueous media 

using intrinsically low toxicity protein and lipid biological macromolecules, allowing 

for their use in toxicological studies. We focused on comparing 

dipalmitoylphosphatidylcholine (DPPC), a chemically inert, biocompatible 

phospholipid (Ishii et al 2004) and a major component of lung surfactant; the 

ubiquitous globular protein bovine serum albumin (BSA) with Tween-80, an 

effective detergent dispersant. The rationale behind these selected surfactants are that 

Tween-80 is a very effective dispersant of CNTs and have been used in in vivo 

assessment of CNT toxicity (Warheit, Laurence, Reed, Roach, Reynolds, & Webb 

2004) and so is a suitable positive comparison. Upon inhalation, particles which 

reach the proximal alveoli would contact and be bathed in the epithelial lining fluid. 

Epithelial lining fluid (ELF) is composed of a colloidal suspension of various 

phospholipids, proteins and sugars? Of which DPPC is the main constituent 

(comprising 70% of the total phospholipid content). It is hypothesised that the 

surfactant properties of ELF may play a role in dispersing particles in the lung, 

possibly aiding their removal and as such would be a representative surfactant when 
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trying to exogenously disperse particles for in vitro and in vivo experiments. DPPC 

and ubiquitous globular protein (BSA) were chosen as representative surfactants of 

ELF for dispersing CNTs. 

Multi-walled carbon nanotubes were dispersed in a range of concentrations of the 

surfactants by water bath sonication. The supernatant was retained and the 

absorbance analysed. The aim of this method was to mechanically isolate nanotubes 

and stabilise them using surfactant to prevent re-aggregation. The dispersants were 

also analysed for their toxicity (LDH release) and ability to stimulate a pro-

inflammatory response (IL-8 release) in an alveolar epithelial cell line. 

Materials and Methods 

Dispersants 

The phosphatidylcholine, DPPC (semi-synthetic, 99% Purity, Sigma-Aldrich 

Company Ltd.) was dispersed in sterile, de-ionised water (Milli-Q Academic, 

Millpore) by heating above its chain melting transition temperature (Tc) of 41°C 

(Kim & Franses 2005) and ultra-sonication for 30 minutes at 70% power (5 cycles) 

using a probe sonicator (Bandelin electronic). The clear suspension of DPPC was 

then centrifuged at 750g for 10 minutes to remove any non-dispersed DPPC prior to 

cooling to room temperature and subsequent dilution for use at 62.5µg/ml 125µg/ml, 

250µg/ml, and 500µg/ml. The efficacy of ultra-sonication in creating a homogenous 

dispersion was assessed using a Brookhaven 90 Plus Particle Size Analyser 

(Brookhaven Instrument Corporation, NY, USA) and the mean vesicle diameter was 

significantly reduced from 614.52 + 175.06nm to 15.88 + 1.15nm (** P<0.01, n=6). 

Bovine serum albumin (BSA, fraction V, ≥96% Purity, Sigma) was dissolved in 

sterile, de-ionised water prior to sterile (0.22µM) filtration and diluted for use at 

125µg/ml, 250µg/ml 500µg/ml 1000µg/ml, and 2000µg/ml with sterile, de-ionised 

water.  Tween-80 (Polyoxyethylene (20) sorbitan mono-oleate) was purchased from 

BDH Chemicals Ltd. (Poole, UK) and diluted with sterile, de-ionised water prior to 

sterile (0.22µm) filtration and dilution for use at 0.1% and 1% concentration with 

sterile, de-ionised water. 
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Assessment of Dispersant Efficacy  

Two hundred µg/ml of research grade MWCNT (Nanolab, Inc. MA, USA CVD 

synthesised with an iron and ceramic oxide (alumino-silicate) catalyst support. Mean 

diameter of 15nm and length range of 5-20µm) were added to each dispersant and 

placed in a water bath sonicator (35 Amps, 50/60 cycles, Kontes, USA) for 2 hours 

with intermittent vortex mixing. Water bath sonication was chosen in favour of ultra-

sonication due to a reduced risk of fragmentation and damage to the nanotubes.  

These samples were then centrifuged at 500g for 1 hour and the top 70% of the 

supernatant removed. The supernatant was then further diluted 1:2 in sterile, de-

ionised water prior to the absorbance being read at 265nm (peak absorbance for 

MWCNT as established by successive readings across the UV spectrum with a 

MWCNT suspension using an Ultraspec 2000 spectrophotometer (Pharmacia 

Biotech)).  

Preparation of dispersed MWCNT resulted in a heterogeneous mixture of singlet 

nanotubes as well as small and large aggregated bundles. Centrifugation of the 

nanotube preparations removed all aggregates within the viable range of light 

microscopy and so scanning electron microscopy (SEM) of non-dispersed and 

dispersed preparations of MWCNTs was undertaken using an Hitachi S-2600N 

digital scanning electron microscope and UNCA X-sight EDXS system (Oxford 

Instruments). Other methods of reducing the size of the aggregates in suspension to 

only the respirable, and hence relevant, range were investigated. This took the form 

of filtration of the 1000µg/ml BSA dispersed nanotube suspension through nylon net 

filters (Millipore) in the size range of 11µm, 20µm and 30µm. The aggregate size in 

the preparations were visually inspected by light microscopy (figure 7) with 10µm 

polystyrene beads (Fluka) to aid the assessment.  
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Results 

 

Figure 1: Efficacy of bath sonication in dispersant solutions at various concentrations. The efficacy 

of the different dispersant solutions (H2O, Tween-80, DPPC, BSA and 1000µg/ml BSA/ 500µg/ml 

DPPC mix) was established by comparing the ability of the MWCNTs to stay in solution after 1 hour 

centrifugation at 500g, as measured by absorbance at 265nm. Shown are comparative images of the 

MWCNT solutions, from left a) H2O, 0.1% Tween-80, 1% Tween-80; b) 62.5µg/ml, 125µg/ml, 

250µg/ml, and 500µg/ml DPPC; c) 125µg/ml, 250µg/ml, 500µg/ml, and 1000µg/ml BSA. n=3 

* Significantly increased absorbance above H2O (**p<0.01, ***p<0.001) 

# Absorbance not significantly different from 1% Tween-80 dispersant (p>0.05) 
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Figure 2: Cytotoxicity of dispersant preparations towards A549 cells. Dispersant solutions (Tween-

80, DPPC, BSA) were made up in serum-free DMEM culture medium and incubated with A549 cells 

for 24hrs as well as 0.01% Triton-X as a positive total cell lysis control. Only 0.1% and 1% Tween-80 

generated significant LDH release (18.14 + 3.76% and 100.25 + 5.10% respectively; *** p<0.001). 

Inset are representative light microscope images (x20 magnification) of A549 cells with control 

treatment and 0.1% Tween-80 showing unhealthy, rounded up cells and 1% Tween-80 showing total 

cell lysis. n=4 

 

Figure 4: Representative Scanning Electron Microscope images of non‐dispersed and BSA dispersed 

5‐20µm MWCNT. a) As prepared, non-dispersed dense MWCNT aggregates at x1000 magnification, 

scale bar - 50µm with inset image (b) at x9,000 magnification, scale bar - 5µm surface of nanotube 

aggregate (arrow). c) MWCNTs dispersed in 1000µg/ml BSA at x900 magnification, scale bar - 50µm 
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showing dried protein plate (arrow) and inset image (d) showing separated nanotubes at edge of 

protein plate (arrow) at x10,000, scale bar - 5µm.   

 

 

Figure 5. Representative light microscope images (x32 magnification) of nanotube preparations in 

1000µg/ml BSA solution. MWCNTs were dispersed at a concentration of 1000µg/ml in a 1000µg/ml 

BSA solution and bath sonicated for 2 hours and then filtered through different pore sized, nylon net 

filters to remove large, non-respirable nanotube aggregates. To aide sizing of the larger nanotube 

aggregates, 10µm polystyrene beads (see inset arrows) have been added to the preparations 

immediately prior to microscopic examination. The filters sizes were as follows; a) un-filtered, 

dispersed nanotubes, b) 30µm pore sized filter, c) 20µm pore sized filter and d) 11µm pore sized 

filter. 
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Figure 3: Assessment of  initiation of a pro‐inflammatory response (IL‐8 secretion) by dispersants. 

A549 cells were treated in serum-free media conditions with the dispersant solutions (H2O, Tween-

80, DPPC, BSA and 1000µg/ml BSA/ 500µg/ml DPPC mix) made up in serum-free DMEM for 24hrs 

as well as 10µg/ml TNFα as a positive control. BSA at 125, 250 500 and 1000µg/ml stimulated low 

levels of IL-8 production (84.1 + 10.1, 78 + 7.3, 69.4 + 13.1 and 59 + 9.9 pg/ml respectively) whilst 

0.1% Tween-80 generated markedly higher levels (149.4 + 20.4 pg/ml). Only TNFα generated IL-8 

levels significantly higher than the media control base line (*** p<0.001). DPPC did not generate 

detectable IL-8 levels, nor did 1% Tween-80 although this is likely to be due to rapid cell lysis caused 

by the detergent. n=3    

Discussion 

The size of a particle, including its aspect ratio dictates how the body reacts to and 

handles particulates (Borm, Robbins, Haubold, Kuhlbusch, Fissan, Donaldson, 

Schins, Stone, Kreyling, Lademann, Krutmann, Warheit, & Oberdorster 2006). The 

state of dispersion of CNTs therefore is imperative when assessing the toxicity of a 

particle based on a specific paradigm. Nanotubes when aggregated are unlikely to act 

as a fibre and so affects macrophages ability to handle these particles and 

subsequently any interactions, translocation etc that CNTs may have in the body 

(Powers et al. 2007). However once inhaled, the action of the lung surfactant may 

aide the dispersion of aggregated carbon nanotubes and so size may therefore 

become an important factor in the bodies ability to clear such foreign particles 
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(Renwick, Donaldson, & Clouter 2001). This is important when we consider dose 

(via inhalation or bio-accumulation if the fiber is biopersistent) and the toxicokinetics 

of deposition and retention of carbon nanotubes. Especially relevant to nanoparticles 

is the idea that size directly effects the mass to surface area ratio (Powers, 

Palazuelos, Moudgil, & Roberts 2007). Nanoparticles are renowned for their extreme 

surface area which can mean on a mass per mass basis, a relatively low toxicity 

particle can cause toxic effects by means of exceptionally high surface area. Larger 

aggregates have a reduced surface area when compared to the same mass basis of the 

singlicate particles, which can have important consequences when we consider the 

particle dosimetry. It was therefore of significant importance to tackle the problems 

of nanotube aggregation before we try to tease out the factors which may govern the 

toxicity of a nanofibre.           

BSA is a simple, bio-compatible and effective dispersant for use in in vitro and in 

vivo studies that was as efficient as 1% Tween-80 in dispersing CNTs. The low 

inherent toxicity of BSA is unlikely to mask the effect of any dispersed particle and 

may prove useful for other nanoparticles requiring dispersion for toxicological 

studies. BSA was found to possess substantial anti-oxidant activity, very likely as a 

result of its thiol groups; however albumin and other thiol-rich globular proteins are 

ubiquitous in biological fluids and so this does not argue against its use. The poor 

dispersant /surfactant properties of DPPC may, in part, be due to the structural 

difference between DPPC in lung lining fluid (as a predominantly tubular myelin 

structure) and a synthetic preparation of DPPC (bi-layer liposomes). Other 

components of lung lining fluid such as other phospholipids, Ca2+ and specific 

surfactant proteins such as SP-A and SP-B may also contribute to the efficacy of 

lung lining fluid as a surfactant in vivo. This is because lung surfactant is not simply 

the action of one phospholipid but rather the interaction of a range of components 

whose importance is not necessarily represented by their relative concentrations. 

Therefore the use of DPPC alone or even in conjunction with BSA may constitute an 

over simplification of the ELF and would require a great deal of work to accurately 

mimic the composition and structure of the lining fluid of the lung.  
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Appendix 2 – Representative BCA protein assay standard curve 
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Appendix 3 – Lavage protein correlation with lavage total PMN 
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Appendix 4 – Results of exhaustative  lavage of the peritoneal 
cavity of a mouse 
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Appendix 5 – Gambles solution constituents  

 

 

 

NaCl      7.12g/L 

NaHCO3 (Sodium Bicarbonate)   1.95g/L 

CaCl2.2H2O (Calcium Chloride)  0.029g/L 

Na2HOP4 (Sodium Phosphate)   0.148g/L 

Na2SO4 (Sodium Sulfate)   0.079g/L 

MgCl2.6H2O (Magnesium Chloride)  0.212g/L 

Glycine      0.118g/L 

Na3-citrate.2H2O (Sodium Citrate)  0.152g/L 

Na2-tartrate.2H2O    0.18g/L 

Na-pyruvate     0.172g/L 

Lactic Acid     0.15g (167µl)/L 

 

 

 

 Adjust with HCl to pH 4.5 (pH should be readjusted after 24hrs) 
 Formaldehyde added (1-2mls/L) to prevent microbial growth 
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Appendix  6  –  Proteome  Array  of  lavage  fluid  constituents 
24hrs post injection with 50 µg LFA 

 

Proteome Array of lavage fluid constituents 

Analyte  Fold Change 

MCP‐1  119.5 
IL‐16  65.0 

TREM‐1  29.5 
IL‐5  27.2 
IL‐ra  21.5 

MIP‐1α  ‐14.2 
I‐TAC  ‐10.5 
IP‐10  8.3 
IFN‐γ  ‐6.0 
C5a  5.2 

M‐CSF  4.4 
BLC  3.7 
G‐CSF  3.1 
I‐309  ‐3.0 
TARC  ‐2.6 
MCP‐5  2.4 
KC  ‐2.1 

TNF‐α  ‐1.9 
IL‐12 p70  ‐1.7 
MIG  ‐1.7 
IL‐7  1.5 

TIMP‐1  1.4 
sICAM‐1  ‐1.1 
GM‐CSF  ‐1.1 
IL‐6  ‐1.1 

Eotaxin  1.0 
IL‐10  ‐1.0 
IL‐1α  ‐0.9 
IL‐1β  0.8 
MIP‐2  0.1 
IL‐13  ‐0.1 
IL‐3  ‐0.1 

- A positive value indicates a fold increase over vehicle control treated animals 
- A negative value indicates a fold decrease over vehicle control treated animals 
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Carbon nanotubes1 have distinctive characteristics2, but their
needle-like fibre shape has been compared to asbestos3, raising
concerns that widespread use of carbon nanotubes may lead to
mesothelioma, cancer of the lining of the lungs caused by
exposure to asbestos4. Here we show that exposing the
mesothelial lining of the body cavity of mice, as a surrogate
for the mesothelial lining of the chest cavity, to long
multiwalled carbon nanotubes results in asbestos-like, length-
dependent, pathogenic behaviour. This includes inflammation
and the formation of lesions known as granulomas. This is of
considerable importance, because research and business
communities continue to invest heavily in carbon nanotubes
for a wide range of products5 under the assumption that they
are no more hazardous than graphite. Our results suggest the
need for further research and great caution before introducing
such products into the market if long-term harm is to
be avoided.

Carbon nanotubes (CNTs) are often considered to epitomize
the field of nanotechnology—a diverse collection of nanoscale
technologies that are projected to be associated with $2.6 trillion
worth of manufactured goods by the year 2014 (ref. 6). The
global market for CNTs is predicted to grow to between
$1 billion and $2 billion by 2014, spurred on by new and
increasing industrial demands5. Meanwhile, widespread concerns
have been raised that a poor understanding of how to safely
develop and use engineered nanomaterials—including carbon
nanotubes—could undermine business interests and unduly
jeopardize human health and the environment7.

The unique nanometre-scale structure of CNTs is based on a
graphene cylinder, typically a few nanometres in diameter, which
can range in length from a few micrometres to millimetres3.
Single-walled nanotubes (SWNTs) consist of one such cylinder,
and multiwalled nanotubes (MWNTs), as used in this study,
comprise 2 to 50 such cylinders concentrically stacked with a
common long axis. This structure gives nanotubes an unusual

combination of properties that are highly desirable in many
industrial products3,8. Their high aspect ratio (ratio of length and
width) makes them an attractive structural material, but their
nanometre-scale diameter and needle-like shape have drawn
comparisons with asbestos9,10.

Exposure during mining and the industrial use of asbestos led
to a global pandemic of lung diseases. Study of disease in exposed
populations showed that the main body of the lung was a target for
asbestos fibres, resulting in both lung cancer and scarring of the
lungs (asbestosis). The outside surface lining of the lung and its
associated tissue, the pleura, was found also to be a target, with
cancer of the pleura (mesothelioma), fluid accumulation in the
pleural space (effusion) and scarring of the pleura (pleural
thickening and plaque formation) being found in association
with asbestos exposure11. A critical factor underlying this
pandemic is a prolonged latency period between exposure and
the development of mesothelioma, the hallmark cancer of
asbestos exposure. Toxicologists have derived a paradigm in
which a hazardous fibre is one that is thinner than 3 mm, longer
than �20 mm and biopersistent in the lungs, in other words not
dissolving or breaking into shorter fibres12. Above all, for there to
be any adverse effect, the numbers of such fibres must reach a
sufficient level to cause chronic activation of inflammatory cells,
genotoxicity, fibrosis and cancer in the target tissue11,13.

A superficial resemblance between nanomaterials such as CNTs
and asbestos has led scientists to challenge the research community
to ‘Assess whether fibre-shaped nanoparticles present a unique
health risk’14. Published studies have evaluated acute responses to
CNTs in cell cultures and the lungs of animal models10,15–17, but
the hypothesis that CNTs can behave like asbestos at the
mesothelium has not previously been tested. The mesothelial
layer is the cell layer that covers the internal surfaces of the
pleural (chest) and peritoneal (abdominal) cavities and the
exterior surfaces of the organs they contain, lubricating their
motion. When cancer occurs in the mesothelium, as is the case
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in a proportion of individuals exposed to asbestos, the cancer is
termed mesothelioma11. Mesothelioma is almost exclusively
found following asbestos exposure and mesothelioma is a particle
response unique to fibre-shaped particles18.

We previously recorded that direct exposure of the
mesothelium by intraperitoneal (i.p.) injection of long amosite
asbestos fibres resulted in an exaggerated inflammatory response,
but there was little or no response to injected short amosite
fibres19. This most likely reflects the extreme sensitivity of the
mesothelium to long fibres20,21. We therefore hypothesize that the
most important acute response to long CNTs, if they were to
behave like asbestos, would be mesothelial injury.

Amosite, or brown asbestos, is an amphibole form of asbestos
and the samples used here were prepared for pathology studies
undertaken to investigate the role of fibre length22. The long-fibre
amosite (LFA) used in this study was South African amosite,
which was prepared to have a large proportion of long fibres, and
the short-fibre amosite (SFA) sample was prepared from the long-
fibre sample by comminution in a ball mill22. In the present study
LFA and SFA were used as positive and negative controls,
respectively19,22. The four samples of MWNTs were chosen to assess
the role of long rigid fibres in stimulating a mesothelial response
similar to that caused by LFA. Two of the MWNT samples, NTlong1

and NTlong2, contained a substantial proportion of long straight
fibres longer than 20 mm, and the other two samples, NTtang1 and
NTtang2, consisted of CNTs arranged in low-aspect-ratio tangled
aggregates. Full characterization of the MWNT samples and the

derivation of these classifications are provided in Table 1. In
addition, a nanoparticulate carbon black (NPCB) sample was used
as a non-fibrous graphene control. Transmission electron
microscopy (TEM) and optical analysis of NTlong2 samples
confirmed that the nanotube fibres were not all single tubes, but
rather were ‘wires’ or ‘ropes’ of intertwined single CNTs, rendering
them visible by light microscopy in the tissue and cell samples.

Each material was injected in a 50 mg dose into the peritoneal
(abdominal) cavity of mice and the cavity systematically washed
out at 24 h or 7 days post exposure with physiological saline, in a
process termed lavage, to provide a lavageate that contained the
cells and molecules present in the peritoneal cavity. The response
was assessed by measuring protein levels and cell populations in
the lavageate of the peritoneal cavity 24 h later19. The pathogenic
response to long fibres is typified by an alteration in the normal
structure of the mesothelial surface to produce a scar-like
structure (lesion) called a granuloma. Histological quantification
of granulomas on the peritoneal side of the diaphragm21 and
foreign body giant cells (FBGCs) was carried out after 7 days.

The normal inflammatory response to pathogenic particles
or their soluble components is inflammation, with poly-
morphonuclear leukocyte (PMN) and protein exudation. Only the
samples that contained long fibres (LFA, NTlong1 and NTlong2)
caused significant PMN (Fig. 1a) or protein (Fig. 1b) exudation.
FBGCs (Fig. 1c) and granulomas on the peritoneal side of the
diaphragm (Fig. 1d; see also Fig. 2b,c and Supplementary
Information, Tables S1 and S2) were also seen with the

Table 1 Characterization of multiwalled carbon nanotubes.

NTtang1 NTtang2 NTlong1 NTlong2

Source
NanoLab, Inc. NanoLab, Inc. Mitsui & Co. Dr Ian Kinloch (University of

Manchester)
Description of morphology ( from SEM, TEM and light microscopy)
Short MWNTs forming tightly packed
spherical agglomerates, a large proportion of
which are in the respirable size range
,5 mm, with frayed edges of singlet
nanotubes.

Bundles of intermediate-length
MWNTs. Often stellate in form with
longer fibres protruding from the
central tangled agglomerate, a
large proportion of which are in
respirable size range ,5 mm.

Dispersed bundles and singlets
of long and intermediate-length
MWNTs, many in the range
10–20 mm and longer. Many
very short fibres often decorate
the long fibres.

Regular bundles and ropes of
MWNTs with a fairly constant
length and diameter. Typically,
single ropes of tubes are more
than 20mm in length.

Diameter as supplied by the manufacturer (nm, mean+s.e.m.)
15+5 15+5 40–50 20–100

Diameter as determined by authors (nm, mean+s.e.m.)
14.84+0.50 10.40+0.32 84.89+1.9 165.02+4.68

Length as supplied by the manufacturer (mm)
1–5 5–20 Mean 13 Max 56

Percentage fibres greater than 15 mm (see Supplementary Information, Methods, for methodology)
‡ ‡ 24.04 84.26

Percentage fibres greater than 20 mm (see Supplementary Information, Methods, for methodology)
‡ ‡ 11.54 76.85

Endotoxin (pg ml21)*
ND ND ND ND

Soluble metals (mg g21)† (see Supplementary Information, Fig. S2, for a full analysis)
Fe 7.9 13.4 ND† 37.3
Cu 5.1 1 1.2 1.2
V ND† ND† 0.8 ND
Ni 9.7 5 6.2 6.2
Zn 5.5 7.5 0.7 ND†

Co 3.7 ND† 1.9 3.4

ND ¼ not detectable.
*Endotoxin detection limit ,10 pg ml21

.
†Metal analysis detection limit ,0.1 mg g21.
‡The presence of long fibres could not be reliably determined.
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long-fibre-containing samples. This foreign body response is the
normal reaction to indigestible or non-degradable material
that macrophages cannot eliminate. The granulomas comprised
aggregates of cells containing fibres, most likely macrophages, and
also FBGCs, with MWNT/asbestos fibres and associated deposition
of collagen within the lesions (Fig. 2b,c). The mesothelial lining on
the pleural side of the diaphragm was normal in every case. The
PMN inflammation had decreased by 7 days, as the focus of
inflammation changed from the peritoneal cavity in general to the
granulomas (data not shown). In contrast, particle samples that did
not contain detectable long fibres (although they may have
contained low-level contamination with long fibres)—NPCB, SFA,
NTtang1 and NTtang2—failed to cause any significant inflammation
at 1 day or giant cell formation at 7 days. A small nonsignificant
granuloma response in one of three of the NTtang2-treated mice (see
Fig. 1d; see also Supplementary Information, Table S1 and Fig. S3)
could have been a consequence of a contamination of long fibres
that was so low that they were not detected in the fibre size analysis.

Alternatively, this low-level response could have been caused by
some other unidentified component of the NTtang2, or the
granulomas could have arisen spontaneously by chance. Although
statistical analysis indicated a clear lack of effect from the short
MWNT samples, a similar study in a larger group of animals would
provide greater confidence in these differences. Neither soluble
metals nor endotoxin contamination of long samples were
correlated with the greater inflammogenicity and granuloma
formation seen with the NTlong samples (see Table 1).

To further examine the role of water-soluble components, these
were collected from a 50-mg dose of NTlong1 and NTlong2 by
overnight mixing in 0.5% bovine serum albumin (BSA)/sterile
saline vehicle. The soluble components produced no significant
inflammatory effects 24 h after injection into the mouse
peritoneal cavity (see Supplementary Information, Fig. S2).
Neither can levels of total metals explain the differences between
short and long responses seen with nanotube samples (see
Supplementary Information, Fig. S1). Transition metals have
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Figure 1 Recruitment of inflammatory cells in the peritoneal cavity after introduction of fibres. Female C57Bl/6 mice were intraperitoneally instilled with 50 mg

of vehicle control (VEH, 0.5% BSA/saline; 0.5 ml), nanoparticulate carbon black (NPCB), short-fibre amosite (SFA), long-fibre amosite (LFA), two curled/tangled

MWNT samples of different lengths (NTtang1, NTtang2) and two samples containing long MWNTs (NTlong1, NTlong2). After 24 h and 7 days post-exposure, the mice were

killed and the peritoneal cavity lavaged. a,b, At 24 h, inflammatory response was evaluated using differential cell counts to establish total PMN population

(a, mean+s.e.m.; VEH, n ¼ 3; NPCB, n ¼ 3; SFA, n ¼ 3; NTtang1, n ¼ 3; NTtang2, n ¼ 4; LFA, n ¼ 6; NTlong1, n ¼ 4; NTlong2, n ¼ 3), and total protein (b, mean+
s.e.m.; VEH, n ¼ 5; NPCB, n ¼ 4; SFA, n ¼ 3; NTtang1, n ¼ 6; NTtang2, n ¼ 6; LFA, n ¼ 6; NTlong1, n ¼ 8; NTlong2, n ¼ 6). c, At 7 days, granuloma response was

investigated by measuring the total foreign body giant cell (FBGC) population (mean+s.e.m.; VEH, n ¼ 6; NPCB, n ¼ 4; SFA, n ¼ 5; NTtang1, n ¼ 4; NTtang2 , n ¼ 4;

LFA, n ¼ 4; NTlong1, n ¼ 6; NTlong2, n ¼ 5), which marks the chronic foreign-body-induced inflammation. d, Histological sections of excised diaphragms show the

extent of granuloma formation at the peritoneal surface of the diaphragm (mean+s.e.m.; n ¼ 3). The nonsignificant increase in granuloma shown in mice treated

with NTtang2 is a consequence of a small granuloma response in a single mouse (see Supplementary Information for details of the methodology and outcome of this

part of the study). *P , 0.05, **P , 0.01, ***P , 0.001 versus vehicle control; †P , 0.001 versus LFA.

LETTERS

nature nanotechnology | ADVANCE ONLINE PUBLICATION | www.nature.com/naturenanotechnology 3

© 2008 Nature Publishing Group 

 

www.nature.com/naturenanotechnology


been implicated in CNT-mediated stress in an earlier published
study on nanotubes in vitro23, but neither soluble nor total
metals can explain the differences in peritoneal response seen
here with long and short MWNTs. There is a remote possibility
that some unmeasured metal or other component could
contribute to this difference but, in the opinion of the authors, it
is unlikely. Although our data show that short CNTs do not
mimic the behaviour of long asbestos, our data cannot preclude
the possibility that short CNTs are harmful by conformation to
some other paradigm that was not addressed here, such as
intrinsic toxicity as particles, as opposed to fibres.

In attempting to phagocytose or engulf a fibre longer than the
length they can completely enclose, the specialized ‘engulfing
cells’, macrophages, are chronically stimulated to release mediators
that cause inflammation24,25. In this inflammatory milieu the
conditions, including the cytokine environment, that encourage
macrophage fusion are produced, leading to giant cell formation
(Fig. 3c,f ). The macrophages that are undergoing frustrated
phagocytosis are not necessarily the ones that form giant cells, as
shown by the fact that macrophages are stimulated to undergo
formation into giant cells in vitro with a combination of cytokines
alone26. So, although we have no quantitative data on the role of
frustrated phagocytosis, images from the lavage of animals
exposed to LFA and long MWNTs (Fig. 3a,d) show that frustrated
phagocytosis did occur. No FBGCs were found in the lavage of
animals exposed to NPCB, SFA, nor the short, tangled MWNT
samples, and complete phagocytosis was evident in macrophages
from the lavage (see Fig. 3b,e for SFA and NTtang1, respectively).

Our aim was to investigate commercial samples of CNTs to
obtain real-world relevance and compare pathogenicity and we
showed clear differences between long and short/tangled
MWNTs. However, there was an attendant problem in that there
are differences in the source, preparation and purification of
different commercial CNTs and therefore potential differences in
physicochemistry and contaminating metals. For example, the
two short tangled samples were acid-treated and this may have
resulted in alterations. We have addressed this here and largely
discounted factors other than length, but another strategy to
critically address the role of length is to mill long CNTs and
compare the unmilled (long) with the milled (short) fibres, so
minimizing differences except for length. Short CNTs may be
pathogenic by virtue of being particles, and that would not have
been detected in the assays used here, which are sensitive only to
asbestos/fibre-type effects.

The discrimination in terms of asbestos-like hazard between
short/tangled and long MWNTs shown after low-dose injection
of fibres in our study emphasizes the importance of choosing the
correct assay. In this case the assay was based on the uniqueness
of the mesothelial response to long fibres. We observed that long
MWNTs produced inflammation, FBGCs and granulomas that
were qualitatively and quantitatively similar to the foreign body
inflammatory response caused by long asbestos. In contrast,
NPCB did not cause peritoneal inflammation, highlighting the
fact that fibrous shape dominates over simple graphene chemistry
in effects on the mesothelium.

The fact that CNTs can be produced in a morphology that
implies an asbestos-like hazard, although unwelcome, was
predicted on the basis of the fibre paradigm4,12. The single
published study on CNTs in workplace air27 found that airborne
particles that resemble the tangled MWNT samples shown here
have low potency. We note that two of the three commercially
obtained samples of MWNTs used here (NTtang1 and NTtang2) had
similar short/tangled morphologies due to their curled/tangled
structure. This morphology showed little potency in the assays
and so these would not be predicted to behave like asbestos.

NPCB

400 nm

–

SFA

5 μm

–

NTtang1

500 nm

–

5 μm

–NTtang2

GI GI

5 μm

+LFA

GIGI

+

20 μm

NTlong1

GI GI

+

20 μm

NTlong2

VEH

ML

PD

Figure 2 Effect of the particle/fibre on diaphragms after 7 days. a, TEM

images show the presence (þ) or absence (– ) of long fibres in the samples

used. Female C57Bl/6 mice were injected i.p. with 50 mg of sample, killed after

7 days, and the diaphragms excised and prepared for visualization. b,c, SEM

images (b) and haematoxylin and eosin histology sections (n ¼ 3) (c) of the

diaphragms show the presence of granulamatous inflammation (GI) in mice

exposed to LFA, NTlong1 and NTlong2. A small granuloma response in one of the

three mice treated with NTtang2 (see Supplementary Information, Tables S1 and

S2, for raw data and statistical analysis) was observed. The muscular portion of

the peritoneal diaphragm (PD) and the mesothelial layer (ML) are aligned to

show granulomatous inflammation at the peritoneal aspect of the diaphragm

surface. Scale bars in b: 200 mm. Scale bars in c: 50 mm.
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Our data demonstrate that asbestos-like pathogenic behaviour
associated with CNTs conforms to a structure–activity
relationship based on length, to which asbestos and other
pathogenic fibres conform. Exposure of the mesothelium,
however, is based upon the caveat that all materials tested shared
a high level of biopersistence, allowing sufficient time for
migration through the lung to the mesothelium. As such, our
study does not address whether CNTs would be able to reach the
mesothelium in sufficient numbers to cause mesothelioma
following inhalation exposure. Although the study suggests a
potential link between inhalation exposure to long CNTs and
mesothelioma, it remains unknown whether there will be
sufficient exposure to such particles in the workplace or the
environment to reach a threshold dose in the mesothelium.
Intraperitoneal injection of long asbestos into the peritoneal
cavity of rodents has been demonstrated to cause mesothelioma
in the long term22. However, our study did not address whether
the mice exposed to long CNTs that developed inflammatory and
granulomatous changes would go on to develop mesotheliomas.
Neither did our study rule out the possibility that short CNTs
may have some intrinsic pathogenicity by virtue of their
particulate nature, which would not have been detected in the
assays used here, which are specific for fibre effects. These are
research questions that must be addressed with some urgency
before the commercial use of long CNTs becomes widespread.

METHODS

A panel of four different samples of MWNTs and three different control particles
(LFA, SFA and NPCB) was used. The MWNT panel comprised three commercially
available nanotubes and one sample produced in an academic research laboratory.
The nanotube samples used were a sample of long MWNTs (NTlong1; Mitsui &
Co.), a second MWNT sample of largely long fibres (NTlong2; University of
Manchester), and two curled/tangled NT samples either cut (using a proprietary
process) to form predominantly short fibres (NTtang1) or with their original length
(NTtang2) (NanoLab). The NPCB used was Printex 90 (Degussa). The
classification of samples into NTlong or NTtang was established from the
physical characteristics observed using scanning electron microscopy (SEM),
TEM and light microscopy (only TEM images are shown), where appropriate,

to fully describe each sample (Table 1). The diameter of both individual fibres and
(in the case of NTtang1 and NTtang2) agglomerate size as well as a length size
distribution analysis of the fibres and particles were established. In keeping with
World Health Organization (WHO) guidelines28 we counted as a fibre only those
particles with an aspect ratio greater than 3:1 and a length .5 mm.

Inductively coupled plasma mass spectrometry (ICP-MS) analysis was used
to quantify contaminating metals (Table 1; see Supplementary Information,
Fig. S1 for a full metals analysis), and the presence of bacterial contamination of
the particle panel was established by measuring endotoxin levels (Table 1).
Samples were prepared for in vivo use by ultrasonication in a sterile 0.5%
BSA/saline solution and were administered by injection into the peritoneal
cavity of female C57Bl/6 mice (aged 8 weeks) at a dose of 100 mg ml21 (0.5 ml;
total dose 50 mg per mouse). After 24 h and 7 days the mice were killed by
cervical dislocation and the peritoneal cavity lavaged using three 2 ml washes of
ice-cold sterile saline, which were pooled together on ice. The 24-h timepoint was
chosen based on our experience from previous studies, which indicated that at
this timepoint we would be able to discriminate between different particles in
their ability to cause inflammation. The 7-day timepoint was chosen to allow
time for fibrosis to develop in the granulomas at the diaphragm. The lavage fluid
was centrifuged to separate the cellular fraction, and the supernatant protein
content was established using a BCA protein assay (VEH, n ¼ 5; NPCB, n ¼ 4;
SFA, n ¼ 3; NTtang1, n ¼ 6; NTtang2, n ¼ 6; LFA, n ¼ 6; NTlong1, n ¼ 8; NTlong2,
n ¼ 6). Cyto-centrifugation preparations were made using the isolated cells, and
differential cell counts were performed to establish leukocyte populations (VEH,
n ¼ 3; NPCB, n ¼ 3; SFA, n ¼ 3; NTtang1, n ¼ 3; NTtang2, n ¼ 4; LFA, n ¼ 6;
NTlong1, n ¼ 4; NTlong2 n ¼ 3). At 7 days the diaphragm was carefully removed
from the mice and fixed, sectioned, and haematoxylin and eosin stained for
gross pathology (VEH, n ¼ 4; NPCB, n ¼ 3; SFA, n ¼ 3; NTtang1, n ¼ 3; NTtang2,
n ¼ 3; LFA, n ¼ 3; NTlong1, n ¼ 4; NTlong2, n ¼ 3). The granulomatous lesions
present with each section was quantified using serial images taken at �100
magnification using QCapture Pro software (Media Cyberbernetics) and the
mean lesion area and length of the complete diaphragms (see Supplementary
Information, Fig. S3) established using Image-Pro Plus software (Media
Cybernetics). Diaphragms removed for surface analysis by SEM were fixed,
osmified and gold-sputter-coated for viewing under SEM. All data are expressed
as a mean+s.e.m. and analysed using one-way analysis of variance (ANOVA).
Multiple comparisons were analysed using the Tukey-HSD method and in all
cases, values of P , 0.05 were considered significant. (See Supplementary
Information for a full supplementary methodology.)

Received 3 December 2007; accepted 30 April 2008; published 20 May 2008.
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Figure 3 Effect of fibre length on phagocytosis by peritoneal macrophages. a,b, Histological sections show incorporation of LFA (a, arrow) leading to ‘frustrated

phagocytosis’, but SFA (b, see inset) is successfully phagocytosed. c, Representative image of an FBGC after injection of LFA containing short fragments of fibre (see

inset). d, Like LFA, NTlong2 also leads to frustrated phagocytosis (E-erythrocytes). e, In contrast, NTtang1 can be readily phagocytosed (see inset). f, FBGC is also

present after injection of NTlong2 (see inset for internalized fibres) (PMN, polymorphonuclear leukocyte; L, lymphocyte). All images are shown at �1,000 magnification

with a 5 mm scale bar.
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SUPPLEMENTARY INFORMATION 

Materials and Methods 

Fibres and particles  

The panel of particles investigated consisted of 4 different samples of multi-

walled carbon nanotubes (herein simply referred to as NT) and 3 control 

particles, which consisted of mixed length amosite asbestos enriched for long 

fibres (50.36% fibres >15 µm, 35.25% fibres >20 µm), hereafter referred to as 

long fibre asbestos (LFA), shortened amosite asbestos (SFA; 4.46% fibres 

>15 µm, 0.99% fibres >20 µm), and nano-carbon black (NPCB). Both LFA 

and SFA were created from the same batch of South African amosite1 

obtained from the Manville Corporation (USA). SFA was prepared by grinding 

long fibres in a ceramic ball mill, and the resulting fibre preparation 

sedimented in water. The process of ball milling, used to shorten the LFA to 

make the SFA was associated with changes in the iron chemistry2. 

The NT utilised were chosen for different physical characteristics that allowed 

us to address the hypothesis in hand. The samples consisted of a 

commercially produced long fibre NT sample (NTlong1; Mitsui & Co. Ltd., 

Japan) produced by catalytic chemical vapour synthesis using the floating 

reaction method. A NT sample of predominantly long fibres (NTlong2) was 

used, produced in an academic research laboratory (University of Cambridge) 

using catalytic vapour discharge (CVD) method using a ferrocene-toluene 

feedstock to grow nanotubes from iron catalysts held on a silica plate3. These 

nanotubes grew aligned as mats, meaning they were straight and un-

entangled. The nanotubes were harvested from the mats using a razor blade, 

with some residual iron remaining within the nanotubes. We also included two 
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commercially available curled and tangled nanotubes of different lengths 

(NTtang1 which was cut to form predominantly short NT fibres and the original 

length NT sample (NTtang2); NanoLab, Inc., MA, USA). These were produced 

by CVD with an iron and ceramic oxide (alumino-silicate) catalyst support 

which was removed using HCl and Hydrofluoric acid treatment.  

The levels and types of contaminating metals contained within the samples 

were established using inductively coupled plasma mass spectrometry (ICP-

MS) analysis using a iCAP 6500 (Thermo Scientific, MA, USA). To evaluate 

the total metal contaminants (data shown in supplementary Fig. 1), the 

samples were acid digested in 5 ml of HNO3, boiled down to a volume of 1 ml 

and 4 ml of HCL then added. This gave a final concentration on 4% HNO3 : 

16% HCL. To establish the degree of soluble metal contamination, a soluble 

fraction was prepared by suspending the samples in distilled H2O prior to 

mixing and filtration to remove particulates and the supernatant analysed. The 

presence of bacterial contamination of the particle panel was established by 

measuring endotoxin levels. Briefly a 1 mg/ml solution of each particle was 

mixed on a rotating mixer at room temperature for 24-hrs prior to ultra 

centrifugation of the sample (13,800g). The endotoxin level of the supernatant 

was established using a chromogenic limulus ameobocyte lysate (LAL) assay 

(Cambrex Bio Science Walkersville, Inc, MD) with a limit of detection of 10 

pg/ml.  

To establish the physico-chemical characteristics of the particles and to 

identify which samples contained considerable numbers of long fibres, we 

utilised scanning electron microscopy (SEM), transmission electron 

microscopy (TEM) and light microscopy (only TEM images are shown for 
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reasons of brevity) where appropriate to fully describe each sample (Table 1). 

Using measurement software (Image-Pro Plus; Media Cybernetics Inc., MD, 

USA), we were able to measure diameter of both individual fibres and, in the 

case of NTtang1 and NTtang2, agglomerate size as well as a length size 

distribution analysis of the fibres and particles used. In keeping with World 

Health Organization (WHO) guidelines4 we counted only those particles with a 

length to width ratio greater than 3:1 and a length more than 5 µm as a fibre.  

Necessarily different suspension media were required for suspending 

particles for injection in vivo (dispersion in a protein solution) and for electron 

microscopy (dispersion in a solvent).  In preparation for electron microscopy, 

particles were suspended in propan-2-ol (Fisher Chemicals) and the 

aggregates gently exfoliated using an ultra-sonicating water bath. The sample 

suspensions were then diluted into 1.25 % propan-2-ol/ de-ionised H2O (Milli-

Q Academic, Millipore, MA, USA) solution. The suspension was then placed 

onto 1x2 mm copper slot grids pre-coated with a Formvar/ carbon film (Agar 

Scientific, Essex, UK), allowed to dry and analysed using a Philips CM120 

transmission electron microscope.  

Dispersal of NTs for in vivo experiments 

There have been several published methodologies for the dispersion of NT 

using organic solvents or polymers5,6. The nature of these dispersants means 

that, whilst they are in some cases very effective at creating stable NT 

dispersions, they are often unsuitable for use in a biological system due to 

inherent toxicity. An alternative was sought and suspension of the particles in 

0.5 % bovine serum albumin (BSA; Sigma-Aldrich, Poole, UK)/ saline solution 

with 2-hrs in an ultra-sonicating water bath proved to be an effective method 
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of dispersal. Comparison of the 0.5 % BSA/ Saline vehicle with saline alone 

by intraperitoneal injection into female C57Bl/6 mice (0.5 ml) produced no 

increase in inflammatory cells or total protein (data not shown). As such, it 

was deemed a suitable non-pathogenic vehicle for particle instillation  

Experimental Animals  

Female C57BL/6 mice aged 8 weeks were intraperitoneally injected with 0.5 

ml of 100 µg/ml NPCB, SFA, LFA, NTtang1, NTtang2, NTlong1 or NTlong2 for either 

24-hrs or 7-days. The particles were suspended in a sterile 0.5 % BSA/ saline 

solution (included as a vehicle control; 0.5 ml), allowing for an overall 

exposure of 50 µg per mouse. In order to ascertain if a soluble component 

could be responsible for the inflammogenicity seen in samples NTlong1 and 

NTlong2, soluble fractions of NTlong1 and NTlong2 samples were made. A 100 

µg/ml suspension of each sample was made using a 0.5 % BSA/ Saline 

vehicle and placed in an ultra-sonicating water bath (230V, 50/60 Cycles; 

Kontes BP-1, NJ, USA) for 2-hours to disperse the nanotubes. This was 

followed by continuous mixing of each nanotube sample at 37°C over night 

prior to centrifugation of the sample at 16,200g for 5 minutes to remove the 

nanotubes leaving the extract supernatant. A single dose of 0.5 ml of either 

nanotube extract or vehicle control was administered intraperintoneally to 

female C57Bl/6 mice and the inflammatory response evaluated after 24-hrs 

(supplementary Fig. 2). 

Cells 

At each time point the mice were sacrificed by cervical dislocation and the 

peritoneum lavaged three times using 2 ml washes of sterile ice-cold saline. 

The lavages were pooled together and placed on ice for the entire duration of 
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the processing. The lavage fluid was then centrifuged at 123g for 5 minutes at 

4°C in a Mistral 3000i centrifuge (Thermo Fisher Scientific, Inc., MA, USA) 

and an aliquot of the supernatant was retained for total protein measurement. 

The remaining supernatant was discarded and the cell pellet re-suspended in 

0.5 ml of 0.1 % BSA/ sterile saline solution. A total cell count was then 

performed using a NucleoCounter (ChemoMetec, A/S, Allerød, Denmark). 

Differential cell counts were performed on cyto-centrifugation preparations, 

stained with Diff Quik. Images of cells (fig. 2 a-f) were taken using QCapture 

Pro (Media Cyberbernetics Inc., MD, USA).  

Total protein concentration of the peritoneal lavage fluid was measured using 

the bicinchoninic acid (BCA) protein assay (Sigma-Aldrich, Poole, UK). 

Sample protein concentrations were established by comparison to a BSA 

standard curve (0 – 1000 µg/ml). The samples were then incubated at 37ºC 

for 30 minutes after the addition of the test reagent (1 part Copper (II) 

Sulphate solution (4 % w/v) to 50 parts bicinchoninic acid). The absorbance 

was then read at 570 nm using a Synergy HT microplate reader (BioTek 

Instruments, Inc. VT, USA) and the sample protein concentration established 

via extrapolation from the BSA standard curve.  

Dissection and fixation of diaphragm 

Following sacrifice and peritoneal lavage at 7-day time point, the abdominal 

wall was dissected free, exposing the peritoneal cavity via a midventral 

incision with lateral incisions extending to the veterebral column, which was 

then severed below the diaphragm. The diaphragm was then carefully 

removed by cutting through the ribs and chest wall with care taken not to 

puncture the diaphragm. The diaphragm was gently rinsed three times by 
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emersion in ice-cold sterile saline and placed overnight into methacarn fixative 

(60 % methanol, 30 % chloroform and 10 % glacial acetic acid) for histological 

staining or 3 % glutaraldehyde/ 0.1 M sodium cacodylate (pH 7.2) buffer for 

SEM. After overnight incubation in fixative, the diaphragm was carefully 

excised from the surrounding ribs prior to further processing for either 

histological or SEM analysis. 

Methodology for quantifying granulomas 

After removal from the ribs, the same full width section of the upper quadrant 

of the diaphragm was removed from each animal sampled so as to 

encompass both muscular and central tendinous regions of the diaphragm. 

This excised tissue was dehydrated through graded alcohol (ethanol) and 

imbedded on-edge in paraffin. Four µm sections of the diaphragm were 

stained with hematoxylin and eosin stain and serial images taken at x100 

magnification using QCapture Pro software (Media Cyberbernetics Inc., MD, 

USA). The images were seamlessly re-aligned using Photoshop Elements 4 

(Adobe systems Inc.) to give a high resolution image of the entire section (see 

supplementary Fig. 3). Using calibrated Image-Pro Plus software (Media 

Cybernetics Inc., MD, USA) we then measured the total length of each 

diaphragm along the basement membrane in order to adjust for any 

differences in size between diaphragms. Using the same software we then 

measured around each area of granuloma which were obvious. Areas of 

adherent tissue such as Liver, connective tissue or lymphatic tissue were not 

included in the measurement of granuloma tissue. Using the calibrated 

software we could then express the area of granuloma on each diaphragm (in 

mm2) per unit length of diaphragm (in mm) to yield granuloma area per unit 
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diaphragm length (mm2/mm). The results gained from diaphragms from a 

minimum of 3 separate animals for each treatment were analysed using one-

way analysis of variance (ANOVA) with a Tukey-HSD multiple comparison 

post test. The data was then shown graphically in Figure 1d (raw data and 

statistical analysis shown in supplementary table 1 and 2 respectively) as a 

mean + sem and values of P < 0.05 were considered significant. 

SEM 

The excised diaphragm was stained with osmium tetroxide prior to critical 

point drying, mounted and gold sputter coated before examination by 

scanning electron microscopy (SEM) using an Hitachi S-2600N digital 

scanning electron microscope (Oxford Instruments). 

Statistics 

We expressed all data as the mean + s.e.m. and these were analysed using 

one-way analysis of variance (ANOVA). Multiple comparisons were analysed 

using the Tukey-HSD method and in all cases, values of P < 0.05 were 

considered significant.  
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Supplementary Figures 

 
 

Supplementary Figure 1: Total metal contaminants of particle/ fibre 

panel. The total metal contamination of fibres/ particles utilised was 

established using inductively coupled plasma mass spectrometry (ICP-MS). 

The metal contaminants measured were cadmium (Cd), cobalt (Co), 

chromium (Cr), copper (Cu), Iron (Fe), Manganese (Mn), Nickel (Ni), Titanium 

(Ti), Vanadium (V) and zinc (Zn). The limit of detection for this assay was 

0.0001mg/g.   
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Supplementary Figure 2: Inflammatory cell recruitment to the peritoneal 

cavity after introduction of soluble fibre extract. A soluble fibre extract 

was prepared from samples NTlong1 and NTlong2 by overnight mixing in 0.5% 

BSA/ sterile saline vehicle. These extracts were then injected into the 

peritoneal cavity of female C57Bl/6 mice (0.5 ml; VEH, 0.5% BSA/ saline; 0.5 

ml, NTlong1 and NTlong2). Twenty four hours post exposure the mice were killed 

and the peritoneal cavity lavaged and the inflammatory response was 

evaluated using differential cell counts to establish total PMN population (a, 

mean+
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sem; n=3)) and total protein (b, mean+sem; n=3) indicating fluid 

exudation characteristic of inflammation. Comparison of the soluble extract to 

the vehicle control showed no significant increase in the total PMN population 

or protein levels in the peritoneal cavity (P 0.3652 and P 0.1160 respectively) 

after 24 hours.  
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Supplementary Figure 3: Histology sections of mouse diaphragms.  

Female C57BL/6 mice were treated with Vehicle control (a, 0.5% BSA/ Sterile 

saline; VEH 0.5ml; N = 4), NPCB (b, 50 µg; N = 3), SFA (c, 50 µg; N = 3), 

NTtang1 (d, 50 µg; N = 3), NTtang2 (e, 50 µg; N = 3), LFA (f, 50 µg; N = 3), 

NTlong1 (g, 50 µg; N = 4) or NTlong2 (h, 50 µg; N = 3) for 7 days with the 

peritoneal aspect shown upwards. Serial images were taken along the length 

of each diaphragm at x100 magnification and the images re-aligned using 

Photoshop elements 4.0 (Adobe systems Inc.). The areas of granuloma tissue 

(outlined in blue for clarity), demonstrated here in treatments e-h, were 

measured across each diaphragm section. This was conducted at high 

resolution using calibrated Image-Pro Plus software (Media Cybernetics Inc., 

MD, USA) to identify and measure any granuloma tissue via presence of 

inflammatory cells. Granuloma tissue was expressed as area (mm2) per mm 

length of diaphragm and any areas of normal adherent tissue such as Liver 

(solid arrow) or connective tissue (hollow arrow) were not included in the 

measurement of granuloma. Extensive areas of Granuloma tissue were 

consistently induced by exposure to LFA (f), NTlong1 (g) and NTlong2 (h). A 

small granuloma response was observed in one out of three of the NTtang2-

treated mice (e, diaphragm 2 of 3) and subsequent analysis showed this to be 

a non-significant response (see main text for a full discussion and 

supplementary table 1 and 2 for raw data and statistical analysis respectively). 
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Supplementary Table 1: Raw morphometry data of the isolated 
diaphragms. Diaphragm lesion areas and overall diaphragm length was 

established using Image-Pro Plus software (Media Cybernetics Inc., MD, 

USA) for each diaphragm to enable the calculation of granuloma area per unit 

length of the diaphragm (mm2/mm). 
 
 

Treatment Granuloma Area (mm2) Diaphragm Length (mm) Granuloma Area/ Unit Length 
(mm2/mm) 

VEH - 1 0.00 11.11 0.00 
VEH - 2 0.00 11.66 0.00 
VEH - 3 0.00 10.72 0.00 
VEH - 4 0.00 9.24 0.00 
    
NPCB - 1 0.00 11.72 0.00 
NPCB - 2 0.00 12.25 0.00 
NPCB - 3 0.00 10.43 0.00 
    
SFA - 1 0.00 11.09 0.00 
SFA - 2 0.00 14.08 0.00 
SFA - 3 0.00 11.50 0.00 
    
NTtang1 - 1 0.00 12.08 0.00 
NTtang1 - 2 0.00 11.93 0.00 
NTtang1 - 3 0.00 11.01 0.00 
    
NTtang2 - 1 0.42 4.70 0.09 
NTtang2 - 2 0.00 7.88 0.00 
NTtang2 - 3 0.00 9.53 0.00 
    
LFA - 1 1.98 11.11 0.18 
LFA - 2 1.45 11.86 0.12 
LFA - 3 3.32 13.15 0.25 
    
NTlong1 - 1 1.80 10.27 0.17 
NTlong1 - 2 1.67 10.10 0.16 
NTlong1 - 3 1.11 9.13 0.12 
NTlong1 - 4 0.90 9.39 0.10 
    
NTlong2 - 1 3.59 11.38 0.32 
NTlong2 - 2 3.14 13.55 0.23 
NTlong2 - 3 4.05 13.45 0.30 
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Supplementary Table 2: One-way Analysis of Variance (ANOVA) 
performed on the raw morphometry data of the diaphragms in 
supplementary table 1. Statistical analysis was performed using InStat 

statistical software (GraphPad Software Inc.). A P value of < 0.0001 is 

considered extremely significant and variation among column means is 

significantly greater than expected by chance. A P value of >0.05 is 

considered non-significant. Tukey-Kramer Multiple Comparisons Test 

comparisons with the vehicle control (VEH) are shown: Non-significant 
NTtang2 result boldened  
 
 

Comparison Mean Difference Q Value P Value 
VEH vs NPCB 0.000 0.000 ns  P>0.05 
VEH vs SFA 0.000 0.000 ns  P>0.05 
VEH vs NTtang1 0.000 0.000 ns  P>0.05 
VEH vs NTtang2 -0.03000 1.603 ns  P>0.05 
VEH vs LFA -0.1833 9.798 *** P<0.001 
VEH vs NTlong1 -0.1375 7.937 *** P<0.001 
VEH vs NTlong2 -0.2833 15.142 *** P<0.001 

 
ns = not significant 
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Asbestos, carbon nanotubes and the pleural
mesothelium: a review of the hypothesis
regarding the role of long fibre retention in the
parietal pleura, inflammation and mesothelioma
Ken Donaldson*, Fiona A Murphy, Rodger Duffin, Craig A Poland

Abstract

The unique hazard posed to the pleural mesothelium by asbestos has engendered concern in potential for a
similar risk from high aspect ratio nanoparticles (HARN) such as carbon nanotubes. In the course of studying the
potential impact of HARN on the pleura we have utilised the existing hypothesis regarding the role of the parietal
pleura in the response to long fibres. This review seeks to synthesise our new data with multi-walled carbon nano-
tubes (CNT) with that hypothesis for the behaviour of long fibres in the lung and their retention in the parietal
pleura leading to the initiation of inflammation and pleural pathology such as mesothelioma. We describe evi-
dence that a fraction of all deposited particles reach the pleura and that a mechanism of particle clearance from
the pleura exits, through stomata in the parietal pleura. We suggest that these stomata are the site of retention of
long fibres which cannot negotiate them leading to inflammation and pleural pathology including mesothelioma.
We cite thoracoscopic data to support the contention, as would be anticipated from the preceding, that the parie-
tal pleura is the site of origin of pleural mesothelioma. This mechanism, if it finds support, has important implica-
tions for future research into the mesothelioma hazard from HARN and also for our current view of the origins of
asbestos-initiated pleural mesothelioma and the common use of lung parenchymal asbestos fibre burden as a
correlate of this tumour, which actually arises in the parietal pleura.

Background
The experience with asbestos highlighted that high
aspect ratio particles (fibres) pose an additional hazard
to the lung beyond that produced by conventional com-
pact particles and gave rise to the discipline of fibre tox-
icology. Over several decades up to the present, fibre
toxicology has evolved a structure activity paradigm that
explains the pathogenicity of fibres that is the most
robust in particle toxicology. Whilst this paradigm
explains the relationship between fibre characteristics
and their pathogenicity, the exact sequence of events,
following fibre deposition leading to a fibre-type hazard
to the pleura and pleural mesothelium has not been
clarified. In particular we poorly understand the
mechanism whereby fibres seem to selectively deliver

their dose to the parietal pleura, whilst the visceral
pleura is not initially affected [1]. There has been no
unifying hypothesis as to exactly how, within the normal
understanding of particle clearance of particles out of
the lungs, sustained fibre ‘dose’ is delivered to the parie-
tal pleura sufficient to produce the distinctive profile of
pleural effects associated with fibre exposure in man
and animals. In this paper we advance a plausible
hypothetical mechanism that emphasises translocation
of a fraction of all deposited particles and fibres to the
pleural space but the retention of only long fibres in the
parietal pleura. This retention of fibre dose at the parie-
tal pleura then serves as the driver that initiates
mesothelial injury and inflammation that over time
leads to pleural pathology, including mesothelioma. This
mechanism is, we contend, generalisable to carbon
nanotubes and potentially to other high aspect ratio
nanoparticles (HARN) that are currently a cause for
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concern due to their asbestos-like morphology and
which represent the driving stimulus for this work.
The application of this hypothesis to nanotubes arises

from our initial work regarding the similarities in
length-dependent mesothelial inflammogenicity of asbes-
tos and carbon nanotubes in the peritoneal cavity [2].
The role of failed peritoneal and pleural cavity clearance
of long fibres in their pathogenicity was advanced in its
essential form by Kane and co-workers [3,4]. Boutin and
co-workers [5-7] have also made essentially the same
suggestion as regards asbestos and clearance from the
parietal pleura in relation to human asbestos-related
mesothelioma. We therefore fully recognise these intel-
lectual precedents in our restatement and elaboration of
the hypothesis here in relation to our work with long
and short nanotubes in the pleural cavity [2]. This new
work, which is mentioned to a small extent in this
review, is being submitted for full peer-review elsewhere
(Murphy, F., Poland, C.A., Ali-Boucetta, H., Al-Jamal K.
T., Duffin, R., Nunes, A., Herrero, M-A., Mather, S. J.,
Bianco, A., Prato, M., Kostarelos, Donaldson, K. Long
but not short nanotubes are retained in the pleural
space initiating sustained mesothelial inflammation. Sub-
mitted for publication)This present review sets out the
anatomical and pathophysiological background concern-
ing the behaviour of particles and fibres in the pleural
space and elaborates the evolving hypothesis that might
explain how long fibres and long nanotubes might deli-
ver ‘dose’ to the parietal pleura.

Fibres and the pleural mesothelium
Particles tend to deliver their effects to the lung itself in
the form of fibrosis or lung cancer. PM10 particles also
affect susceptible populations, exacerbating existing air-
ways disease and cardiovascular disease, probably via

pro-inflammatory effects emanating from the lungs. The
additional hazard posed by fibres relates to the meso-
thelial lining of the pleural cavity and to some extent
the peritoneal cavity. Individuals exposed to asbestos
demonstrate a wide range of pleural pathologies includ-
ing pleural effusion (a build up of fluid within the
pleural space), pleural fibrosis and pleural mesothelioma
[8]. A variable, usually small, proportion of mesothelio-
mas developing in individuals exposed to asbestos arise
in the peritoneal cavity, likely as a result of fibre translo-
cation from the pleural cavity to the peritoneal cavity
[9]. The mechanism of production of pleural meso-
thelioma is not well understood although various
mechanisms have been advanced [10]. However some
contact between fibres and mesothelial cells is a reason-
able supposition (see below) and numerous studies have
demonstrated effects such as genotoxicity [11] and pro-
inflammatory effects [10] following exposure of
mesothelial cells to asbestos and other fibres in vitro.

The classical fibre pathogenicity structure:activity
paradigm
Several decades of fibre toxicology have lead to an over-
arching fibre toxicology structure:activity paradigm
involving length, diameter and biopersistence (reviewed
in [12] Figure 1).
The fibre paradigm identifies the geometry of fibres as

their most important toxicological characteristic and not
the chemical make-up, except in so far as the composi-
tion makes a contribution to biopersistence (see later).
This independence from composition is evident in the
fact that the paradigm embraces fibres composed of
diverse materials including amphibole and serpentine
asbestos minerals, vitreous and ceramic fibres and an
organic fibre (reviewed in [12]). Diameter is important

Figure 1 Diagram illustrating a pathogenic fibre according to the pathogenicity paradigm and the role of particle characteristics.
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because of the central role that fibre diameter plays in
defining aerodynamic diameter (Dae) and the depen-
dence of pulmonary deposition on Dae [13]. Clearance
from beyond the ciliated airways is dominated by slow,
macrophage-mediated clearance [14] and so fibres
which deposit there have the potential to contribute
most to build-up of dose. Length impacts little on Dae

for thin fibres [15] except when length is sufficient to
cause interception, a mechanism of particle deposition
that is confined to fibres, involving the centre of gravity
of the fibre following the airstream at a bifurcation
whilst the tip of the fibre makes contact with the wall,
resulting in deposition. The penetration of long fibres
(>50 μm) beyond the ciliated airways is explicable on
the basis that the aerodynamic diameter of a straight
fibre is around 3 times its actual diameter [15]. This
results from its alignment with the airflow as the fibres
move aerodynamically through these tubes, aligned
along the axis of the bronchial tree.
The evidence demonstrating that length is a key factor

in pathogenicity of fibres comes from a number of
sources but the best data are from experimental toxicolo-
gical studies where it is possible to isolate length cate-
gories and assess their effects, unlike the mixed nature of
human exposures. In the seventies Stanton carried out a
large number of studies aimed at understanding the role
of fibre characteristics in mesothelioma using implanta-
tion of fibres in gelatin, directly onto the pleural
mesothelial surface. Although this is a highly artificial
exposure, in a summary of these studies [16] Stanton
identified that carcinogenicity was related to ‘durable’
fibres longer than 10 μm. In the study by Davis et al. [17]
rats were exposed in a chamber to clouds with equal air-
borne mass concentration of either long amosite asbestos
fibre or a short fibre amosite sample obtained from it by
ball-milling. After lifetime exposure there was substantial
tumour and fibrosis response in those rats exposed to the
long amosite and but virtually no response in rats
exposed to the short amosite. Adamson et al. used long
and short crocidolite and following deposition in mouse
lungs reported fibrosis [18] and proliferative responses
[19] at the pleura with the long, but not the short sam-
ples. The mouse peritoneal cavity has been used as a
model of direct mesothelial exposure and much greater
toxic [20], inflammatory [21] and granuloma-generating
[4] responses were evident in mice that were exposed to
high doses of long fibres than was seen with shorter
fibres. In vitro systems have also demonstrated the
greater potency of long compared to short fibres in assays
of pro-inflammatory and genotoxic activity [22-27].
Biopersistence and length interact in determining the

clearance of long fibres from the lungs since long fibres
may undergo dissolution which could result in complete
dissolution, or most likely weakening of the fibre such

that it undergoes breakage into shorter fibres, which can
be more rapidly cleared than long fibres. The retention
half-time (T1/2) of a compact, inert, respirable, tracer
particle, or a short fibre, in the respiratory tract of a rat
is commonly ~60 days [28]. However long fibres (> 20
μm) are more slowly cleared as they cannot be easily
enclosed by macrophages [29] leading to frustrated pha-
gocytosis (see below). Thus long fibres are more likely
to accumulate in the lungs allowing the long fibre dose
to build up. Long fibres that are composed of bio-solu-
ble (non-biopersistent) structural components can
undergo weakening and breakage in the lungs [30]. The
knowledge described above lead to the evolution of the
fibre pathogenicity paradigm show in Figure 1 highlight-
ing that a pathogenic fibre is one that is long, thin and
biopersistent.

Carbon nanotubes and the classical fibre
pathogenicity paradigm
Carbon nanotubes (CNT) are one of the most important
products of nanotechnology, representing significant
investment and are already incorporated into a large
number of products and this is likely to increase. How-
ever, the essentially fibrous structure of CNT has lead
to concern that they might cause asbestos-like pathology
in the lung and mesothelium [2,31]. Carbon nanotubes
can exist as compact tangles of nanotubes that are
essentially particles, or as longer, straighter ‘fibres’ and
we would anticipate that the hazard from these two dif-
ferent forms of carbon nanotube would differ. Particle
effects would be confined to the lungs as fibrosis and
cancer whilst fibres, exemplified by asbestos, are known
have the same types of pulmonary effect but to also
affect the pleura. We previously carried out a study
where we exposed the peritoneal mesothelium, as a con-
venient model for the pleural mesothelium, to carbon
nanotubes to determine whether they showed an asbes-
tos-like, length-dependent toxicity [2]. These studies
revealed that carbon nanotubes in the form of long
fibres showed a similar, or greater, propensity to pro-
duce inflammation and fibrosis in the peritoneal cavity,
to that produced by long asbestos. In contrast neither
short asbestos fibres nor short, tangled CNT caused any
significant inflammation. One important underlying pro-
cess in the toxicity of long fibres is the failure of the
macrophage to completely enclose them- termed incom-
plete or ‘frustrated’ phagocytosis, which is a pro-inflam-
matory condition. Long carbon nanotubes very likely
cause inflammation via this process when long enough,
i.e. longer than about 15 μm [2]. Frustrated phagocytosis
of long fibres as it likely applies to asbestos and carbon
nanotubes is illustrated in Figures 2 and 3.
In terms of the fibre pathogenicity paradigm, it is pos-

sible for carbon nanotubes to be pathogenic by being
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thin, long and biopersistent but unlike other fibres it is
also possible for CNT to exist in forms that do not
comply with the paradigm for a pathogenic fibre. For
example CNT can exist as short forms, and longer but
tangled forms (see right side of Figure 2), neither of
which would pose a problem to macrophages in terms
of phagocytosis or clearance. Whilst singlet nanotubes
are always thin they form tangles, ropes and wires of
intertwined tubes and these can be thicker, although
still likely to be thin enough to be respirable. However,
in larger tangles and bundles the aerodynamic diameter
may well increase beyond respirability. Graphene, the
basic structural component of CNT is an exceedingly
strong material [31] and so is likely to be biopersistent
when the graphene is pristine, with few defects and
underivatised, and that is suggested by our own data (in
preparation). However CNT derivatised by some che-
mistries, with increased amounts of defects in the gra-
phene structure, may be less biopersistent.

Injection of fibres into the peritoneal cavity as a
surrogate for fibre effects in the pleural cavity:
the role of retention of long fibres in the
peritoneal cavity in long fibre-induced
inflammogenicity and fibrogenicity
The peritoneal cavity and its viscera are covered by a
mesothelium and this was recognised as a convenient
surrogate for the pleural cavity mesothelium in fibre stu-
dies over 30 years ago. Subsequently asbestos fibres
were found to produce inflammation [21] and

mesotheliomas [32] in the peritoneal cavity following
injection. Although the peritoneal cavity would not be
expected to have evolved the efficient clearance mechan-
isms shown by the lungs, in fact it does have a system
for removing particles. Instilled particles are rapidly
drawn cranially in the lymph flow through the dia-
phragm to the parathymic lymph nodes [33]. This
involves transit through the diaphragm via stomata
which are pore like structures less than 10 μm in dia-
meter (Figure 4) linking the peritoneal cavity to the
underlying lymphatic capillaries and which were impli-
cated in fibre effects by Kane and co-workers in 1987
[4].
Kane and co-workers [3] noted that long asbestos

fibres accumulated preferentially at the peritoneal face
of the diaphragm around the stomata since they could
not be cleared through them due to their length. Kane
et al. contended that retention of long fibres at the dia-
phragmatic mesothelial surface initiated inflammation,
proliferation and granuloma formation. Short fibres did
not cause this effect, easily exiting through the stomata.
However, if short fibre were injected at such high dose
that their sheer volume blocked the stomata this pre-
vented clearance allowing retention, resulting in inflam-
mation [3]. We confirmed that low dose exposure of the
mouse peritoneal cavity to long multi walled carbon
nanotubes (MWCNT) [34] resulted in accumulation of
the long CNT at the diaphragm, suggesting that they
are also too long or bulky to exit through the stomata.
Retention of the long CNT in the peritoneal cavity

Figure 2 The frustrated phagocytosis paradigm as it relates to long and short fibres of asbestos (left) and various forms of carbon
nanotubes (right). When confronted by short asbestos fibres or tangled, compact carbon nanotube ‘particles’ the macrophage can enclose
them and clear them. However the macrophage cannot extend itself sufficiently to enclose long asbestos or long nanotubes, resulting in
incomplete or frustrated phagocytosis, which leads to inflammation.
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initiated granulomas with classical foreign body giant
cells in the peritoneal lavage (Figure 5) and in the gran-
ulomas (Figure 6) [2]. Short, tangled CNT were not
retained and were never seen at the diaphragm or vis-
cera and did not induce inflammation or granuloma for-
mation, their absence from sections strongly suggesting
that were cleared through the stomata.
Therefore, we would postulate that there are two

important parts to the mechanism of the pro-inflamma-
tory effects of long fibres in the peritoneal cavity, shared
by both asbestos and long MWCNT
i) failure of long fibres to negotiate the diaphragmatic

stomata with subsequent retention of the long fibre
dose at the diaphragm; this contrasts with smaller parti-
cles which easily leave the peritoneal cavity through the

diaphragmatic stomata to accumulate in the parathymic
nodes [33],
ii) at the point where the long fibre dose accumulates

at the peritoneal face of the diaphragm macrophages
attempt to phagocytose the long fibres; they then
undergo frustrated phagocytosis stimulating inflamma-
tion and mesothelial cell damage, leading to chronic
inflammation and granuloma development [2].
The consequences of pro-inflammatory and fibrogenic

effect of long fibre retention at the diaphragm were
most evident in the extent of the granuloma/fibrosis
response seen 6 months following instillation of 10 μg
of long or short nanotubes (see [2] for a full description
of the NT tang 2 and NT long 1 nanotubes used in this
study). As Figure 6 shows, the presence of quite a large
aggregate of short/tangled nanotubes produced very lit-
tle tissue reaction (Figure 6A and 6B). In contrast, loose
aggregates and singlet fibres of long nanotubes caused a
florid granuloma response (Figure 6C and 6D). The
multi-layered basketwork -like arrangement of largely
acellular collagen in the granuloma is strongly reminis-
cent of the structure of an asbestos-induced pleural pla-
que (see later).

Figure 3 Frustrated phagocytosis (arrows) and the associated
acute inflammatory reaction in the bronchoalveolar lavage of
mice whose lungs have been instilled with long nanotubes.
Aspiration of 50 μg of long fibrous multi-walled carbon nanotubes
(CNT) into the lungs of C57BL/6 mice caused an acute inflammatory
reaction at 24 hrs typified by a large influx of inflammatory
neutrophils (PMN) into the bronchoalveolar lavage. CNT bundles
and singlet fibres were seen both within macrophages (hollow
arrow) and extending outside the macrophage in the process of
incomplete or frustrated phagocytosis (black arrows). All images at
taken at ×1000 magnification.

Figure 4 SEM of the surface of the peritoneal face of the
diaphragm of a mouse showing the stomata (arrows)
reproduced with permission from Moalli et al [4].
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The issue of peritoneal mesothelioma arises and begs
the question as to the extent of translocation of fibres
from the pleural space to the peritoneal cavity. Little is
known about this and it has never been quantified in
man. The mere fact that far-and-away most mesothelio-
mas arise in the pleural cavity suggests that long fibres
are retained there, so short fibres can reach the perito-
neal cavity but, by virtue of their low pathogenicity, gen-
erally do not cause much harm there.

Pleural structure and function
Although the peritoneal cavity serves as a convenient
model to study mesothelial impacts of fibres, the pri-
mary mesothelial target for inhaled fibres is the pleural
mesothelium. The chest cavity, or pleural cavity is the
cavity that surrounds the lungs and heart, comprising
the ribs and associated muscles and connective tissue.
This cavity is covered by the parietal pleura, which is
attached to the chest wall and is covered by a continu-
ous ‘parietal’ mesothelial cell layer. The lungs themselves

are enclosed by the visceral pleura which is integral to
the lung surface and which has a surface ‘visceral’
mesothelial layer. The tight fit of the lungs to the inside
of the chest wall means that the two mesothelial layers
are closely apposed and there is a thin space between
them that contains the pleural fluid (Figure 7) and also
a population of pleural macrophages.
The visceral and parietal mesothelium are both com-

posed of a single layer of mesothelial cells, a basal
lamina of connective tissue and a loose connective tissue
layer with blood and lymph vessels. Mesothelial cells
have several functions in normal pleural action [35].
Pleural fluid is constantly produced by hydrostatic pres-
sure from the sub-pleural capillaries [35], supplemented
by glycoproteins secreted by the mesothelial cells [36].
The pleural fluid and its constant outflow (see below)
maintains tight coupling of the lungs to the chest wall,
allowing diaphragmatic muscle contraction and relaxa-
tion to expand and passively relax the lungs during
breathing movements. The pleural space is a narrow,

Figure 5 Multinucleate giant cell lavaged from the peritoneal cavity of a mouse instilled with long carbon nanotubes. CNT are visible in
the cytoplasm (arrows); PMN = Poymorphonuclear Neutrophilic Leukocyte; L = lymphocyte (Magnification ×100).
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variable space, that is up to 20 μm or so in sheep
rapidly fixed at death and presumed to be similar in size
in humans [35]. The pleural fluid turns over rapidly
[37], continuously exiting through stomata in the parie-
tal (not the visceral) pleura via lymphatic capillaries;
these stomatal openings on the parietal pleural surface
are between 3 and 10 μm in diameter (Figure 8). They
are often found in association with ‘milky spots’, large
accumulations of leukocytes present on the parietal
pleura [38] and presumed to be involved in immune

activity in the pleural space. The pleural fluid outflow
through these stomata drains to the lung lymph nodes
in the region of the mediastinum and this pathway is
important in the clearance of particles and fibres that
reach the pleural space (see below). The drainage of
fluid from the pleural space carries particles in the
lymph to the hilar lymph nodes, mediastinal lymph
nodes, parasternal lymph nodes and posterior mediast-
inal lymphoid tissue [39]. The stomata are most densely
situated in the most caudal and posterior intercostal

Figure 6 Lesions on the peritoneal face of the diaphragm after intra-peritoneal injection of 2 forms of carbon nanotube differing in
aspect ratio. The figure shows sections through the peritoneal aspect of the diaphragm of C57BL/6 mice 6 months after intra-peritoneal
injection of 10 μg of two separate forms of multi-walled carbon nanotube (CNT). Sections are stained with Haematoxylin & Eosin (panels A and
C) or Picro-sirius red stain which stains collagen bright red (panels B and D). Mu = Muscle of diaphragm; G = granuloma; small arrows =
mesothelium; large arrows = carbon nanotubes. C and D show a large granuloma sitting atop the muscle layer, caused by the presence of CNT
in the form of long fibres (open arrows). A and B show the contrasting response to CNT in the form of tightly bound dense spherical
aggregates (open arrows) which produces minimal tissue reaction. All images are taken at ×100 magnification bar = 100 μm.
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spaces although and are more lightly scattered in more
cranial and anterior intercostal regions [40].

A fraction of all deposited particles transit
through the pleura, exit via the stomata and form
‘black spots’ around the stomata
Applying the classical dose/response toxicology para-
digm to the unique pleural pathology seen with asbestos
and other fibre exposures, it may be assumed that since
the response occurs at the pleura, the dose must be
applied at the pleura. It might be argued therefore that

since fibres produce pleural pathology whilst particles
do not, fibres must reach the pleura and particles must
not. However, a body of literature exists to the effect
that in fact a proportion of all deposited particles reach
the pleura, pass through the pleural space and exit
through the stomata. In the process of this they elicit
range of low to higher grade responses there in the
form of parietal pleural ‘black spots’.
Evidence that all particles pass through the pleura

comes from a substantial literature concerning the
almost universal existence of these “black spots”,

Figure 7 Diagrammatic representation of the relationship between the visceral and parietal pleurae. The visceral pleura (VP) and the
parietal pleura (PP) are seen in close apposition separated by a pleural space that contains a small volume of pleural fluid (pf). Contact between
the 2 pleurae is made via the mesothelial cell layers (m) on the surface of the parietal and visceral pleurae. Pleural macrophages (PM) are
present in the pleural space. The rigid chest wall is tightly locked to the lungs by the adherence of the visceral pleura to the parietal pleura
allowing movements of the chest wall caused by the action of the diaphragmatic muscle and intercostal muscle (IM) to expand and relax the
lungs, allowing pulmonary inspiration and expiration. The pathway for particles to reach the pleural space is unknown but the path for an
airborne particle (1) that deposits in the distal alveoli (2) is shown as it passes into the interstitium (3) enters the pleural space (4) and exits
through a stoma in the parietal pleura (s) into a lymphatic capillary (lc, 5) to enter the lymph flow to the lymph nodes in the mediastinum and
central lung.
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observable on the parietal pleural wall at autopsy. These
mark the stomata and arise where particles must focus
to exit the pleural space at the stomata and where they
enter the sub-mesothelial connective tissue around the
stomatal mouths. In the study by Mitchev et al. [41],
150 consecutive necropsies of urban dwellers were
examined in Belgium. Of the 96 male and 54 female
necropsies, whose age ranged from 22-93 years, black
spots were almost invariably seen (>90% of autopsies)
on the parietal pleura. The authors noted that their
location appeared to be related to the structures respon-
sible for the lymphatic drainage of the pleural cavity and
they considered these to mark the points of pleural fluid
resorption. Black spots were also present on the pleural
face of the diaphragm, suggesting that there is pleural
fluid outflow in a caudal direction. The black spots in
the Mitchev study of normal individuals at autopsy
clearly reflects that deposited soot particles normally
pass through the pleura some of them accumulating in
the parietal pleural wall forming black spots. The black
spots contain particles and elicit a tissue response which
is a low grade in city dwellers, where there is accumula-
tion of dust-laden macrophages and lymphocytes. In
coal miners, however, with their large exposures to par-
ticles, the mixed dust particles trigger a higher-grade

inflammatory reaction of the parietal pleura with conco-
mitant low grade fibrosis in the ‘black spots’ which are
very pronounced [42]. Occasionally pleural inflammatory
reactions to interstitialisation of the mixed dust at the
black spots are more pronounced, producing more
severe granulomatous structures with concentrically
arranged collagen fibres [42]. In one study [42], 12
patients with black spots (8 at autopsy and 4 surgically)
who were largely miners, had their black spots removed
and sectioned for histological purposes. As might be
expected with such high dust exposure, the black spots
were extremely well-demarcated and followed the lines
of lymph flow across and through the parietal pleura.
The most severe and frequently-documented example

of pleural response to dust is asbestos pleural plaques.
Pleural plaques are commonly seen in asbestos-exposed
individuals occurring only on the parietal pleura and
diaphragm as discrete, raised, irregularly shaped areas a
few millimetres to 10 centimetres in size, having a grey-
ish to ivory white colour depending on their thickness
[43]. It is important to note that pleural plaques occur
in greatest profusion in exactly the sites where the
stomata are in greatest profusion i.e. pleural plaques are
‘...most commonly found on the posterior wall of the
lower half of the pleural spaces, those in the intercostal

Figure 8 Scanning electron micrograph image of chest wall from a normal rat showing the parietal pleural surface with mesothelial
cells (M) and a stoma (white arrows, St) that is approximately 3 μm in diameter.
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space tended to have an elliptical shape and ran parallel
to the ribs above and below...’. On histological section
plaques can be seen to be composed of dense bands or
weaves of avascular and largely acellular collagen, with
only the occasional fibroblast nucleus to be seen; they
are sometimes calcified [44]. These collagenous plaques,
whilst commonly seen in association with asbestos expo-
sure are not unique to it, being found following pleural
infection or trauma and so can be presumed to be the
way that the pleura reacts to injury [44].
Thus there is clear evidence that a proportion of all

deposited particles, most commonly urban particulate
matter, reach the parietal pleura where they may inter-
stitialise around the stomata and elicit responses. The
severity of the response is dependent on the intrinsic
toxicity of the dust, with increasing levels of inflamma-
tory/fibrotic response as follows:- soot < mixed mineral
dust < short asbestos. The benign nature of asbestos
pleural plaque-type responses is evident in the lack of
reports of mesothelioma in city dwellers or coalminers
despite the prevalence of black spots in these popula-
tions and the notable lack of asbestos pleural plaque
progression to malignancy [45]. Since normal asbestos
pleural plaques are benign and not pre-cancerous, we
hypothesise that pleural plaques are a special case of a
‘black’ spot caused by short asbestos fibres which elicit
an unusually florid collagenous response, or as a result
of a very high dose of short fibres reaching the peri-sto-
matal wall. The emphasis on shortness here is important
since the key feature of black spots, we contend, is that
the particles and short fibres are small enough to
negotiate the stomatal openings where they mostly clear
to the lymph nodes whilst some interstitialise into the
sub-mesothelial interstitium through the proximal lym-
phatic capillary walls. As described below, this contrasts
with events that may occur with long fibres; these can-
not negotiate the stomata leading to retention at the
stomatal openings, initiating a very different pathobiolo-
gical sequence of events culminating in a different
pathological outcome.
Our knowledge regarding the pathway by which parti-

cles reach the pleura from the lung parenchyma is well
summed up in a recent review ‘... How asbestos fibres
that have impacted the airway wall migrate to the
pleural surface ..... is quite obscure. ..’ [1]. Lymphatic
flow from the parenchyma to the pleural space is one
obvious possibility [46] but such a pathway, if it exists,
is not well-documented [1]. A fluid dynamics model of
fibre translocation highlights two possible pathways [47],
the first of these being by normal lymph flow centrally
to the mediastinum and then into the blood via the
thoracic duct followed by extra-vasation in the pleural
capillaries during the formation of pleural fluid. This
rather tortuous route disregards the filtering role of the

lymph nodes and seems to us to be intuitively unlikely.
The second route requires inflammation in the parench-
yma, caused by the fibres, to reverse both the normal
flow of lymph and the normal trans-pleural pressure,
resulting in a net flow of fluid and fibres directly into
the pleural space from the underlying parenchyma [47].
This latter process cannot be the explanation for normal
transit of particles to the pleura that gives rise to black
spots (see above) in normal people, who have no pul-
monary inflammation. Therefore, even if such an
inflammation-dependent pathway exists, a pathway that
is independent of inflammation clearly operates for
compact particles in normal people. Further research is
needed to establish the mechanism of transport of fibres
to the pleural space.

Long fibre retention at the stomata of the
parietal pleura
So from the above there is good evidence to support the
contention that a fraction of all deposited particles
reach the pleura by an obscure pathway and that short
fibres and compact particles leave the pleura through
the stomatal openings. Most of the particles are trans-
ported to lymph nodes and some enter the interstitium
at the mouth of the stoma to form a ‘black spot’ or
equivalent. Long fibres that reach the pleural space,
however are an exception to this, since they have the
potential to physically block the stomata due to their
difficulty in negotiating the bend into the stoma which
would result in interception of the ends of the fibre
with the walls of the stomatal openings and with the
lymph vessels walls themselves. This is likely to lead to
mesothelial and endothelial cell damage at this site,
inflammation and the accumulation of pleural macro-
phages attempting to phagocytose these retained fibres.
The macrophages are likely to undergo frustrated pha-
gocytosis in attempting to enclose the long fibres and so
release cytokines and oxidants. This would lead to
further inflammation, fibrosis and genotoxicity in the
bystander mesothelial cells in these areas of congestion
around the stomatal entrances. Direct interaction
between retained long fibres and mesothelial cells
around the stomata could also result in direct genotoxi-
city. Eventually some stomata are likely to be entirely
blocked by cells and fibres. Figure 9 demonstrates dia-
grammatically the difference between formation of black
spots and pleural plaques with particles and short fibres
(A), compared to the response to long fibre retention at
parietal stomata (B).
This means that that the primary lesion caused by

long fibres must form at the parietal pleura, the site of
retention of long fibre dose and therefore the site of
response. Mesothelioma would therefore originate not at
the visceral pleura but at the parietal pleura. There is
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good evidence to suggest that this is indeed the case,
and numerous studies using thoracoscopy have con-
firmed that the origin of mesothelioma is the parietal
pleura [6]. This is reflected in the staging of mesothe-
lioma which recognises that early mesothelioma is con-
fined to the parietal pleura, while more advanced
mesothelioma involves the visceral pleura [48]. Indeed,
the prognosis for mesothelioma when it only involves

the parietal pleura is much better by around 30 months,
than the prognosis arising when mesothelioma involves
visceral pleura [6]. This reflects the earliness of the dis-
ease stage when it is still confined to the parietal pleura.
From a toxicological viewpoint this means that the
focus of attention in trying to determine whether any
fibre is likely to cause mesothelioma should not be
focussed on the question ‘Do fibres reach the pleura?’

Figure 9 A) diagram showing the events leading up to formation of black spots. A1) particles enter the pleural space; A2) in focusing to
exit via the stoma (St) some particles interstitialise through the loose lymphatic capillary endothelium and macrophages begin to accumulate in
response; A3) macrophages and particles form a mature ‘black spot’ with mesenchymal cell activation and proliferation depending on the
toxicity and dose of the particle. B) In B1 a single long fibre is intercepted as it attempts to negotiate the stomatal opening and is retained; 2)
other fibres are caught up and there is an accumulation of retained long fibres; 3) macrophages attempt to phagocytose the fibres and undergo
frustrated phagocytosis releasing a range of pro-inflammatory, genotoxic and mitogenic mediators close to the pleural mesothelial cells. PM =
pleural mesothelium; St = stoma; LC = lymph capillary.
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but should be focussed on the question ‘Are the fibres
retained in the parietal pleura?’.
Fibres found in digested human lung and visceral

pleura at autopsy following death from mesothelioma
are often short [49] but, as described below, these are
not the site to seek the effective fibre ‘dose’ for mesothe-
lioma, since the parietal pleura is the site of mesothe-
lioma initiation. In fact the site where the effective dose
for long fibres is initially applied is the parietal mesothe-
lium, which has seldom been sampled for fibre burden
or dimensions. However, in several studies, fibres recov-
ered from the parietal pleura have also been found to be
short [50,51]. This may be explained by the fact that, as
described above, the location of the longer fibres is
likely to be very focal, at the stomata. When this area
was specifically sampled in 14 patients diagnosed with
asbestos-associated diseases, including mesothelioma,
much longer fibres were found concentrated there [5].
Correct sampling is key to determining the important

measure of dose and since this is likely to be found only
in ‘hot-spots’ at stomata but these are heterogeneously
distributed across the parietal pleura, are very small and
so difficult to sample.

Fibre biopersistence and the hypothetical model
In the case of non-biopersistent fibres, the degree of
their biopersistence, specified by the retention half-time,
will dictate the likelihood that they will reach the pleura
and the impact that they will have there. For fibres of
very low biopersistence such as the chrysotile fibres
with half-lives of around 1 day [52] it seems likely such
chrysotile fibres undergo dissolution and breakage in the
lung parenchyma in the hours following deposition,
such that no long fibres are likely to reach the pleura;
only short fibres, if any fibre-like structures remain at
all, are likely to transit to the pleural space. In the case
of fibres that are moderately biopersistent, the long
fibres may retain their structure en route to the pleural
space, all the while undergoing dissolution/breakage. If
long fibres are sufficiently biopersistent to retain their
fibrous structure long enough to enter the pleural space
they may be retained at the parietal stomata, initiating
frustrated phagocytosis and granuloma formation.
Depending on the extent of their biopersistence, how-
ever, fibres could still dissolve and break within the
macrophages as a result of the high pH within the pha-
golysosomes, allowing the granuloma to resolve. The
exact tempo of translocation of particles and fibres to
the pleural space is unknown, but in less than 1 day fol-
lowing inhalation of short, essentially particulate, CNT
in mice, the CNT were evident in the sub-pleural extra-
cellular matrix [53]. This suggests that compact particles
or very short HARN may reach the pleural space rapidly
following deposition; however such short HARN and

compact particles are not likely to be retained at the
stomata. No inhalation study with long CNT has yet
been carried out but fibres long enough to be retained
at the parietal stomata may move more slowly through
the parenchyma, to the pleura, because of their greater
dimensions causing ‘drag’ to their movement through
fluid. Research is needed to elucidate the relationship
between fibre length and biopersistence in leading to
pleural transport, mesothelial injury, inflammation and
mesothelioma.

Carbon nanotubes in the pleura
We approached the issue of the potential mesothelial
toxicity and pleural toxicity of carbon nanotubes by first
attempting to determine whether, similar to asbestos,
carbon nanotubes showed length-dependent toxicity to
the mesothelium. Based on the above argument we also
hypothesise that the long CNT would be retained at the
parietal pleural around the stomata. In early studies we
used the peritoneal mesothelium lining the peritoneal
cavity as the target mesothelium. These studies demon-
strated that there was indeed length-dependent inflam-
mogenicity and fibrogenicity of carbon nanotubes in the
peritoneal cavity, mimicking asbestos [2]. As predicted
from the fibre pathogenicity paradigm, the key length
appeared to be between 15-20 μm, the length beyond
which macrophages cannot stretch and enclose fibres,
thus eliciting frustrated phagocytosis. In the follow up
to the studies we utilised the pleural mesothelium and
developed a model of injection of nanotubes and asbes-
tos into the pleural space of mice. This can be affected
quickly in non-anaesthetised mice using a very fine nee-
dle with a collar at the level of the bevel in the needle
to restrict penetration through the chest wall allowing
injection only into the pleural space. Following injection,
the injectate distributes through the pleural space as was
evident by inspection of lungs immediately following
injection. In these studies we injected the same panel of
fibres used in the peritoneal cavity in the Poland studies,
i.e. long and short amosite asbestos samples, two long
nanotubes samples and two short/tangled nanotubes
samples and nanoparticulate carbon black as a graphene
control. Following injection the pleural cavity was
lavaged to determine the inflammatory response. We
found clear evidence of length-related inflammation in
the pleural space with both the long amosite and the
two long nanotubes samples causing inflammation while
all the other short samples failed to elicit significant
inflammation (Figure 10).
In a time course, the long nanotubes caused a sus-

tained high level of inflammation at 7 days, which was
the same as was present at 1 day. This is in contrast to
the events in the peritoneal space where there is a
decline in inflammatory response over 7 days to levels
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of about one-fifth present on day 1 by day 7. Based on
our hypothesis that long fibres were retained at the
parietal pleural and that short fibres were not, we used
paraffin wax histology to examine the parietal pleural
surfaces. In keeping with the hypothesis, long fibres
which were visible on day 1 following injection were
still visible in granulomas at the surface of the parietal
pleura on day 7 (Figure 11). No short fibres were visi-
ble in sections of parietal pleura at 1 or 7 days, how-
ever the activated, thickened mesothelium seen at day
1 had returned to normal by day 7 suggesting that the
short fibres had been cleared (Murphy, F., Poland, C.
A., Ali-Boucetta, H., Al-Jamal K.T., Duffin, R., Nunes,
A., Herrero, M-A., Mather, S. J., Bianco, A., Prato, M.,
Kostarelos, Donaldson, K. Long but not short nano-
tubes are retained in the pleural space initiating sus-
tained mesothelial inflammation. Submitted for
publication).
We therefore hypothesise that the retention of long

fires at the stomatal openings on the parietal pleura,
coupled with frustrated phagocytosis of pleural leuko-
cytes that attempt to ingest them, produce a chronic
pleural mesothelial inflammatory response. Chronic
inflammation is known to be a driver for proliferation,
genotoxicity, growth factor synthesis and release that are
likely to culminate in pathology such as fibrosis, pleural
effusion and mesothelioma (Figure 12).

Implications for testing of high aspect ratio
nanoparticles (HARN)
The foregoing discussion has highlighted the importance
of the parietal pleura as the target for the long fibre
hazard following pulmonary deposition and the site of
initiation of mesothelioma. In addition to carbon

nanotubes, there are a whole new generation of high
aspect ratio nanoparticles (HARN), such as nanorods
and nanowires. These are made of a wide range of
materials, including silica, silver, nickel and various
forms of carbon. There is a need to test these materials
and understand their potential for causing mesothe-
lioma. Mesothelioma has a very long latent period and
in rats, following inhalation of asbestos, mesothelioma
commonly does not develop until near the end of life in
a small proportion of animals. The peritoneal cavity has
been used as a more efficient model for mesothelioma
induction but has been criticised because of its non-phy-
siological nature and irrelevance for risk assessment.
However, the peritoneal cavity does show size-restricted
clearance and subsequent sensitivity to retained long
fibres. An appreciation of the role of the parietal pleura
as the site where fibres are retained leading to pleural
pathology of various sorts which accompany exposure to
fibres, means that a rational testing strategy could
attempt to identify early changes in this tissue following
fibre exposure. New techniques that allow investigators
to home in on specific areas, eg laser capture, would
enable the areas of the parietal pleura where the stoma-
tal openings occur to be identified and studied in detail
for the presence of fibres and their molecular conse-
quences. Thus there is the prospect of studying oxida-
tive stress, inflammation and genotoxicity at an early
stage in the very target tissue where mesothelioma is
likely to arise. This should revolutionise the ability to
screen for pathogenic fibres amongst emerging HARN
and allow us to look anew at the effects of asbestos and
more conventional fibres that affect the pleural
mesothelium and we look forward to future studies that
utilise this knowledge.

Figure 10 Cytospin preparations of pleural lavage cells from mice treated with short/tangled CNT (left) and long CNT (right). Arrows
indicate granulocytes. Note PMN and eosinophils (arrows) indicative of inflammation in pleural leukocytes from rats exposed to the long NT only.

Donaldson et al. Particle and Fibre Toxicology 2010, 7:5
http://www.particleandfibretoxicology.com/content/7/1/5

Page 13 of 17



Figure 11 Histological sections through the chest wall of mice treated with long straight nanotubes (A, B) or short, tangled
nanotubes (C, D) for 1 or 7 days. Note the progressive thickening of the mesothelium in A and B in response to long straight nanotubes; this
contrasts with the acute thickening of the pleural layer with short/tangled CNT which shows resolution to normal mesothelium by 7 days (D).
Scale bars represent 20 μm.

Figure 12 Hypothesised sequence of events leading to pleural responses as a consequence of long fibre retention at the parietal
pleural stomatal openings.
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Implications for asbestos and mesothelioma
The emphasis on the parietal pleura as the site of
retention and focus for the long fibre dose has impor-
tant implications for our understanding of the origins
of mesothelioma, a subject of considerable scientific
and, arguably, even greater medico-legal significance.
Mesothelioma continues to be a global problem due to
ongoing exposure to fibres and as a legacy from past
exposure to asbestos, even in countries where asbestos
is currently banned or has been regulated out of use
for decades [54]. Lung tissue burdens of asbestos fibres
have long been used as an index of exposure, but the
above discussion highlighting the parietal pleura, not
the lung tissue, as the site of origin of mesothelioma
calls into question the relevance of parenchymal lung
fibre burdens as a correlate of mesothelioma. The lung
diseases caused by asbestos i.e. lung cancer and asbes-
tosis - may well be related to the lung parenchyma
tissue burdens, since one would reasonably look in the
target tissue for the effective dose. However the same
logic would dictate that the effective dose for mesothe-
lioma, which arises in the parietal pleura, should be
sought in that tissue. In fact the parietal pleura fibre
burden has been studied, but only very occasionally;
for example Dodson and Atkinson [55] cite Sebastien
[56] as stating that, for asbestos fibre burden “lung
parenchymal retention is not a good indicator of
pleural retention: indeed, there was no relationship
between parenchymal and pleural concentrations”.
This would be predicted from the arguments presented
in this paper. Therefore, whilst the lung parenchyma is
a site of fibre accumulation that is likely related to
exposure, the lung parenchyma is not expected to
focus the effective dose for mesothelioma in the way
that the parietal pleura does [5] through its action as a
kind of ‘sieve’ that selectively retains long fibres.
Even supposing the parietal pleura were to be chosen

as the tissue of choice for assessing effective dose of
long fibre for the mesothelioma hazard, a considerable
problem is posed in sampling it for fibre-burden analysis
because of their small size and the heterogeneous distri-
bution of the stomata over the parietal pleura. Yet these
are exactly the sites that should be sampled in order to
find the dose responsible for the mesothelioma response
or to sample the site of developing mesothelioma in
order to determine its molecular ontogeny. These ‘hot-
spots’ of dose could not be easily selected at autopsy by
a pathologist unless they knew specifically where to look
and even then the diluting effect of non-stomatal tissue
in the immediate vicinity could easily confound any
attempt to determine the specific long fibre dose at the
stomata.

Conclusion
We have reviewed the evidence for the hypothesis for
the behaviour of long fibres in the parietal pleura, focus-
ing on nanotubes as a new potential pleural hazard,
although the discussion is relevant to all fibres including
asbestos. We argue from existing evidence that a frac-
tion of all deposited particles reach the pleura and from
evidence on the mechanism of particle clearance from
the pleura, to argue that the parietal pleura is the site of
retention of long fibres (Figure 10). We suggest that
their retention there, a consequence of length-restricted
clearance through the normal stomatal clearance system,
initiates inflammation and pleural pathology including
mesothelioma. We cite data from thoracoscopy to sup-
port the contention that, as would be anticipated from
the foregoing, the parietal pleura is the site of origin of
pleural mesothelioma. This general hypothesis on the
key role of fibre length-restricted clearance from the
pleural space as a mechanism for delivering a high,
focussed, effective dose of long fibres to the mesothelial
cells around the parietal pleural stomata, has important
implications. These lie in future research into the
mesothelioma hazard from HARN but also for our cur-
rent view of the origins of asbestos-initiated pleural
mesothelioma and the use of lung parenchymal fibre
burden as a correlate of this tumour, which arises in the
parietal pleura, not the lung parenchyma or visceral
pleura.
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Abstract
We review the mechanisms and pathways whereby nanoparticles might cause genotoxicity. Primary and secondary mechan-
isms are discussed in relation to the general particle toxicology paradigm. We also discuss how we might improve genotoxicity
assays for nanoparticles. In this context we describe the role of the dispersion and the protein corona, the most relevant metric,
choice of controls and new endpoints for genotoxicity along with the need for a structure activity model of NP genotoxicity.

Keywords: Nanotoxicology, nanotechnology, occupational health, particle toxicology, mechanistic toxicology

Background

The aim of the present paper is to discuss the potential
mechanisms of nanoparticle (NP) genotoxicity, dis-
cuss test strategies available and to suggest criteria for
improved test strategies.

Genotoxicity of particles

From the first fires in caves leading to exposure to
combustion-derived particles, the mining of rock for
building to the development of highly sophisticated
engineered NP, man has always been exposed to
particles. As such, the toxic effects of particles have
been described for centuries with a wide variety of
pathological diseases associated from occupational,
domestic andenvironmental exposure toparticles.The
nature and severityof these toxic effects canvary greatly
depending on a variety of factors based on the char-
acteristics of the particles and the intensity and fre-
quency of the dose. The ability of certain particles to
cause cancer has a considerable scientific history with
reports describing carcinogenic effects of asbestos
being published more than 50 years ago (Doll 1955).
The vast majority of research into particle-mediated
genotoxicity has been carried out on asbestos and
quartz, the best documented particulate carcinogens
(Kane 1996; Schins and Hei 2007). From this body of

work a paradigm for particle genotoxicity has arisen
which identifies primary and secondarymechanisms of
particle toxicity, with the primary effects being divided
into direct and indirect effects (Table I).
Primary genotoxicity of particles refers to the elic-

itation of genetic damage in the absence of inflam-
mation (Schins and Knaapen 2007). Direct primary
genotoxicity of particles is caused by a mechanism
involving the direct interaction of particles with the
genomic DNA or associated components that deter-
mine its integrity. This may be through the oxidative
attack by oxidants such as reactive oxygen species
(ROS) at the particle surface (Fubini 1998) or direct
physical interaction with the DNA upon entry of the
particles into the nucleus. As reviewed by Gonzalez
et al. (2008), direct genotoxicity may also occur at
various points during cell division by physical or
chemical interference with the mechanical processes
of cell division such as of chromosome segregation
during mitosis.
Indirect primary genotoxicity can result from the

enhanced production of ROS by cellular constituents
including mitochondria and membrane bound
NADPH oxidases in response to their interaction
with particles and/or through the depletion of anti-
oxidants, such as glutathione within the cell. The
enhancement of endogenous generation of free
radicals or the impaired antioxidant defence to these
species, respectively, results in oxidative stress and
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can lead to the induction of oxidative DNA damage.
The constitutive endogenous ROS generation is a
consequence of mitochondrial activity and general
respiration within the cell which is normally eventu-
ally quenched by intracellular antioxidants.
Secondary genotoxicity differs significantly from

primary genotoxicity as it is viewed as being driven
by inflammatory cells such as macrophages and PMN
(polymorphonuclear neutrophilic leukocytes). These
cells are recruited to the site of particle deposition
through the elicitation of an inflammatory response.
This normal innate inflammatory response to rid the
body of invading pathogens is essential in restoring
normal function but generation of reactive species can
have the undesirable affect of damaging surrounding
cells and causing DNA damage. In situations of
chronic inflammation this can lead to persistent
oxidative stress and repeated DNA insults, in an
environment containing various pro-survival and pro-
liferation signalling molecules. The result can be the
accumulation of genetic defects potentially facilitating
the transformation of cells into a malignant form
(Azad et al. 2008).

Nanoparticles and the particle genotoxicity
paradigm

The term nanoparticle relates only to the dimensions
of a particle rather than its chemical structure. As such
there are a few attributes which all NP have in com-
mon irrespective of their composition which in itself
may bestow other specialist properties. These are:

(1) A very small dimension. This may aid not only
the transport of NP into the body but also access
to compartments previously out of bounds to
larger particles (e.g., the brain) and translocation
from the site of entry. On a cellular scale, a small
size may also aide movement into cells causing
interference and compartmentalisation into

cellular components such as the mitochondria
and nucleus.

(2) An exceptionally large surface area. Due to the
extreme surface area, even a low reactivity
particle can show an increased activity due to
the increased surface area of its nano-form
(Oberdörster et al. 1994).

Primary direct genotoxicity

For this mechanism to operate, particles need to enter
the nucleus and directly interact with DNA, or alter-
natively, with cellular constituents that guide chro-
mosome segregation during cell division, e.g., the
mitotic spindle (aneugenic effect). Nuclear penetra-
tion has been demonstrated with several types of NP
but these are often specifically designed or surface-
modified with the aim to targeting cancer cells, intro-
ducing therapeutics or for diagnostic imaging. For
example, the surface modification of NP with specific
cell-penetrating peptides or nuclear localization
sequences has been shown to allow the effective
delivery and entry of NP into the nucleus of living
cells (Tkachenko et al. 2003; Nativo et al. 2008).
There are also studies demonstrating size-dependent
cell penetration of particles and accumulation of
particles outside of endosomes and within specific
cellular compartments. Chen and von Mikecz
(2005) have shown size-dependent entry of silicon
NP into the nucleus and disturbance to nuclear
organisation by the presence of these particles. Other
studies have suggested that NP may enter cell com-
partments not previously considered to be accessible
to particles. For example, the work of Nel et al. (2006)
have demonstrated that environmental NP can enter
mitochondria and disturb their function (Li et al.
2003), and the work of Geiser et al. (2005) has
suggested that free diffusion of NP operates within
cells presenting the potential for NP to enter the
nucleus and interact with DNA. There is also good

Table I. Mechanisms of genotoxicity by nanoparticles.

Primary genotoxicity Secondary genotoxicity

Mechanisms Particles enter the nucleus and
directly interact with DNA

Particles deplete antioxidants or inhibit
DNA repair, so increasing the steady
state endogenous (oxidative)
DNA damage, e.g. arising from
mitochondria-derived ROS

Driven by inflammation
e.g. via phagocyte-derived
oxidants

Genotoxicity assays DNA strand breakage assays,
Micronucleus assay, chromosome
aberration assay

GSH levels, 8-OHdG, mitochondrial
function, DNA repair activity assays

Pro-inflammatory
effects e.g. NF-kB

Potential mechanism
by which NP could
have genotoxic effect

Yes Yes Yes
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evidence that NP have varying amounts of intrinsic
free radical-generating ability (Lu et al. 2009) and so
some NP have the potential to deliver the requisite
dose of free radicals. Specific types of NP have also
been shown to disrupt chromosome segregation
during mitosis, leading to micro-nucleus formation
(Asharani et al. 2009). Therefore NPs have been
shown to have the potential to cause primary direct
genotoxicity. However, it is not known whether this is
a general property of all NP or what properties imbue
certain NP with the ability to deliver this kind of
injury. Intrinsic free radical activity seems like a
structural correlate of this in vitro activity but has
not been investigated for NP.

Primary indirect genotoxicity

There is abundant evidence that NP can deplete anti-
oxidants so increasing the potential for endogenous
steady state free radical levels to cause oxidative dam-
age to DNA (Park et al. 2008; Li et al. 2009; Wang
et al. 2009). There is also evidence from studies with
quartz and asbestos that the oxidative damage that
arises inside cells can be a consequence of mitochon-
drial activity. Inhibition of the mitochondrial respira-
tory chain abolished quartz-induced oxidative DNA
damage in epithelial cells, suggesting that oxidative
DNA damage in quartz-exposed cells results from
mitochondria-derived ROS (Li et al. 2007b). A likely
candidate for this is the relatively stable oxidant H2O2,
formed by spontaneous or enzyme-mediated dismuta-
tion of superoxide anions leaking from the respiratory
chain and converted by Fenton chemistry into
hydroxyl radicals upon its diffusion into to nucleus.
A similar mechanism of genotoxicity may also occur
for asbestos fibres for which oxidative stress responses
were found to depend on the mitochondrial respiratory
chain (Driscoll et al. 1998; Kamp et al. 2002). Thus
far, there is only limited evidence that some NP can
exert a genotoxic effect via the mitochondria. In a
study by Bhabra et al. (2009b), they found that
29.5 nm chromium-cobalt NP caused damage to
mitochondria in a placental cell line used as a surrogate
cellular barrier. The effect of this was the indirect, ATP
induced DNA damage in a fibroblast cell line which
was grown below the BeWo barrier cells and not in
contact with the CoCR NP. Further experiments,
however, are required to investigate the effect of other
forms of nanoparticle on the mitochondria and their
potential effects on intracellular (Li et al. 2007) or
intercellular (Bhabra et al. 2009) genotoxicity.
Indirect genotoxicity in cells may also occur

through inhibition of DNA repair, a mechanism
which has been demonstrated for various metal

ions, e.g., by inactivation of specific DNA repair
proteins (Beyersmann and Hartwig 2008). Although
not yet clearly demonstrated, such mechanism may
also be relevant for NP due to their increased affinity
for- and reactivity with- intracellular proteins (Lynch
et al. 2006), as well as for specific metallic NP.
There is evidence that particles which enter the

nucleus may cause effects that, although falling short
of classic genotoxicity, can be classified as effects
disturbing nuclear function. Co-localization of nucle-
oplasmic proteins with silica NP which had entered
the nucleus, was demonstrated (Chen and von
Mikecz 2005; Unfried et al. 2007). Although the
effects of this nuclear translocation were characterised
by cellular senescence features instead of genotoxi-
city, it raises concern that NPmay have adverse effects
on elements of the nucleus hitherto unseen with other
types of particles (Chen and von Mikecz 2005).

Oxidants as a mechanism of indirect genotoxicity

In studies with classical (larger) particles, oxidative
damage to DNA and other types of genotoxicity have
been documented in the general absence of particles
within the nucleus. For larger particles and aggregates
of NP, the nucleus seems to be an exclusion zone into
which particles seldom, if ever, pass. Given that there
is genotoxicity under these circumstances, it is
self-evident that particles need not be present in the
nucleus at the site of DNA genetic injury, for the
effect to occur. This raises the potential for such
effects to be mediated by mechanisms such as:
(i) Release of small molecular weight substances
which can diffuse into the nucleus to the region of
the DNA to cause oxidative damage, such as transi-
tion metal ions; and (ii) small molecular weight oxi-
dizing species generated near the surfaces of the
particles but which can diffuse freely into the nucleus.
Apart from the aforementioned mitochondria-derived
H2O2 this includes for example, the products of
the homolytic decomposition of lipid hyperperoxides
to the alpha/beta-unsaturated aldehyde genoto-
xins 4-oxo-2-nonenal, 4,5-epoxy-2(E)-decenal or
4-hydroxy-2-nonenal. Peroxynitrite (ONOO-) has
also been reported to be the mechanism of DNA
damage caused by some NP (TiO2 and C60) (Xu
et al. 2009). The purine nucleobase guanine is a
common target for oxidation generally (Gedik et al.
2002) and by particles especially (Schins et al. 2002).
Oxidation of guanine can result from hydroxyl radi-
cals, single oxygen or electron transfer, with the final
incorporation of an oxygen atom in the form of a
hydroperoxide or a hydroxo substituent. The final
product 8 hydroxydeoxyguanosine (8-OHdG) can
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be detected by various methods including HPLC,
gass chromatography/mass spectrometry, by immu-
nocytochemistry in exposed tissue or cells or by use of
the FPG (formamido-pyrimidine-DNA-glycosylase)
modified comet assay. A primary consequence of
oxidation of guanine is DNA strand breaks which
can be detected by comet assay.

Secondary genotoxicity

Secondary genotoxicity is also an oxidative stress-
driven response but, in this case, the oxidants are
considered to be derived from inflammatory leuco-
cytes recruited to the site of particle deposition. The
activation of professional phagocytes as part of the
innate immune response to certain stimuli can lead to
the dramatic increase in cellular oxygen consumption
leading release of various oxidants such as O.-, H2O2

due to the activation the NADPH-oxidase system
(Robinson 2008):

NADPH + 2O NADP O H2
+

2

+
-→ + +2

O O H H O O
2 2

+
2 2 2- -+ + → +2

The reaction of O.-, H2O2 with other compounds
secreted such as myeloperoxidase (MPO) and Nitric
oxide by activated phagocytes can lead to the further
production of other ROS such as HO.- and hypo-
chlorous acid (HOCl) and peroxynitrie (OONO-). It
is these ROS which are generated as a defence mech-
anism which can have off target, secondary effects,
damaging surrounding cells and causing genetic dam-
age. In a rapidly resolving, acute inflammatory
response the presence of these activated inflammatory
cells and hence generated ROS is limited. However,
during chronic stimulation of the inflammatory cells,
repeated oxidative insults are doled out to surround-
ing off-target cells.
Also this model of genetic damage does not require

a particle itself to be capable of ROS generation or
even contact the cells suffering the genotoxic insult; it
simply needs to be inflammatory, causing the pro-
duction of ROS by inflammatory cells. As such a
particle which in itself is not intrinsically reactive
may not show a genotoxic response in in vitro assays
examining the primary genotoxic effect of the particle
the DNA such as the comet assay, the micronucleus
assay, etc. However this particle, if it can cause a
sustained inflammatory response with associated
release of ROS, may lead to genetic damage in
surrounding cells in more complex, multi-cellular sys-
tems such in vivo or co-culture. Away to address this is
(aswell as to lookat thegeneticdamage ina single target

cell) to look at the effect of the nanoparticle in question
on the cells of the innate immune system. Assays utilis-
ing oxidation sensitive chemicals (DCFH-DA assay),
flurochromes (Vanderven et al. 2009) or activation of
components of the NADH-oxidase pathway can be
employedtolookatgenerationofROSbyinflammatory
cells to give a clearer picture or by using multi-cellular
in vivo testing systems.
Since the initiation of inflammation is known to

depend upon attaining a threshold dose, persistent
inflammation and clearance then secondary genotoxi-
city must be considered to have a threshold. Many
particles have been shown to have inflammatory
effects in vitro and in vivo but few have been shown
to be carcinogenic. This points out the importance of
Paracelsus dictum regarding dose. Nel has advanced a
tiered pattern of cellular response arising from
increasing levels of oxidative stress (Nel et al.
2006). Care needs to be taken in inflammation studies
and in the evaluation of in vitro genotoxicity studies to
ensure that doses used are plausible. It is easy to
imagine that high doses used in vitro are sufficient
to cause pro-inflammatory or cytotoxic effects, whilst
much lower doses are attained in vivo sufficient only
to induce antioxidant defence. The same arguments
extend to genotoxicity in that genotoxicity is most
likely to occur in vitro at high doses that may not be
plausibly attained in vivo.

Secondary genotoxicity: The special case of the fibre
paradigm and the mesothelioma hazard

Recent studies have linked the structure/toxicity par-
adigm which governs the pathological effects of fibres
to carbon nanotubes. In a recent study (Poland et al.
2008) carbon nanotubes were shown to have the same
length-dependent inflammogenic effects at the meso-
thelial surface as asbestos. Follow-up studies in the
more-relevant pleural mesothelium have shown the
same pattern of intense inflammation being produced
by long asbestos and long nanotubes in contrast to
insignificant levels of inflammation caused by short
asbestos and short nanotubes. These data suggest that
other types of high aspect ratio NP (HARN) would
show the same length-dependent toxicity as asbestos.
The key event is the ability of these nanofibres to elicit
and sustain a potent inflammatory reaction. This is
based upon the length attribute of the fibre, where by a
long (> 15–20 mm) fibre can penetrate the lung due to
its low aerodynamic diameter but frustrates clearance
mechanisms. The effect is the prolonged activation of
professional phagocytes which can lead to an oxidant
rich environment as discussed above. The persistence
of this reaction is also based on the persistence of the
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deposited fibre within the body. Soluble fibres, such
as glass fibres and, to a slower extent chrysotile
asbestos, dissolve in the milieu of the lung lining fluid
and through the actions of macrophages. The result is
these fibres either break up or dissolve, removing the
inflammatory stimulus and allowing the cessation of
the inflammatory, pro-oxidant state. Another poten-
tial source of ROS often attributed to asbestos fibres
(Lund and Aust 1992) and hypothesized to be rele-
vant to carbon nanotubes (Kagan et al. 2006) is the
level of contaminating metals, e.g., redox cycling of
contaminating iron.
In terms of test strategies, this raises the issue of

false- positivity in genotoxicity assays for non-
biopersistent fibres. In vivo, non-biopersistent long
fibres undergo breakage and shortening, enter the
short fibre pool and are removed from the lungs inside
macrophages, which can fully phagocytose them.
Thus they do not contribute to accumulation of
long fibre dose or stimulation of the macrophages
or the mesothelial cells. However, in vitro in studies of
genotoxicity, where the time course is very short, there
is insufficient time for biopersistence to play a role in
shortening the long fibres or dissolving them. This
means that even non-biopersistent long fibres exert
effects because of long fibre-type effects. This is
particulary evident with non-biopersistent glass fibres,
which are found to be as genotoxic in vitro as asbestos
(Hesterberg et al. 1985) where, side-by-side with
amphibole asbestos in inhalation studies, including
the glass fibre was non-pathogenic compared to
asbestos which was highly pathogenic. This was
despite the fact that approximately equal numbers
of long fibres were in the exposure for both fibre
treatments (Miller et al. 1999).

The metric

Several studies to date (reviewed in Landsiedel et al.
2009) have described NP causing genotoxic effects in
micronucleus test, comet assay and Ames test.
Amongst these studies, a number show the samemate-
rial in the form of NP to be more genotoxic than in the
form of larger particles. This is very similar to the
surface area dose-dependent effects experienced with
NP in pro-inflammatory effects in rat lungs (Duffin
et al. 2007). Such studies highlight the likely role of
surface area and surface reactivity as the twin factors
that dictate the effective dose for cellular effects. These
include genotoxicity and inflammation and both may
have oxidative stress as a final pathway for both of these
cellular processes. Oxidant-independent pathways,
whichmaybedictatedbyothermetrics (suchasprimary
particle size, charge) should, however, not be ruled out

a priori, e.g., threshold size for nuclear translocation,
affinity for proteins involved inmitosis or DNA repair.

Dispersion and the protein corona

When a particle is exposed to the biological milieu
there is interaction with surface of the particle and the
surrounding proteins, lipids etc in the environment
which form a corona around the particle.
Increasing attention is being paid to this protein

corona on the surface of NP, although not much is
currently known about its role and its role in geno-
toxicity is obscure. The coating proteins that form the
corona will be different at any port of entry, e.g., the
skin versus the lungs. Likewise, the corona forming in
tissue culture medium during in vitro testing or those
used as a dispersant prior to instillation will be a very
different corona from that produced naturally at
any port of entry. The issue of dispersion is tied to
the protein corona, since most nanotoxicologists use
some form of protein, typically Bovine Serum
Albumin, to disperse NP. In pure water, NP are
very poorly dispersed and commonly form large
aggregates. The result of this is a reduced available
surface area and impedance of the particles in transit
with potentially altered modes of uptake as a large
aggregate several microns across may not be able to
diffuse easily into a cell where as the smaller (e.g.,
2 nm) primary particle may. As such the aggregation
state and protein corona may actually have implica-
tions on the genotoxicity of a particle due to alteration
of the particle dynamics (e.g., translocation into the
nucleus or interaction with endogenous proteins of
DNA repair and mitotic machineries).
Therefore in designing improved test strategies,

some thought should be given to the role of the
coronal proteins which form on the nanoparticle at
the portal of entry in affecting genotoxicity, and some
research should be directed towards understanding
this process and its results.

Controls

Without any kind of controls it is very difficult to
benchmark the outcome of any kind of toxicity assay,
especially particle genotoxicity. Therefore it is recom-
mended for any testing strategy that thought be give to
choosing relevant negative and positive controls. It
certainly is the case that different controls are needed
for different types of hazard. For example, for the
HARN hazard the most appropriate control would be
asbestos and any HARN would be bench-marked
against long and short amphibole asbestos preferably.
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In the case of carbonaceous particles, diesel soot or
carbon black make useful controls since they are
relatively well understood as to their behaviour in rats.

New endpoints for nanoparticle genotoxicity

The study by Chen and von Mikecz (2005) showed
two important results. The first was size-dependent
access of silicon NP to the nucleus. In this study,
larger sized particles of amorphous silica were
excluded from the nucleus but 70 nm silica was found
in the nucleus. The second important finding was that
there was rearrangement of topoisomerase to the sites
of particle location for the nuclear NP. Therefore
whilst there was no classical genotoxicity, there was
some effect on nuclear structure and function. Up
to this point the actual entry of particles into nuclei
has not been considered a prerequisite for particle-
mediated genotoxicity, which can be mediated by
diffusible genotoxins derived from oxidative stress,
for example (see above). Effects other than on the
genetic material itself (DNA, chromosomes) have not
been considered to be genotoxic. However the find-
ings of access of NP into the nucleus and their
association with disturbance to elements related to
nuclear function could raise new questions regarding
the definition of genotoxicity. The question is whether
this really represents a new kind of genotoxicity and
whether new assays may need to be sought to take
account of the likely consequences of nuclear access
of NP. Such new assays measure would need to take
into account the need for a cell division to occur, and
time for repair functions and would need to establish a
link with biologically-relevant genotoxicity rather than
merely record a temporary and transient change that
had no real genotoxic consequence. Along these lines,
one should also consider size-specific interactions of
NP with proteins involved in various DNA repair
pathways or chromosome segregation during mitosis.

The need for structure/activity model

The constant development of highly engineered NP
with increasingly novel uses and potential routes of
exposure from medical applications, topical creams,
to foods and pulmonary exposure creates a situation
whereby it is simply impossible to asses all NP for
genotoxicity on a case by case basis in all systems. As
such there is a need for sufficient understanding of the
physico-chemical nature of NP that physicochemical
analysis will allow us to predict or even avoid genotoxi-
city. This will require new understandings of the mech-
anism of genotoxicity and particle physico-chemistry
that will require large-scale systematic research.

Summing up

In summary, we suggest the following bullet points as
criteria for improved test strategies:

(1) Consider the hazard and choose the target cells
appropriately – e.g., mesothelial cells for HARN.

(2) Choose assays that address mechanisms to allow
the different types of genotoxicity mechanisms to
be elucidated for any nanoparticle.

(3) Consider biopersistence and factor this into the
conclusions that are drawn from in vitro studies
of genotoxicity.

(4) Choose appropriate controls, e.g., asbestos for
HARN.

(5) Consider the surface area metric for compact NP
and the effects of aggregation.

(6) Consider the dispersion media, the corona and
the proteins present at the port of entry and how
they might influence genotoxicity towards devel-
oping more realistic genotoxic assays.

(7) Explore new tests for genotoxicity engendered
by evidence that low toxicity material in the form
of NP might enter the nucleus and disturb
nuclear function.

In the long run, a structure activity model of NP
genotoxicity needs to be constructed that allows pre-
diction on the basis of physical as well as chemical
characteristics. The mesothelial hazard from a long,
thin biopersistent HARN is likely to be the first
reliable structure activity relationship for any nano-
particle hazard since it depends primarily on the ‘non-
nano’ dimension of length. For this to be attained, we
need good characterization and some minimal criteria
for particle characterization accompanying data on
genotoxicity. Most likely this outcome will only be
attained by large-scale, multi-centre studies such as
those that might be funded by large-scale initiatives
and government agencies.

Declaration of interest: The authors would like
to report no conflict of interests. The authors are
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the manuscript.
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Identifying the pulmonary hazard of high aspect 
ratio nanoparticles to enable their safety-by-design

High aspect ratio nanoparticles: 
definitions & volume of production
Owing to the unique properties of matter in the 
nanosize scale, nanomaterials are being incor-
porated into a wide variety of consumer prod-
ucts, and research in developing new nanoma-
terials is proceeding remarkably fast. A material 
is defined as a nano-object (used here to define a 
nanoparticle as nano-object) as having one, two 
or three external dimensions in the nanoscale [1], 
(i.e., a nanoparticle is a particle with at least one 
dimension less than 100 nm). According to the 
structure and nanoscale dimension of the mate-
rial it can be further split into three different 
categories. 1D nanoscale materials are referred 
to as nano-layers, -films or -surfaces, whereas 
2D nanoscale materials are categorized as 
nanotubes, nanowires and nanorods; the third 
category consists of nano particles, which are 
nanoscale in all three dimensions. 

This article focuses on nano materials, which 
are nanoscale in 2D, particularly high aspect 
ratio (aspect ratio [AR] = length:width ratio) 
nanomaterials for which the acronym HARNs, 
signifying high aspect ratio nanoparticles, 
has been used [2]. The reason for focusing on 
HARNs in this article are:

 � Their useful and novel electrophysical proper-
ties and their increasing production com-
pared with other nanoscale materials, as a 

con sequence of which there is increasing 
potential for inhalation exposure;

 � Concern that, if HARNs are inhaled into the 
lungs they may behave similar to asbestos, 
some of which can be classified as HARNs, 
albeit natural in origin;

 � Exposure to asbestos fibers caused a worldwide 
epidemic of disease, although not all fibers 
that can be breathed into the lungs are as 
pathogenic as asbestos and the different forms 
of asbestos are not equally pathogenic. There-
fore, if we can fully understand what features 
render a fiber pathogenic then we have the 
potential to develop HARNs that are 
safe by design.

As the name implies, HARNs have a high 
ratio of length-to-diameter, with a high sur-
face area and can be composed of a variety of 
elements and compounds; at present, HARNs 
include nanotubes, nanowires and nanorods 
(Figure 1). The terms nanowire and nanorod are 
used interchangeably in literature and the defi-
nition of these terms is still somewhat vague. 
The distinguishing feature between nanowires 
and nanorods is their length. Nanowires can be 
up to millimeters in length whereas each dimen-
sion of nanorods is within 100 nm. Therefore, 
the standard AR of nanorods is 3–5 in com-
parison with the AR of nanowires, which can 

High aspect ratio, or fiber-shaped, nanoparticles (HARNs) represent a growth area in nanotechnology as 
their useful properties become more apparent. Carbon nanotubes, the best known and studied of the 
HARNs are handled on an increasingly large scale, with subsequent potential for human inhalation 
exposure. Their resemblance to asbestos fibers precipitated fears that they might show the same type of 
pathology as that caused by asbestos and there is emerging evidence to support this possibility. The large 
number of other HARNs, including nanorods, nanowires and other nanofibers, require similar toxicological 
scrutiny. In this article we describe the unusual hazard associated with fibers, with special reference to 
asbestos, and address the features of fibers that dictate their pathogenicity as developed in the fiber 
pathogenicity paradigm. This paradigm is a robust structure:toxicity model that identifies thin, long, 
biopersistent fibers as the effective dose for fiber-type pathogenic effects. It is likely that HARNs will in 
general conform to the paradigm and such an understanding of the features that make fibers pathogenic 
should enable us to design safer HARNs.
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be greater than 1000. Another term used in 
the literature for HARNs is nanofibers, which 
are occasionally used as an umbrella term for 
nanowires and nanotubes. According to the 
WHO a fiber is a particle that has a maximum 
diameter of 3 µm, a minimum length of 5 µm 
and an AR greater than 3:1 [3]. Best known 
of all HARNs are carbon nanotubes (CNTs), 
which are long, thin cylindrical structures com-
prising single or multiple layers of concentric 
graphene sheets. CNTs have been optimized for 
a huge range of applications by derivatization 
of the surface with a range of chemical moi-
eties. Carbon, packed in the graphenic struc-
ture of CNTs exhibits exceptional properties 
from electrical and thermal conductivity to 
tensile strength and rigidity. The develop ment 
and optimization of CNTs for a huge range of 
applications, from use in electro nics to struc-
tural engineering, has been a feature of the 
developing n anotechnologies industry [4]. 

The advantages in the production of nano-
wires, nonCNTs and nanorods over CNTs 
could include controllability of length, diameter, 
geometry, surface functionality and purity dur-
ing the production process. Various techniques 
have been developed to synthesize nanowires 
and nanorods based on different methods (e.g., 
evaporation–condensation, dissolution–con-
densation and vapor–liquid–solid), but the 
template-based approaches have proved the most 
versatile. Dependent on the material under use, 
different template-based synthesis methods can 
be utilized [5]. For electrically conductive mate-
rials, the electrochemical deposition method is 
used and various nanowires and nanorods have 
been synthesized using this method, including 
metals such as Au, Ni, Co, Fe and Pb, as well 
as semiconductors, conductive polymers and 
oxides. Their applications range from electronic 
devices to tools for biology and medicine [6]. 
With regard to nanomedicine applications, 

CNTs in particular have been identified for a 
number of potential uses, including imaging, 
enhancement of bone growth and target ing and 
delivery of drugs [7–9]. Prina-Mello et al. pro-
duced ferromagnetic nickel nanowires with vari-
ous ARs for manipulating, identification and 
counting of living cells [10]. Sharma et al. stud-
ied the neuroprotective efficacy of compounds 
attached to nanowires in comparison with 
normal compound delivery and reported an 
enhanced beneficial effect of the nanowire–drug 
delivered compound [11]. Other template-based 
synthesis methods are electrophoretic deposition 
from colloidal dispersion and template filling. A 
wide range of HARNs has been produced using 
the electrophoretic deposition method including 
polycrystalline oxides such as ZnO, TiO

2
 and 

SiO
2
 [5]. Amongst these, ceramic nanoparticles 

have drawn special attention in the fields of drug 
delivery, imaging, sensing and thermotherapy 
due to their bio compatibility, simple prepara-
tion and ease of surface modification. In addi-
tion, silica nanotubes combined with iron oxide 
seem to be a promising tool for image-guided 
drug delivery. The tubular shape permits load-
ing of large amounts of the desired molecule, 
whereas the outer surface can be modified using, 
for example, polyethylenglycol or targeting 
moieties [12]. 

Year by year there is a near exponential 
increase in publications based on nano-
materials as well as a considerable expansion 
in market potential (Table 1) [13]. According to 
the data summarized in a recent report by the 
Federal Ministry of Education and Science in 
Germany, the compound annual growth rate of 
HARNs (excluding CNTs) is 30%. Even more 
out standing is the annual growth rate of sin-
gle-walled CNTs, which is 200% [101]. These 
figures correlate with the number of HARN-
related publications, which rose from 86 in the 
year 2000 to 1822 in the year 2009 (Figure 2). 

100 nm 10 µm 10 µm

Nanorod

• 100 nm each dimension
• 3–5 aspect ratio
• e.g., gold nanorod

Nanowire

• Up to millimeters
• Up to or <1000 aspect ratio
• e.g., nickel nanowire

Nanotube

• Up to millimeters
• Up to or <1000 aspect ratio
• Hollow/cylindrical
• e.g., carbon nanotubes

Figure 1. Images and characteristics of the different types of high aspect ratio nanoparticles.  
Gold nanorod image used with permission from [11].
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Comparing this number with the amount 
of publications on nanoparticles, which was 
3231 in the year 2009, the increasing impor-
tance of HARNs in nanotechnology industry 
becomes obvious. The increasing growth of the 
HARN industry suggests considerable poten-
tial for human exposure to airborne HARNs 
as these materials are handled in the work-
place during industrial preparation and use. 
However, despite rapid growth in the publica-
tions reporting the development, optimization 

and potential applications of various HARNs, 
the number of publications based on toxicity 
studies of HARNs makes up only 6% of all 
publications, whereas the proportion of toxic-
ity studies on nanoparticles is 19% out of all 
nanoparticle publications. These data illustrate 
quite clearly the worrying mismatch between 
the increases in research focused on the devel-
opment and use of HARNs versus research 
concerned with potential health effects of 
exposure to HARNs.

Table 1. Estimated market for nanoparticles.

Market segment World market volume [M$]/base year CAGR 
(%)Past Present Future

MWCNT 290/2006 650/2010 80

SWCNT 78/2006 5000/2010 200

Nanofibers (excluding CNTs) 48/2007 176/2012 825/2017 30

Metallic nanopowders (e.g., Ag) 89/2005 770/2010 53

Ceramic nanopowder (US market) 220/2006 580/2011 21

Nanotechnology in the healthcare market 
(US market)

23,000/2006 53,000/2011 18

Nanomedicine 18,000/2006 39,000/2011 17
Market growth trends and forecasts are based on information derived from relevant financial and market information, 
amongst others. 
CAGR: Compound annual growth rate; CNT: Carbon nanotube; MWCNT: Multiwalled carbon nanotube;  
SWCNT: Single-walled carbon nanotube.
Data from [13,101].
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Figure 2. Number of publications on the topics of nanoparticles, high aspect ratio 
nanoparticles, excluding carbon nanotubes, and carbon nanotubes. Shows the increase in the 
number of publications on the main three categories of nanomaterials from 2000 to 2009. HARN in 
this graph include nanofibers, nanowires, nanorods and nanotubes made of materials other than 
carbon. These data are based on publications in the PubMed database. The search in the database 
was performed using the ‘advanced search option’ and ‘limits’ to specify the date range of 
publications in each field. Number of publication was revealed using the search terms ‘carbon 
nanotubes’ and ‘nanoparticles’. HARN data was obtain by summing the number of hits from 
‘nanofibers’, ‘nanowires’, ‘nanorods’ and ‘nanotubes’ using the ‘Search Builder option NOT’ to 
exclude CNTs. 
CNT: Carbon nanotube; HARN: High aspect ratio nanoparticle.
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Asbestos
Consideration of the likely adverse health effects 
arising from inhalation exposure associated with 
the use of HARNs is inevitably viewed in the 
context of the asbestos experience. Asbestos 
comprises a number of crystalline silicate miner-
als found ubiquitously in the earth’s crust, which 
was discovered to be industrially useful in the 
late nineteenth century. The subsequent min-
ing, working and incorporation of asbestos fibers 
into a vast range of consumer products gave rise 
to exposure of workers and end-users. Asbestos 
occurs as six minerals – one of the serpentine 
class (chrysotile) and five of the amphibole class 
(amosite, crocidolite, tremolite, anthophyllite 
and actinolite). Of these, only chrysotile, amosite 
and crocidolite have proved to be of significant 
industrial importance, with concomitant human 
exposure, although tremolite exposure occurs as 
a contaminant of chrysotile.

Annual world production of asbestos is cur-
rently approximately 2,000,000 tons worldwide 
with Russia as the leading producer, followed by 
China, Kazakhstan, Brazil, Canada, Zimbabwe, 
and Colombia, which together accounted for 
96% of the world production of asbestos in 2007. 

There is an important distinction to be made 
between chrysotile and the amphibole asbestos 
types in terms of chemical composition and chem-
ical stability, which is reflected in the differences 
in their pathogenic potency (discussed in the fol-
lowing paragraphs). This highlights an important 
point – namely, that not all respirable fibers are 
equally pathogenic – there is a structure:toxicity 
model termed the ‘fiber pathogenicity paradigm’ 
that predicts whether a fiber is or is not patho-
genic (described later). Notwithstanding these 
differences, all commercial forms of asbestos, 
including chrysotile, are classified as human 
carcinogens by the International Agency for 
Research on Cancer [14] and there have been 
calls for them to be banned on a global scale [15]. 
The asbestos minerals are crystalline, and con-
tain fracture planes, or weaknesses, in the crystal 
structure meaning that when the rock is stressed 
(e.g., by crushing of the ore or during mining) the 
crystal fractures into long thin fibers that can be 
released into the air. These high AR fibers, which 
can be, in the case of chrysotile fibrils, less than 
100 nm in diameter but very long, are normally 
termed fibers, but they can be seen as naturally 
occurring HARNs. Owing to their lightness and 
shape, asbestos fibers can readily become airborne 
and remain there for a protracted time. If they are 
inhaled and are thin enough, they can deposit in 
various parts of the respiratory tree, depending 

on their aerodynamic size. Once deposited in 
the lungs the accumulation of fibers can lead to a 
number of diseases principal amongst which are 
fibrosis or scarring of the lung parenchyma and 
bronchogenic carcinoma. In addition, asbestos 
exposure also causes a number of diseases in the 
pleura, including mesothelioma, pleural effusion 
and pleural fibrosis. 

The fiber pathogenicity paradigm
Most important for the HARN issue is the 
question – what are the properties of fibers that 
imbue them with pathogenicity? If we under-
stand the properties that render fibers patho-
genic or not then we can use this information to 
test or benchmark HARNs as to their likelihood 
of showing asbestos-like pathogenic behavior. 
We can also potentially utilize the paradigm to 
design safe HARNs. 

Several decades of fiber toxicology studies, 
on both asbestos and synthetic vitreous fibers 
(SVF) have resulted in the fiber pathogenicity 
paradigm, which highlighted the fiber param-
eters that dictate whether or not a fiber will 
be pathogenic when inhaled from an airborne 
respirable cloud (Figure 3).

These factors are width, length and bio-
persistence (Figure 3). It should be noted that the 
pathogenicity paradigm pertains only to the fiber 
hazard of HARNs. It does not describe the poten-
tial hazard that might occur from inhalation expo-
sure to any HARNs that is not long enough (see 
following paragraphs), in which case it is effec-
tively a particle whose toxicology is  understood in 
terms of an entirely different paradigm.

 n Width
Width or diameter is the main factor that deter-
mines aerodynamic diameter, which is the prop-
erty that controls whether, or where, in the respi-
ratory tract any particle deposits. Deposition in 
the lungs is complex, resulting from the size and 
aerodynamic behavior of the fibers as they nego-
tiate the complex branching structure of the pul-
monary airways in the airstream. Aerodynamic 
diameter (D

ae
) is the measure that defines where 

in the respiratory tree any fiber deposits with the 
extra role of interception, which is a mode of 
deposition specific to fibers that results from the 
center of gravity of a fiber following the airstream 
at a bifurcation while the tip makes contact with 
the surface of the lung causing immediate depo-
sition. D

ae 
is determined predominantly by the 

width of the fiber, the aerodynamic diameter 
of any conventional fiber, composed of mate-
rial of around unit density, being approximately 
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three-times its width [16]. The lung has fast and 
effective clearance in the larger airways, where 
the mucociliary escalator traps the particles in 
mucus, which is then swept up to the mouth for 
swallowing to the gut. Beyond the ciliated air-
ways in the gas exchange regions, clearance is by 
macrophages that move around on the lung sur-
face and phago cytose or engulf the particles. The 
particle or short fiber-loaded macro phages then 
move upwards onto the mucociliary escalator 
for upward clearance to the mouth and the gut 
leading to effective clearance of particles [17] and 
short fibers [18]. This more fragile and slow clear-
ing alveolar and terminal bronchiolar compart-
ment beyond the ciliated airways where blood is 
very close to the body surface for gas exchange is 
considered to be much more sensitive to particle 
effects. This region is termed the respiratory zone 
and the aerodynamic size fraction of fibers that 
reaches this zone is termed the respirable fraction, 
and is generally considered to be the fraction of 
greatest health concern. Alveolar macrophage 
clearance from this region is highly effective for 
micron-sized particles, which are sconfined to 
the air space and can be collected by the alveo-
lar macro phages [17]. However, Semmler Behnke 
et al. have shown very different clearance/reten-
tion kinetics for nanoparticles [19]. These show 
80% interstitialization of Ir nanoparticles, which 
are re-entrained over 6 months back on to the 
epithelial surface where they are cleared, prob-
ably in macrophages, resulting in only 10% 
retention after 6 months. 

 n Length
Once deposited, length is the factor that deter-
mines whether a fiber can be effectively cleared 
from beyond the ciliated airways by macro-
phages and whether the attempt of macro phages 
to phagocytose the fibers leads to inflamma-
tion [20,21]. Long fibers (>~15 µm) cannot 
be engulfed and effectively phagocytosed by 
macrophages while short fibers are effectively 
cleared [18]. For some HARNs, the rigidity or 
ability to coil up into a bundle could be an 
important factor in modifying the length. In 
the process of attempting phagocytosis, the 
macrophage extends along the fiber, but can-
not close the phagosome owing to the length 
of the fiber. This situation of frustrated phago-
cytosis (Figure 4) leads to lysosomal instability, 
activation of the NALP inflammasome; a multi-
protein complex that modulates innate immune 
function, and chronic stimulation of the cell 
resulting in the macrophage releasing a range of 
proinflammatory molecules [22]. 

 n Biopersistence
The property of retaining structural integ-
rity during residence in lung tissue is known 
a bio persistence. The concept of biopersistence 
arises from the observation that different natu-
ral and man-made fibers with the same length 
dis tribution had very different lung retention 
times following deposition in the lungs and 
those which were most biopersistent in the lungs 
had the highest fibrogenic and carcinogenic 
potential [23]. Within the lung, the less biop-
ersistent components of the fiber may wholly, 
or partially, dissolve causing them to split lon-
gitudinally, as seen with fibrils of chrysotile 
asbestos, or break transversely as in the case of 
glass fibers. This arises as a result of the fluid 
milieu of the lung leaching certain structural 
components or to the acidic environment of 

Width
Main factor in determining
aerodynamic diameter

Length
Determines whether frustrated 
phagocytosis occurs

Composition
Major factor determining biopersistence

Figure 3. Important parameters governing 
the pathogenicity of any respirable fiber.

Amosite
asbestos
fiber

Alveolar macrophage

Figure 4. Frustrated phagocytosis in 
alveolar macrophages by amosite asbestos 
fibers. Image of macrophages of the NR8383 
cell line; white arrow, attempting to 
phagocytose long amosite asbestos fibers 
(white chevron). The resultant elongation of the 
cells along the fibers as they attempt, but fail, 
to completely enclose the long fiber (black 
arrows) is termed frustrated phagocytosis.
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macrophage phago lysosomes acting in the same 
way to weaken the fiber. 

The effect that dissolution may have on a 
fiber can be varied, causing surface modifica-
tion or weakening of the structure leading to 
breaks with subsequent formation of short fib-
ers, more easily cleared by macrophages (Figure 5). 
The influence of characteristics, such as suscep-
tibility to dissolution and breakage, was shown 
by Miller et al. using rat exposure data from 
the Colt Fiber Research Program in the UK 
and studies from the program of the Thermal 
Insulation Manufacturers Association in 
Switzerland and the USA [24]. The role of biop-
ersistence was more directly shown by Searl et al. 
by comparing the length fraction of bio persistent 
amosite asbestos against nonbio persistent man-
made vitreous fiber (MMVF)-10 between 3 days 
and 12 months postinhalation in rats. In the 
case of the MMVF-10 sample, the number of 
short fibers increased after 12 months indicating 
breakage of the long fibers supplementing the 
population of short fibers [18]. Even within the 
asbestos family of minerals there are differences 
in bio persistence. Chrysotile asbestos has been 
shown to be less biopersistent than the amphi-
bole forms of asbestos, such as crocidolite and 
tremolite. This has been attributed to the layer 
of a magnesium hydroxide or brucite between 
the silicate sheets of chrysotile, which is more 
prone to dissolution causing the layers to unravel 
and break. The importance of this was shown by 
McDonald and colleagues who analyzed post-
mortem lung tissue from Quebec chry sotile 
miners by electron microscopy for levels of dif-
ferent forms of asbestos. They found that despite 
the main exposure being to chrysotile asbestos 
with only tremolite as a minor contaminant, 

chrysotile and tremolite were found in approxi-
mately equal quantities in the lungs [25]. This 
suggests that exposure to low levels of bio-
persistent tremolite lead to a cumulative build 
up of dose, while the dissolution of chrysotile 
led to a reduction in retained dose over time. As 
a concept, exposure to a fiber with a dimension 
that allows penetration of the lung but does not 
allow clearance by macrophages leaves only one 
route of clearance, namely dissolution or break-
age. Therefore, exposure to a biopersistent fiber 
that will not dissolve or break means that it shall 
persist in the lung environment where it may 
trigger pathological effects.

 n Biopersistence studies with HARNs
The only HARN that has been investigated from 
the point of view of biopersistence is the CNT. 
It would be anticipated that single-walled CNTs 
(SWCNTs) are more amenable to degradation 
than multiwalled CNTs (MWCNTs) and that 
treatments that disrupted the graphene struc-
ture of SWCNTs introducing defects, would 
also render the CNTs more easily degradable. 
This has been confirmed in recent studies by 
Kane and colleagues, who concluded that greater 
bio solubility would be seen in any SWCNTs 
following any treatment ‘that causes collateral 
damage to the tubular graphenic backbone in 
the form of neighboring active sites that pro-
vide points of attack for further oxidative deg-
radation’ [26]. Similar results were found when 
SWCNTs that have been highly oxidized by 
acid treatment and then exposed to neutrophil 
peroxidase underwent dissolution [27]. It seems 
unlikely that unoxidized/unmodified SWCNTs 
or MWCNTs that have undergone mild oxida-
tion would be rendered soluble by the general 
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Figure 5. The relationship between biopersistence, clearance and the biologically effective 
dose of long fibers.
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oxidizing environment of the lungs. This is 
borne out by numerous studies where CNTs 
have been introduced into the lungs and have 
been readily visible in sections months later. 

The general issue of CNT biopersistence 
should be addressed using conventional dura-
bility (measuring solubility in vitro) or bio-
persistence (measuring change in lung burden 
over time) protocols that are available [28,29].

Mechanism of lung disease caused 
by long fibers 
The process of inflammation is the initial cell-
ular response to cell death and oxidative stress 
arising as a direct result of the accumulation 
of long fibers in tissue above a threshold dose. 
Inflammation in turn gives rise to cell injury, 
gene expression of proinflammatory molecules 
and further oxidative stress, as amply demon-
strated in cells and lungs exposed to asbestos 
and other fibers (Figure 6). Thus, there are at least 
two ways that oxidative stress can arise in tissue 
where fibers have deposited – directly by inter-
action between the fibers and target cell such as 
epithelial cells, and indirectly when inflamma-
tory leukocytes release oxidants that affect the 
target cells. The milieu in the lung tissue con-
taining long fibers, with cell injury genotoxicity, 
oxidative stress and proliferation, is a fertile one 
for genetic injury, mutation, fibrosis and cancer. 
A proportion of the fibers that deposit periph-
erally in the lungs translocate to the pleural 

tissues [2] (see following sections) where they 
cause a similar sequence of events leading to a 
number of unusual fiber-specific pleural diseases, 
including fibrosis, pleural effusion and mesothe-
lioma. Mesothelioma is a tumor arising on the 
parietal pleura of the chest wall, which is almost 
exclusively linked to asbestos exposure, although 
there are other agents that may occasionally 
cause this effect. Mesothelioma has become a 
major concern from exposure to respirable fibers 
since it occurs at low exposure when the other 
effects are not apparent and because of its insidi-
ous and uniformly fatal course. 

Mesothelioma & the pleural 
mesothelium as a unique target for 
fibers including HARNs
 n Translocation to the pleural space

The pleural space is the space between the chest 
wall and the lungs. The entire surface of the pleu-
ral cavity is lined with a single layer of meso-
thelial cells, with the mesothelial layer covering 
the lungs known as the visceral pleural, whereas 
the mesothelial layer attached to the chest wall 
and diaphragm is referred to as the parietal 
pleura. The development of pleural pathologies 
due to inhalation of asbestos fibers would suggest 
a biologically effective dose of fibers is delivered 
to this extrapulmonary tissue. Although the 
exact mechanism of fiber translocation from the 
lungs to the pleural space is unknown, there is a 
body of literature that suggests a proportion of all 
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Figure 6. The target cell shown could be an epithelial cell in the lining of the bronchial tree 
(bronchogenic carcinoma) or a mesothelial cell in the parietal pleura (pleural 
mesothelioma) and the diagram illustrates the direct and indirect pathways by which fibers 
may cause procarcinogenic effects. 
Adapted from [57].
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particles that deposit in the distal regions of the 
lung translocate to the pleural space. A study car-
ried out by Mitchev et al. on healthy individuals 
showed the presence of ‘black spots’, benign areas 
of particle accumulation, on the parietal pleura 
in 92.7% of a cohort of 150 urban dwellers exam-
ined at autopsy [30]. A greater accumulation of 
black spots has been noted on the parietal pleural 
surface of miners reflecting their higher exposure 
levels to coal dust [31]. Black spots represent areas 
of particle accumulation where a proportion 
of inhaled particles reaching the pleural space 
become interstitialized in the parietal pleura of 
the chest wall as they are in the process of being 
cleared. Studies investigating the link between 
asbestos exposure and the development of pleu-
ral pathologies have also detected asbestos fibers 
retained along the parietal pleura. Dodson et al. 
reported that short (<5 µm) chrysotile fibers were 
predominantly translocated into the pleura in 
the lungs of ex-shipyard workers exposed to both 
chrysotile and amphibole asbestos fiber types [32]. 
Kohyama and Suzuki also reported an appar-
ent predilection for short fiber movement into 
the pleural space after finding large amounts 
of short chrysotile fibers in pleural tissue even 
though the fiber burden in the lung contained a 
greater percentage of amosite fibers [33]. A study 
by Boutin et al. [34], however, which compared 
the fiber burden in areas containing black spots 
to normal areas of parietal pleura, found a high 
number of long fibers particularly associated with 
the black spots, with 22% of all fibers found in 
these areas greater than 5 µm in length. They 
also showed a clear-cut concordance between the 
long amphibole asbestos fiber burden in the lung 
and the black spots of the parietal pleura, but 
not the areas of normal pleura. Heterogeneity 
of distribution of fibers within the pleural space 
can most likely account for the conflicting results 
from previous studies, which reported a prepon-
derance of short chrysotile fibers in the pleura. 
These studies suggest that both short and long 
fibers deposited in the distal alveolar regions 
of the lung follow an incompletely elucidated 
route of particle clearance from the lung to the 
pleural space.

No published study has as yet reported the 
translocation of HARN fibers to the pleural 
space after administration into the lung; how-
ever, recently a study by Ryman-Rasmussen 
et al. [35] reported the deposition of inhaled short 
CNTs throughout the lungs and directly adja-
cent to the visceral pleura, wholly consistent with 
the notion that CNTs can reach the distal lung 
and the pleura. From the current understanding 

of particle/fiber movement from the lungs it is 
entirely probable that subpleurally deposited 
CNTs, as reported by Ryman-Rasmussen, and 
other forms of HARNs will translocate into the 
pleural space. This suggests the more pertinent 
question to be asked regarding the toxicity of 
these new materials and their potential to cause 
a fiber-like hazard is not whether they reach the 
pleural space but how they are dealt with once 
they are there.

Clearance from the pleural space
As mentioned previously, length is a control-
ling factor governing the macrophage-mediated 
clearance of fibers from the distal alveolar regions 
of the lungs. Similarly, clearance of particles and 
fibers from the pleural space appears to also be 
length dependent. The primary mechanism of 
clearance from the pleural space is to remove 
the particles passively in the flow of pleural fluid 
out of the pleural space where it joins the lym-
phatic system [36]. Stomata or pores, approxi-
mately 3–10 µm in diameter, act as a sieve for 
drainage from the pleural space and are found in 
highest abundance in the most caudal, posterior 
intercostal spaces and to a lesser extent in the 
ventral, parasternal region [36,37]. Normally, the 
elutriating effects of the lungs serve to allow only 
particles smaller than approximately 5 µm, and 
therefore smaller than the diameter of the sto-
mata, to reach the distal lung and pleural space. 
These particles are easily cleared in the flow of 
pleural fluid where they drain to the mediastinal, 
parasternal and hilar lymph nodes [38]. However, 
this clearance mechanism appears to fail when 
high AR fibers are encountered (Figure 7). In con-
trast to the movement of fibers in the lung, where 
it is the diameter of the fibers rather than the 
length that is the ruling factor in fiber deposi-
tion, in the pleural space when the length of a 
fiber is greater than the diameter of the stomata, 
interception of the fiber ends with the mesothe-
lial cells surrounding the stomata will occur [2]. 
This results in blockage of the stomata, accu-
mulation of fibers at these drainage points and 
potential damage to the mesothelial cells. The 
presence of fibers in the pleural space will attract 
resident pleural macrophages, which will accu-
mulate at these areas of deposition. Similar to 
the attempts of alveolar macrophages to clear 
long fibers from the lung, pleural macrophages 
may be unable to fully engulf the fibers lead-
ing to a state of frustrated phagocytosis causing 
further inflammation, fibrosis and genotoxicity 
in the adjacent mesothelial cells in the areas of 
congestion around the stomatal entrances.
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HARNs in the pleural space
The role of length-dependent retention in the 
pleural space in the pathogenesis of disease 
needs to be considered when testing the poten-
tial of new types of HARNs to cause pleural 
disease. A study carried out recently in our labo-
ratory investigated the potential adverse reac-
tion to fiber-like MWCNTs in the pleural space, 
focusing on the response at the parietal pleura 
of the chest wall and diaphragm [Murphy et al., 

Manu script in Preparation]. A method of injection 
into the pleural space was developed to ensure 
that the dose of particles was delivered into the 
pleural cavity without injection into the lung. 
A panel of both long and short MWCNTs were 
injected directly into the pleural cavity and the 
inflammatory response in the pleural space and 
at the parietal pleura was examined at a num-
ber of time points up to 6 months postinjec-
tion. Acute inflammation followed by progres-
sive fibrosis and granuloma development was 
found only in response to the long MWCNT 
samples and the long amosite asbestos control 
with long MWCNTs visible in association 
with the granulo mas at each time point. Short 
MWCNTs failed to cause a sustained response 
with only a mild thickening of the mesothelium 
visible at day one, which had completely resolved 
by day 7.

The sustained response to the long but not 
short MWCNTs fully supports the hypothesis 
that length-dependent retention is the driving 
force behind the pathogenesis of long fibers in 
the pleural space. In particular, the retention 
of long fibers at the parietal pleura provides 
an explanation of the enhanced ability of long 
asbestos fibers to cause mesothelioma after inha-
lation compared with short fibers [39,40]. The 
operation of a similar length-dependent mecha-
nism of clearance from the peritoneal cavity (see 
following sections) also explains the markedly 
greater potential of long fibers instilled into the 
peritoneal cavity to cause mesothelioma at that 
site compared with short fibers [39].

Diameter of fibers determines whether a fiber 
will reach the distal regions of the lung and there-
fore translocate to the pleural space, whereas length 
of the fiber is the limiting factor controlling clear-
ance from the pleural space. This suggests that 
any HARNs with sufficiently small diameter and 
long length could pose a mesothelioma hazard.

Using the peritoneal cavity as a 
model of direct mesothelial exposure
When assessing the biological activity of various 
forms of fibers, the peritoneal cavity of rodents 
has often been used as a surrogate for the tho-
racic mesothelium due to the similarity of the 
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Figure 7. Size-dependent clearance from the pleural space. (A) Short fibers and small carbon 
nanotube tangles that deposit subpleurally migrate to the pleural space and exit in the flow of pleural 
fluid through the stomata where they follow the lymphatic drainage to the mediastinal lymph nodes. 
(B) Long fibers and long carbon nanotubes also reach the pleural space but cannot negotiate the 
stomata and so they are retained where they cause inflammation and potentially long-term disease.
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two cavities in terms of the mesothelial lining 
and the ease of access to the peritoneal cav-
ity [41–44]. The peritoneal or abdominal cavity is 
the largest body cavity and contains the abdomi-
nal organs covered with a mesothelium, which 
is easily accessible for the introduction of fibers. 
In surface area, the peritoneal meso thelium is 
equal to that of the skin [45] and in many ways 
the peritoneal cavity is analogous to the pleural 
cavity, which is not surprising considering its 
shared origin, in the primitive mesoderm dur-
ing embryonic development. The pleural and 
peritoneal cavities differ in that the two main 
roles of the pleural cavity are to lubricate the 
movement of the lungs and provide a fluid-filled 
tight coupling between the lung surface and tho-
racic cage. There is no such coupling role for 
the peritoneal cavity, instead its primary role is 
to lubricate the motion of the organs contained 
within the abdomen and as such whilst the cav-
ity is lubricated, it is not fluid filled. The peri-
toneal cavity is lined with a mesothelium with 
a structure identical to that of the pleural, and 
indeed all mesothelial layers [46]. It also contains 
stomata that overlie lymphatic lacunae (similar 
to those seen in the pleural cavity) linking the 
cavity to the underlying diaphragmatic lymph-
atics. The diaphragm is considered the prin-
ciple route of drainage from the peritoneal cav-
ity [47–49] via the parasternal lymph trunks to the 
parasternal and mediastinal lymph nodes [48]. 
The physio logical nature of the peritoneal cav-
ity means that particles which enter the cavity 
can be rapidly removed in the liquid flow from 
the cavity through the diaphragm, or taken up 
by resident phagocytic cells. Particles that can-
not negotiate the narrow (3–12 µm) stomatal 
openings [50] are retained causing an inflamma-
tory and fibrotic response as demonstrated with 
asbestos and CNTs [51]. 

Despite the fact that the peritoneal cavity is 
a dynamic environment, with size-dependent 
routes of clearance via the stomata to out-
lying lymph nodes [52] and lined with a highly 
responsive mesothelium capable of mediating an 
inflammatory response [50], the rodent peritoneal 
assay is not without its critics. The main criti-
cism relates to the lack of physio logical relevance 
as a route of exposure. Indeed, the peritoneal 
model is not a model of inhalation exposure, 
it is simply a surrogate for the thoracic meso-
thelium, as a specific cellular target for asbestos 
carcinogenicity. Fiber length-dependent reten-
tion occurs in both the pleural space and the 
peritoneal cavity, making the latter an appropri-
ate model for clearance/retention of particulates 

in the mesothelial space. It is notable that a 
proportion of the mesotheliomas that arise in 
asbestos- exposed individuals occur in the peri-
toneal cavity and so there is exposure of the peri-
toneal mesothelium to fibers following inhalation 
and trans location, and a response that mimics 
mesothelioma formation in the pleural space [53]. 

Recently, there have been several studies using 
the peritoneal assay to investigate the in vivo 
response to CNTs. One of the first was a study 
by our own group in which the role of length 
in inflammogenicity and fibrosis was examined 
using a 50 µg intraperitoneal injection of CNTs 
of differing length and appropriate asbestos con-
trols [51]. We found that long, fiber-like CNTs 
generated a strong and persistent inflammatory 
response similar to that seen with long amosite 
asbestos fibers. Short CNTs, compact carbon 
particles and short lengths (<5 µm) of amosite 
asbestos generated no such inflammation and 
there was no evidence of retention in the perito-
neal space suggesting rapid clearance [54]. Over 
an extended period, the long CNT and asbes-
tos samples generated substantial fibrosis and 
the presence of foreign body giant cells typi-
cal of a foreign body reaction, again not seen 
with the compact particle controls. This led us 
to the conclusion that the length of the CNT 
and asbestos, in line with the structure:toxicity 
relationship, was causing length-dependent 
retention in the peritoneal cavity and subsequent 
response. This work has more recently been sup-This work has more recently been sup-
ported by a study by Yamashita and colleagues. 
They found that MWCNTs injected into the 
peritoneal cavity of mice generated inflamma-
tion and genetic damage, which was related to 
the length and thickness of the CNTs, although 
interestingly they did not find this the case for 
SWCNTs [55]. Again, it was this key length of 
approximately 15 µm that they found to be most 
inflammogenic in this fiber-sensitive model. The 
importance of fiber length in a model based on 
clearance and retention was demonstrated in a 
paper by Muller and colleagues [56]. They uti-
lized the peritoneal model to investigate the 
potential carcinogenicity of MWCNTs, using 
crocidolite as a positive control particle. Over 
a period of 2 years they were unable to dem-
onstrate a carcinogenic response to the CNTs 
for which, among other reasons, they cited the 
length of the CNTs as a contributing factor 
behind their negative findings. This was because 
the CNTs used were all less than 0.7 µm and 
so if singlet fibers were present then they very 
likely were rapidly cleared leaving only large, 
nonfibrous agglomerates.



www.futuremedicine.com 153future science group

Identifying the pulmonary hazard of high aspect ratio nanoparticles Review

Conclusion: future research and 
designing safe HARNs 
The fiber pathogenicity paradigm is independent 
of specific chemical composition and therefore 
embraces asbestos, glass fibers and one organic 
fiber [16]. Our studies with CNTs [51] and as yet 
unpublished studies with NiO nanowires point 
towards the likelihood that all HARNs will con-
form to the general fiber pathogenicity paradigm, 
although further research is needed. This future 
research should address the general utility of the 
paradigm for a range of HARNs, including nano-
rods, nanowires and nanotubes of various com-
positions. Such studies would entail examining a 
wide range of HARNs for ability to cause length-
dependent proinflammatory effects in vitro and 
studies on length-dependent retention at the pari-
etal pleural stomata. Another major aim would be 
to provide quantitative data on biopersistence, the 
key attribute of the paradigm, for each HARN 
and to be able to relate the biopersistence data to 
pathogenic potential. Nanotechnology method-
ology could be used to address the key question 
regarding the true cut-off of length for a ‘long’ 
fiber, which is not answerable using naturally 
occurring fibers that always exist in a broad length 
distribution. The types of methodologies used to 
make HARNs are such that the HARNs can be 
manufactured in tight length distributions. By 
making HARNs in 3-µm length categories (e.g., 
-9, -12, -15, -18 and -20 µm long) these could 
be used to answer the big question – what is the 
length beyond which long fiber effects occur? 
This may amount to more than one value since 
the length beyond which frustrated phagocytosis 
occurs leading to effect in the lungs might be dif-
ferent from the length beyond which retention in 
the pleural space occurs, leading to pleural effects, 
since the length-dependent processes involved are 
quite different. 

The three properties identified by the fiber 
pathogenicity paradigm as those that determine 
the likelihood that any fiber sample will pose 

a fiber-type (asbestos-type) hazard – long, thin 
and biopersistent – form the biologically effec-
tive dose for fiber-type effects. Therefore, the 
safe design of HARNs from the point of view 
of the paradigm is relatively straightforward and 
making HARNs short, thick or non biopersistent 
will reduce their hazard. In particular, design-
ing in time-dependent programmed biodegrade-
ability would be a very desirable approach to safe 
HARN design. Table 2 shows the best current 
assessment of the quantiative values that would 
be used to attain safe HARNs. Of course, the 
advantages of HARNs in any industrial setting 
may well rely upon properties that accompany 
length, thinness or biopersistence, and the intrin-
sic properties of the material may also dictate 
fiber dimensions and biopersistence. There may 
well be a contradiction in the production of safe 
HARNs, if safety stipulates short, low AR par-
ticles or biodegradable ones, which will conflict 
with the technical requirements of these new 
materials. Therefore, management of the risks 
from these materials, by safe handling to mini-
mize exposure, needs to be mandatory. Where 
HARNs cannot be made safe-by-design, as in 
any industrial setting, due regard must therefore 
be paid to the size distribution and quantity of 
the airborne fibers in the workplace air.

Hygiene precautions to reduce inhalation 
exposure should be set in motion concomitant 
with the extent of the hazard identified by these 
size data and knowledge of the biopersistence 
derived empirically from biopersistence/durabil-
ity studies or from knowledge of the inherent 
properties of the material of which the fibers are 
composed. Many workplaces handle hazardous 
materials, they simply handle them in safe ways 
that minimize exposure and HARNs are no dif-
ferent. However, it is difficult at the moment to 
measure dimensions of very thin fibers in the air 
and there needs to be more research in this direc-
tion so that real-time monitoring of airborne 
nanofibers can occur in workplaces.

Table 2. Safe values for the three factors in the fiber pathogenicity paradigm.

Characteristic of 
the FPP

‘Safe’ value Rationale/comment

Width >3 µm Too thick to be respirable/cut-off for respirability in humans is 5 µm 
aerodynamic diameter; for fibers, the aerodynamics is approximately 
three-times the actual diameter

Length <5 µm Too short to cause frustrated phagocytosis/the actual value is unknown, 
but is somewhere between 10 and 20 µm

Biopersistent Undergoes rapid dissolution in 
the lungs 

Long fibers dissolve and break so are shortened and long fiber dose does 
not build-up/the actual soluble components lost will depend on the 
composition of the HARN

HARN: High aspect ratio nanoparticle; FPP: Fiber pathogenicity paradigm.
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Executive summary

High aspect ratio nanomaterials: definitions & volume of production
 � High aspect ratio nanomaterials (HARNs) are a new class of material that are nanoscale and have a high length-to-width ratio 

(e.g., nanotubes, nanowires and nanorods).
 � HARNs are increasingly being incorporated into a wide variety of products with a consequent increase in potential for 

inhalation exposure. 
 � There is a need to match the increases in research into the development and applications of HARNs versus HARN-related safety research.

Asbestos & the fiber pathogenicity paradigm
 � Inhalation exposure to asbestos and naturally occurring high aspect ratio fibers can lead to a number of diseases that affect the lungs 

(e.g., fibrosis and bronchogenic carcinoma) or the pleura (e.g., mesothelioma, pleural effusion and pleural fibrosis).
 � The fiber pathogenicity paradigm is a structure/toxicity model for fibers that highlights width, length and biopersistence in dictating 

whether or not a fiber will be pathogenic upon inhalation. 

Mechanism of lung disease caused by long fibers
 � Long fibers can interact directly with target cells (e.g., epithelial or mesothelial cells) causing cell death and oxidative stress or by 

provoking an inflammatory response recruiting leukocytes that will then release oxidants, cytokines and growth factors, creating a fertile 
environment for genetic injury, mutation, fibrosis and cancer.

Clearance from the pleural space
 � The development of pleural pathologies is a particle response unique to fibrous particles.
 � A proportion of all particles deposited in the distal lung will translocate to the pleural space but subsequent clearance from the pleural 

space is size dependent.
 � Small particles and short fibers are easily cleared in fluid flow through stomata in the parietal pleural into the lymphatic system; however, 

fibers longer than the calibre of the stomatal openings cannot pass through and are retained where they may cause inflammation, 
fibrosis and genotoxicity in the adjacent mesothelial cells. This suggests that any biopersistent HARN with sufficiently small diameter and 
long length could pose a mesothelioma hazard.

 � The peritoneal cavity is often used as a surrogate for the thoracic cavity when investigating the pathogenicity of fibers owing to the 
similarity of the mesothelial lining of the two cavities and the greater ease of access to the peritoneal cavity. Clearance from the 
peritoneal cavity, similar to the pleural cavity is via stomata in the diaphragm, which drain to the lymphatics.

Conclusion: future research & designing safe high aspect ratio nanomaterials
 � HARNs have the potential to conform to the fiber pathogenicity paradigm and, therefore, may pose an occupational inhalation hazard.
 � Identification of the link between structure and toxicity of HARNs can be exploited to design HARNs that are safer (i.e., short, thick and 

nonbiopersistent fibers). However, if these properties conflict with the technical requirements of the HARN, sufficient management of 
the risks to exposure needs to be mandatory.
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Abstract  

Background 

It has been suggested that carbon nanotubes might conform to the fibre pathogenicity 

paradigm that explains the toxicities of asbestos and other fibres on a continuum 

based on length, aspect ratio and biopersistence.  Some types of carbon nanotubes 

satisfy the first two aspects of the fibre paradigm but only recently has their 

biopersistence begun to be investigated.  Biopersistence is complex and requires in 

vivo testing and analysis. However durability, the chemical mimicking of the process 

of fibre dissolution using in vitro treatment, is closely related to biopersistence and 

more readily determined.  Here, we describe an experimental process to determine the 

durability of four types of carbon nanotubes in simulated biological fluid (Gambles 

solution), and their subsequent pathogenicity in vivo using a mouse model sensitive to 

inflammogenic effects of fibres. The in vitro and in vivo results were compared with 

well-characterised glass wool and asbestos fibre controls.  

Results 

After incubation for up to 24 weeks in Gambles solution, our control fibres were 

recovered at percentages consistent with their known in vitro durabilities and/or in 

vivo persistence, and three out of the four types of carbon nanotubes tested 

[single-walled (CNTSW) and multi-walled (CNTTANG2, CNTSPIN)] showed no, or 

minimal, loss of mass or change in fibre length or morphology when examined by 

electron microscopy.  However, the fourth type [multi-walled (CNTLONG1)] lost 30% 

of its original mass within the first three weeks of incubation, after which there was 

no further loss.  Electron microscopy of CNTLONG1 samples incubated for 10 weeks 

confirmed that the proportion of long fibres had decreased compared to samples 

briefly exposed to the Gambles solution.  This loss of mass and fibre shortening was 
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accompanied by a loss of pathogenicity when injected into the peritoneal cavities of 

C57Bl/6 mice compared to fibres incubated briefly.  CNTSW did not elicit an 

inflammogenic effect in the peritoneal cavity assay used here.  

Conclusions 

These results support the view that carbon nanotubes are generally durable but may be 

subject to bio-modification in a sample-specific manner.  They also suggest that 

pristine carbon nanotubes, either individually or in rope-like aggregates of sufficient 

length and aspect ratio, can induce asbestos-like responses in mice, but that the effect 

may be mitigated for certain types that are less durable in biological systems. Results 

indicate that durable carbon nanotubes that are either short or form tightly bundled 

aggregates with no isolated long fibres are less inflammogenic in fibre-specific 

assays.  
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Background  
It has been suggested that the potential pathogenicity of carbon nanotubes (CNTs) 

might conform to the ‘fibre pathogenicity paradigm’, by which a fibre’s pathogenicity 

can be predicted on a continuum based on its length and biopersistence (Figure 1), as 

well as aspect ratio.  On this continuum, fibres that are more likely to induce 

‘asbestos-like’ pathologies such as asbestosis, lung cancer, and mesothelioma will be 

narrow enough that they can reach the distal lung upon inhalation, long enough to be 

incompletely engulfed by macrophages during clearance, and resistant to chemical 

attack or breakage in a biological environment.  Deposition of long, narrow, 

biopersistent fibres into the distal lung region can be problematic to health if local 

macrophage-mediated clearance is only partially successful and instead results in a 

state of chronic macrophage stimulation (so-called ‘frustrated phagocytosis’).  The 

sustained release of inflammatory mediators may then lead to inflammatory, fibrotic 

and carcinogenic outcomes [1].  Oberdorster (2000) regards fibres >20 µm long as 

being of sufficient length to induce these kinds of fibre-induced pathogenic effects 

[2].    

 

[INSERT FIGURE 1 HERE] 

 

CNTs possess properties such as exceptional strength, lightness and conductivity that 

make them valuable for industrial and medical applications [3, 4], but can be 

manufactured to reach potentially pathogenic lengths.  Indeed, their morphological 

similarity to asbestos fibres raised early concerns about possible adverse effects on 

human health [5].  However CNTs are prone to form aggregates due to strong 



 - 6 - 

hydrophobic forces and this could impact on their ability to become airborne as 

individual fibres at high concentrations under controlled, small-scale conditions [6-8].  

Notwithstanding their propensity to aggregate, if individual CNTs or small bundles 

were to be incidentally or accidentally aerosolised with a respirable aerodynamic 

diameter it is possible they could align lengthwise with the airstream and reach the 

distal lung [9].  Additionally, the increased risk of exposure that might arise in 

large-scale manufacturing environments has been noted [10].  

 

In addition to length and aspect ratio, biopersistence (i.e. the ability of a material to 

persist in the body in spite of physiological clearance mechanisms) is regarded as one 

of the most important determinants of a fibre’s pathogenicity [2, 9].  Biopersistent 

fibres resist the leaching or solubilisation of structural elements within a biological 

environment such as the lung-lining fluid or the internal environment of macrophages.  

Less biopersistent fibres, in contrast, can weaken and break at the weakened points, 

thus becoming short enough for successful clearance [1].  CNTs were initially thought 

to be resistant to chemical attack due to their essentially graphitic nature [9], and 

indeed both single-walled (SW) and multi-walled (MW) CNTs have been shown to 

persist in vivo up to months post-exposure in mice and rats [11-13].  However, other 

reports have suggested that certain types of SWCNTs and MWCNTs may be subject 

to degradation in biological environments [14-17].  This broaches the possibility that 

whilst some CNTs may have pathogenic potential in their pristine form, they may lose 

this if they are vulnerable to degradation in the biological milieu.  

 

Durability is a key factor in determining fibre biopersistence. Thus, measurement of 

durability has been used with success to predict biopersistence [1], although it is not 
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without its drawbacks [2].  Here, we describe experiments designed to assess the 

durability in simulated biological fluid (Gambles solution) of four types of CNTs 

compared with one type of glass wool fibre (X607) and two types of asbestos fibres 

[long fibre amosite (LFA) and long fibre chrysotile (LFC)].  The four types of CNTs 

tested included one single-walled (CNTSW) and three multi-walled CNTs [‘spinnable’ 

(CNTSPIN); ‘long’ (CNTLONG1); and ‘tangled’ (CNTTANG2)], where the names for the 

latter two samples are taken from Poland et al. [18] (Table 1).  Following incubation 

in Gambles solution we assessed the loss of mass as a measure of durability, and then 

examined a subset of these fibres (following either minimal or lengthy exposure to 

Gambles solution) for their ability to induce an inflammatory response when injected 

into the peritoneal cavities of female C57Bl/6 mice in order to assess the impact of 

durability on CNT fibre-induced pathogenicity.   These data should assist in the 

placement of CNTs on the spectrum of potentially pathogenic fibres in order to 

inform their safe use. 

 

[INSERT TABLE 1 HERE] 

Results  

In vitro durability of test samples 

Gambles solution is a balanced electrolyte solution similar to the electrolyte 

environment of biological systems. Its pH is adjusted to mimic that inside 

macrophage phagolysosomes, potentially the most degradative environment that a 

particle should encounter following lung deposition and macrophage uptake.  Fibre 

durability was assessed by incubating controls and test samples in quadruplicate in 

Gambles solution for defined times throughout a 24 week experimental period, and 
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determining percent recoveries of original weight after filtering and drying (Figure 2).  

Samples recovered at 100% of their original weights are described as 100% durable.  

 

Of the control fibres, the non-durable glass fibre, X607, was recovered with ~40% of 

its original weight after the 24 week incubation, while the “durable” asbestos fibre, 

LFA, was recovered at ~75%.  The other asbestos fibre examined here, LFC, was 

recovered with ~30% of original weight over the same period.  None of the CNT 

samples showed a significant loss of mass by week 24 with the exception of 

CNTLONG1, which was recovered at only ~70% of its original weight at all time-points 

from week 3 onward.  A small but statistically significant increase in mass was 

observed for the CNTSPIN sample at week 24.  CNTSW and CNTTANG2 showed some 

variation in percent recoveries across the time-points but these were generally neither 

consistent nor statistically significant (Table 2). 

 

[INSERT FIGURE 2 HERE] 

[INSERT TABLE 2 HERE] 

 

Sources of error in sample recoveries may include sample preparation by different 

operators, loss of sample during refreshing of Gambles solution, and loss of sample 

during filtration, reflecting general difficulties in handling CNT samples.  We 

estimate that these sources of error may account for up to 20% of variation in sample 

recovery.  Therefore, variation of 20% from the original mass may not reflect true 

differences in recoveries, unless the 20% was part of a consistent trend across all 

time-points.  On this basis, despite reaching apparent statistical significance for one 

measurement, we suggest that the variations in percent recoveries for CNTSW, 
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CNTTANG2 and CNTSPIN reflect experimental error, as consistent trends were not 

evident across all time-points for these samples.  In contrast, the loss of mass 

observed for CNTLONG1 was consistent and statistically significant across most 

time-points.  Of the control fibres, we suggest that percent recoveries for X607 and 

LFC reflect true mass loss, whereas the small mass loss for LFA over the 24 week 

period may be due to the loss of small fibres in the sample (discussed later).  

 

TEM images of samples that had been incubated for 0 weeks or 10 weeks in Gambles 

solution were taken at various magnifications, and the widths and lengths of fibres in 

these images were measured using Image J (NIH) calibrated software (Table 3).  Size 

distributions are shown in Figure 3, and representative SEM and TEM images in 

Figure 4. 

 

[INSERT TABLE 3 HERE] 

[INSERT FIGURE 3 HERE] 

[INSERT FIGURE 4 HERE] 

 

The X607 sample (Figure 4A) contained the largest fibres assessed here, with widths 

in the micrometre range and average lengths markedly greater than 20 µm.  Whilst 

fewer long fibres remained after 10 weeks incubation, of those that remained a high 

proportion were still very large (Table 3, Figure 3).  Nevertheless, the average width 

of these remaining fibres decreased from 3.5 to 2.1 µm and length decreased from 

123 µm to 76 µm.   
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LFA showed an apparent increase in average fibre width and length as a result of the 

incubation.  The proportion of long fibres also appeared to increase (Table 3, Figure 

3).  It is possible that the loss of mass at the last two time-points for this sample 

(Figure 2) reflects the loss of smaller fibres, leaving, on average, a greater proportion 

of larger fibres remaining in the recovered 75%.  This would potentially bias the 

average width and length to the larger end of the size distributions.  The fibres 

remaining at 10 weeks did not show any morphological differences from those at 0 

weeks when viewed by electron microscopy (Figure 4B). 

 

LFC showed no difference in average fibre width with incubation but did show a 

marked decrease in length (Table 3, Figure 3).  We note that at 0 weeks the LFC 

sample comprised a mixture of fibrils and ropes of fibrils (Figure 4C).  All were 

measured in the 0 weeks sample, potentially assigning erroneously large 

measurements to individual fibres, whereas at 10 weeks only small fibrils remained, 

resulting in average length measurements at the shorter end of the distribution.  Given 

this sample also showed a marked loss of mass, it is probable that the measured loss 

of length accurately reflects fibre shortening in addition to the breaking up of large 

fibre bundles.   

 

CNTSW did not show an alteration in average fibre width or length arising from 

incubation in Gambles solution (Table 3, Figure 3).  It also showed little 

morphological change under electron microscopy (Figure 4D), with the majority of 

fibres forming large clumps.  Generally, individual fibres could be seen only at the 

edges. 
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Lengths for CNTSPIN could not be determined due to their very long, hair-like nature, 

making the starts and ends of individual tubes virtually impossible to identify (Figure 

4E).  The average width showed an apparent slight increase after 10 weeks incubation 

in Gambles solution (Table 3, Figure 3).  We cannot explain this result, apart from 

noting the difficulty in identifying individual fine tubes in this sample.  

 

CNTLONG1 samples that had been incubated in Gambles solution for 3 weeks and 10 

weeks showed no decrease in average fibre width compared with the starting material, 

but did show small, statistically significant decreases in the average length.  

Additionally, there was a decrease in the proportion of long fibres present compared 

to samples incubated for 0 weeks, with approximately 50% fewer fibres with lengths 

>15 µm in samples incubated for 10 weeks compared to 0 weeks (Table 3, Figure 3).  

TEM images at 0 weeks and 10 weeks show that many fibres in this sample contained 

what may be residual catalyst material or amorphous carbon (Figure 4F), as well as a 

large number of what appear to be curled CNTs decorating the straighter fibres (more 

clearly seen in images at higher magnification, not shown).  

 

The lengths of CNTTANG2 fibres were not able to be determined due to their ‘tangled’ 

nature and subsequent difficulties in identifying discrete tubes from start to end.  

Their average width (Table 3, Figure 3) and general morphology (Figure 4G) did not 

change as a result of the incubation in Gambles solution when viewed by electron 

microscopy.  

In vitro determination of the impact of 1 h bath sonication on mass loss and 
changes in fibre dimensions for CNTLONG1 

It has been reported elsewhere that sonication can mechanically shear CNTs, with the 

degree of damage depending on the type of CNT and sonication conditions [19].  As 
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our 0 weeks samples were not sonicated, but the other samples were, we performed a 

small supplementary experiment to determine if the 1 h gentle bath sonication of the 

incubated fibres was responsible for the fibre shortening observed for the CNTLONG1 

sample, rather than the incubation in Gambles solution.  In this experiment, CNTLONG1 

samples were either first sonicated for 1 h in Gambles solution, or were simply added 

to Gambles solution and then immediately filtered, dried and weighed, and then fibre 

lengths were measured, replicating the conditions by which we produced our original 

0 weeks samples.  The results showed no mass loss resulting from the 1 h sonication, 

and no statistical difference in the average fibre length or proportion of long fibres 

(data not shown).  In addition, we examined filtrates from the original 0 weeks and 10 

weeks samples, as well as from the new 0 h and 1 h sonicated samples.  Only the 

original samples incubated for 10 weeks in Gambles solution contained CNT debris 

(CNT fragments approximately 500 nm long). These results provide strong evidence 

for the observed mass loss and fibre shortening of 10 weeks CNTLONG1 samples being 

caused by incubation in Gambles solution and not by sonication under our 

experimental conditions.  

In vivo inflammogenic response to test samples 

Samples that had been incubated in Gambles solution for 0 weeks or 10 weeks were 

filtered and resuspended in 0.5% bovine serum albumin (BSA):saline at a presumed 

100% recovery of mass, and a presumed mass of 50 µg was injected into the 

peritoneal cavities of female C57Bl/6 mice.  Mice were sacrificed at 24 h or 7 d 

post-injection and the peritoneal cavities were washed and lavage fluid collected.  To 

identify the presence of an acute inflammatory response, a number of in vitro assays 

were performed:  total and differential cell counting to identify possible infiltration of 

immune cells into the peritoneal cavities in response to the treatments (Figure 5A, 
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5B); measurement of total protein as a marker for increased permeability in the 

peritoneal cavity (Figure 5C); measurement of the cytokine, IL-6,  as a marker for the 

release of inflammatory cytokines (Figure 5D); and measurement of LDH as a marker 

for damage to cellular membranes (Figure 5E).  The development of fibrotic plaques 

at 7 d was also assessed (Figure 5F).  CNTTANG2 and CNTSPIN were not included in the 

in vivo analysis because the former had been shown previously to be non-pathogenic 

in a similar study [18], and the latter was not able to be dispersed well enough to 

inject a reliable amount of sample into the mice.   

 

[INSERT FIGURE 5 HERE] 

 

X607 did not elicit a statistically significant inflammatory response with the exception 

of the total cell count for the 7 d sample, regardless of incubation time in Gambles 

solution, although it should be noted that some biomarkers were elevated compared to 

levels in mice treated with vehicle only.  LFA elicited an acute inflammatory response 

in mice in addition to the development of fibrotic plaques by 7 d, regardless of 

incubation time, suggesting that long-term incubation did not alter its pathogenicity.  

In contrast, LFC that had been incubated in Gambles solution for 0 weeks induced 

total and differential cell counts, total protein, and IL-6 levels indicative of an acute 

inflammatory response that subsequently subsided by 7 d alongside the development 

of a fibrotic response, whereas LFC that had been incubated for 10 weeks had a 

reduced inflammogenic response at 24 h, although interestingly, not at 7 d; at 7 d the 

total cell count was higher in mice injected with the LFC incubated for 10 weeks 

compared to LFC that had been incubated for 0 weeks, as well as higher than LFA. 

However, LFC that had been incubated for 10 weeks did not induce a fibrotic 
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response at 7 d whereas LFC incubated for 0 weeks or LFA incubated for 0 weeks or 

10 weeks did.  CNTSW did not induce an inflammatory response under the 

experimental conditions studied here.  CNTLONG1 incubated in Gambles solution for 0 

weeks induced an acute inflammatory response at 24 h post-injection into mice that 

did not subside by 7 d, and also induced a strong fibrotic response at 7 d.  However, 

CNTLONG1 that had been incubated in Gambles solution for 10 weeks was less 

pathogenic in mice, inducing reduced inflammatory and fibrotic responses compared 

to 0 weeks (Figure 6). 

 

The inflammatory responses in vivo, combined with the durability data in vitro, are 

summarised in Table 4.  Taken together, the data indicate that CNTLONG1 and LFC 

showed some mass loss and fibre shortening with long-term incubation in Gambles 

solution, with a concomitant mitigation of the pathogenicity seen in mice injected 

with 0 weeks samples.  LFA that had been incubated for 10 weeks, on the other hand, 

also showed a loss of mass comparable to CNTLONG1 at the same time-point, but no 

fibre shortening, and did not lose its pathogenicity (Figure 6).  These observations 

suggest that the loss of pathogenicity under these experimental conditions may have 

been associated more with the decreased proportion of long fibres than loss of mass.   

 

[INSERT FIGURE 6 HERE] 

[INSERT TABLE 4 HERE] 

Discussion  
Our study demonstrates that the types of carbon nanotubes investigated here conform 

to the “fibre pathogenicity paradigm”.  Where CNTs were injected to the abdominal 

cavities of mice as long discrete fibres or fibre-like structures, as in the case of 
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CNTLONG1 (0 weeks incubation in Gambles solution), an inflammatory and fibrotic 

response was induced.  However, where no, or relatively few, long fibres were 

present, as in the case of CNTLONG1 after 10 weeks incubation in Gambles solution, 

where the proportion of fibres >15 µm was markedly reduced, or in the case of 

CNTSW, where the fibrous shape of individual tubes was masked by tight bundling, 

the inflammatory response was minimal.  Our results are consistent with a previous 

study also using the peritoneal cavity as a surrogate model for exposure of the 

thoracic mesothelium to particles, where a range of MWCNTs or asbestos fibres were 

directly injected into the abdominal cavities of mice; only those samples containing 

long, discrete fibres elicited an “asbestos-like” response [18], while fibres that were 

either short and/or in the form of tight bundles were not pathogenic.  Further, the 

ability of inhaled MWCNT to reach sub-pleural tissues in mice has also been reported 

[20, 21], indicating that MWCNTs can share a characteristic with asbestos that is 

critical for the development of asbestos-related mesothelioma [22].  Thus we may 

expect that a fibre-like pathogenicity might be induced by any type of CNT that 

reaches the sub-pleural tissue if the CNT presents as a discrete long fibre or fibre-like 

structure, and that shape persists. 

 

As expected, the control fibres also largely conformed to the fibre pathogenicity 

paradigm.  LFA is known to be durable and pathogenic [23].  Although short fibres of 

LFA disappeared upon incubation in Gambles solution, accompanied by a small loss 

of mass, the long fibres endured and, when injected into abdominal cavities of mice, 

LFA induced a strong inflammatory response consistent with the presence of durable, 

long fibres with high aspect ratios.  X607 is an experimental alkaline earth silica wool 

 with high CaO content (personal communication O. Kamstrup, Rockwool 
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International) found to be non-biopersistent in animal studies [24], while chrysotile 

asbestos (LFC) is considered to be the least biopersistent of the asbestiform minerals 

and has shorter clearance half-times in inhalation studies [25, 26]. Both of these fibres 

showed a loss of mass upon incubation in Gambles solution, and this was 

accompanied by surface etching and splitting, and fibre thinning and/or shortening, 

respectively, as revealed by electron microscopy.  LFC injected into mice after 0 

weeks incubation induced a strong inflammatory response, whereas the 

incubation-mediated degradation mitigated its inflammatory potential.  Nevertheless, 

it is interesting to note that at 7 d post-injection, the inflammatory response for LFC 

was greater than for LFA, but the former did not elicit a fibrotic response whereas the 

latter did.  The development of granuloma is associated with a decrease in the 

lavageable polymorphonuclear leukocytes and macrophages as the inflammatory 

response is “walled off” into the granuloma.  The switching of inflammatory action to 

the granuloma means that the leukocytes are less easily lavaged, consistent with our 

observations for LFC and LFA.  In the presence of LFC, it is possible that either the 

granulomas were slower to develop and did not form within our time-frame, or that 

ongoing dissolution of the chrysotile fibres in the leukocytes made for fewer 

granuloma.  Indeed, there is evidence that the dissolution of chrysotile can be very 

rapid in vivo [27], and so a very rapid in vivo dissolution of LFC here may have 

elicited a transitory inflammatory response as the magnesium from the chrysotile 

crystal lattice was released, but no granuloma formed due to the absence of long 

fibres. The observations for X607 are also interesting.  Although X607 showed mass 

loss and fibre shortening and thinning, nevertheless long fibres with high aspect ratios 

remained after in vitro incubation; but X607 elicited only a minimal inflammatory 

response in mice regardless of incubation time.  This apparent non-conformity to the 
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fibre pathogenicity paradigm could be explained by a comparatively lower number of 

X607 fibres being injected into the mice, as the doses were based on equal mass and 

the X607 fibres were the thickest and longest.  Alternatively, glass inherently may be 

less inflammogenic in biological systems compared to other types of fibres [28-30], 

indicating that surface-related properties (such as surface chemistry, surface 

nanostructure, or curvature) may play a role in the biological response to fibres.  

 

The length and aspect ratio of a fibre over the time of its residence in the lungs will 

depend on its resistance to degradation.  Hence, knowledge of the durability of a CNT 

sample, together with its ultimate shape, could indicate its pathogenicity if it reaches 

the pleural cavity.  Three of the four types of CNTs investigated here were durable in 

Gambles solution.  These samples, CNTTANG2, CNTSPIN and CNTSW, also revealed 

minimal changes in morphology following the chemical incubation.  In an earlier 

study, the multi-walled sample, CNTTANG2, which exists as tangled, long fibres, was 

shown to be non-pathogenic when injected in the abdominal cavities of mice [18].  

While the difficulties of working with the multi-walled CNTSPIN precluded in vivo 

testing here, the single-walled CNTSW was injected in the peritoneal cavity of mice 

and found to be non-inflammatory, regardless of the incubation time.  As the mouse 

peritoneal cavity is responsive to long discrete fibres, but not to compact particles or 

short fibres, these results are consistent with the shapes of the aggregated CNTs in 

each sample.  Thus, although CNTTANG2 and CNTSW were durable, the peritoneal 

cavity was not sensitive to the shape of either [this work and 18]. It should be noted 

that the lack of an inflammatory response in the abdominal peritoneal cavity from 

these CNTSW does not necessarily imply they will be benign in the lung (not 

investigated here) since the mesothelium is only sensitive to long fibres.  Other 
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studies have reported that intratracheal instillation, pharyngeal aspiration, or 

inhalation of short SWCNTs induce inflammatory and granuloma responses in the 

lungs of mice [31-34].   

 

The fourth type of CNT investigated here, CNTLONG1, showed initial sensitivity to 

incubation in Gambles solution at least to 3 weeks (but possibly shorter as 3 weeks 

was the first interrogation time), and thereafter the product of the initial degradation 

appeared to be stable with regards to mass.  The profile of the time-dependent 

dissolution of the CNTLONG1 sample is difficult to explain.  It is possible that the rapid 

loss of 30% mass over the first three weeks of incubation could reflect the loss of the 

small, curled-up CNTs that decorated the longer fibres.  However, inspection of 

electron microscopy images of the CNTLONG1 after 0 weeks or 10 weeks incubation 

did not reveal any obvious difference in the proportion of these decorating CNTs, 

suggesting that this possibility, if it occurred, was unlikely to have accounted for the 

total loss of mass observed.  In addition, the percentage of very long fibres in this 

sample progressively decreased from 0 to 3 to 10 weeks, while the percentage of 

shorter fibres in the sample increased.  These changes in morphology were 

accompanied by a mitigation of the strong inflammatory and fibrotic response 

induced by fibres incubated for 0 weeks.  The inflammatory response from 0 weeks 

CNTLONG1 samples injected into the peritoneal cavities of mice is similar to that 

observed for LFA and 0 weeks LFC, indicating that pristine CNTs, when present as 

discrete long fibres, may show a pathogenicity equivalent to some forms of long fibre 

asbestos when compared on a mass basis, as has been observed previously [18].  

However it should be noted that, because they are lighter, a much greater number of 
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CNT fibres would be present per unit weight compared with the heavier asbestos 

fibres. 

 

It could be argued that because we injected a presumed dose of 50 µg based on the 

assumption of zero loss of mass, whereas the sample had actually shown a 30% loss 

of mass, the loss of pathogenicity observed for CNTLONG1 10 weeks could be due to 

injecting smaller actual doses.  However, for a 30% loss of mass we saw a substantial 

loss of toxicity in the CNTLONG1 10 weeks compared to 0 weeks samples.  In contrast, 

the LFA 10 weeks sample showed an apparent 25% loss of mass, and was also 

injected as a presumed dose of 50 µg, but no loss of toxicity was observed.  TEM data 

also indicate fibre shortening in the CNTLONG1 and LFC samples over time which was 

not observed for LFA; therefore we speculate that the observed loss of toxicity with 

incubation in Gambles solution for both CNTLONG1 and LFC can be attributed at least 

in part to fibre shortening, consistent with a previous study that pointed to a reduced 

inflammogenic potential of degraded SWCNTs [14].   

 

Donaldson et al [35] have proposed that, similarly to the fate of fibres reaching the 

parietal pleura, at the peritoneal face of the diaphragm following intraperitoneal 

injection, particles and short fibres may be cleared through stomata whilst long fibres 

that cannot negotiate the stomata are retained here, leading to inflammation and 

fibrosis.  Under this model, the inflammatory response induced at 24 h by CNTLONG1 

with 0 weeks incubation in Gambles solution would indicate that the long fibres of 

this sample are retained at the diaphragmatic stomata, and are still there at 7 d as 

evidenced by the development of fibrotic plaques and the continued inflammatory 

response.  The much-reduced inflammatory responses at both 24 h and 7 d induced by 
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the CNTLONG1 sample incubated for 10 weeks in Gambles solution is consistent with 

the shorter fibres in this sample being cleared, with fewer being retained at the 

diaphragmatic stomata.  

 

A question remains over the kind of chemical reaction that caused the loss of mass 

and fibre shortening in the CNTLONG1 samples that was absent in the other CNT 

samples.  It has been suggested that synthesis defects (such as point defects, or 

5-membered or 7-membered carbon rings in the sidewalls causing strain), and/or 

removal of impurities during or after CNT synthesis that can also introduce defects 

into the fibres, could act as points of weakness for mechanical or chemical attack and 

result in breakdown of CNTs [9].  Three recent studies investigating the 

biodegradation of short SWCNTs when incubated in oxidizing environments [14-16] 

have shown that the biodegradable SWCNTs carried surface carboxylic acid groups.  

One of the studies showed that only carboxylated SWCNTs were subject to 

biodegradation whereas pristine SWCNTs or those with other kinds of surface 

functionalizations were not [15].  Thermogravimetric analysis in another of these 

studies [16] also showed a loss of mass in carboxylated SWCNTs alongside 

biodegradation comparable to the loss of mass we saw in our CNTLONG1 sample.  

These studies did not address the biodegradation of MWCNTs.  When we analysed 

our CNT samples by X-ray photoelectron spectroscopy (XPS), we found that the most 

oxygenated sample was CNTSW, which had no mass loss.  However, the durable 

CNTTANG2 and the degradable CNTLONG1 had oxygen levels similar to each other, but 

lower than observed for CNTSW.  We did not measure if the surfaces of our samples 

were oxidized, but oxidative attack on MWCNTs may result in successive layer 

removal leading to thinner tubes [36], which we did not see.  Future studies are 
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required to investigate the mechanism(s) driving mass loss and fibre shortening 

leading to the reduced pathogenicity observed here for CNTLONG1, and to determine if 

the mechanisms are applicable to other MWCNTs.   

Conclusions  
In summary, we have found that three of the four types of CNTs tested here showed 

close to 100% durability after incubation for 24 weeks in a simulated biological fluid, 

while a fourth lost mass, accompanied by a reduction in the proportion of long fibres 

in the sample. It is important to note that three types of CNTs assessed here were 

durable and therefore the fibre shortening and loss of mass seen in the fourth sample 

(CNTLONG1) cannot be generalised across all types of CNTs.  Subsequent testing for 

inflammogenic potential using a fibre-specific assay revealed that an adverse response 

in vivo was dependent on both the durability and the presence of discrete, long CNTs 

or fibre-shaped agglomerates of CNTs in the sample: the durable but tightly 

agglomerated bundles of short CNTSW elicited a minimal response in mice, while the 

pristine, discrete, long, thin fibres of CNTLONG1 induced an asbestos-like response, 

which was mitigated after chemical incubation reduced the proportion of fibres longer 

than 15 µm.  These findings add to growing evidence that biodurability and 

pathogenicity are not consistent across all types of CNTs. However, given the 

substantial response induced in mice by the pristine fibres of CNTLONG1, and the fact 

that the other three types of CNTs tested here were durable, we would suggest that 

CNTs that are potentially of pathogenic fibre dimensions should be treated with a 

very high level of caution in the workplace to avoid inhalation, as it is expected that 

the majority of CNTs may be biopersistent.  Clearly, though, if a CNT can be 

designed and manufactured with safety in mind without compromising its intended 

application, for example with some kind of surface defect that makes it vulnerable to 
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chemical attack and degradation in biological systems, or with a propensity to form 

clump-like agglomerates that can be cleared, then there is the potential for biological 

hazards to be minimised.  

Methods 

Characterisation of test samples  

Seven fibrous samples were tested for their durability in Gambles solution: four types 

of CNTs and three control fibres.  Two of the MWCNTs (CNTLONG1 and CNTTANG2) 

and the SWCNT (CNTSW) were commercial samples obtained from Mitsui & Co., 

NanoLab and Sigma-Aldrich, respectively. The third type of MWCNT tested 

(CNTSPIN) was prepared using a proprietary method and supplied by the CSIRO 

(Australia).  For controls, we assessed two types of asbestos fibres [amosite (LFA) 

and chrysotile (LFC)] and one type of glass wool fibre (X607).  Two of the CNT 

samples used in this study (CNTLONG1 and CNTTANG2) have been described elsewhere 

[18].  However, these samples were characterised again in this study to maintain 

consistency across samples. 

 

For quantification of contaminating metals, approximately 0.2-2.7 mg/ml of each 

sample was weighed into an acid-cleaned digestion tube containing 0.2% (v/v) HNO3.  

The samples were mixed and digested at room temperature for 15 min after which the 

0.2% HNO3 leach solution was filtered through acid-cleaned 0.45 µm filter cartridges 

and analysed by matrix-matched standards using the techniques of 

inductively-coupled plasma mass spectrometry (ICP-MS, Agilent 7500 CE) or 

inductively-coupled plasma atomic emission spectroscopy (ICP-AES, Varian 

730-ES). 
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For measurement of endotoxin levels, 1 mg/ml each sample was vortexed for 1 min in 

limulus amebocyte lysate (LAL) endotoxin-free water and incubated for 1 h at 37 ˚C.  

Samples were then centrifuged and endotoxin levels in the supernatant were 

determined in triplicate using the QLC-1000 Chromogenic LAL kit (Lonza, Australia) 

following manufacturer’s instructions.  A previous trial had shown that centrifugation 

did not artificially lower endotoxin levels in the supernatant.  An aliquot of each 

supernatant was also spiked with a known amount of endotoxin and measured 

alongside unspiked samples to confirm the absence of assay inhibition. 

 

Samples were assessed for their potential to generate free radicals by electron 

paramagnetic resonance (EPR).  TEMPONE-H (Enzo Life Sciences) was used as a 

spin trap to quantify peroxynitrite and superoxide radical formation.  Samples were 

prepared by diluting the filtered test samples that had been resuspended for injection 

to 0.01 mg/ml in saline.  TEMPONE-H (1 µl of 100 mM stock solution) was added to 

99 µl of the diluted test sample to obtain a final concentration of 1 mM 

TEMPONE-H.  The samples were incubated at 37 ˚C for 60 min after which the 

levels of oxidised TEMPONE-H were quantified by EPR.  Undiluted test samples at a 

presumed mass of 0.5 mg/ml were also assessed. Pyrogallal in Hanks Buffered 

Solution was a positive control for the TEMPONE-H reaction.  A negative control for 

the 0.01 mg/ml samples was prepared by adding 2 µl 0.05% BSA:saline to 97 µl 

saline. A negative control for the undiluted test samples was prepared by using 99 µl 

0.05% BSA:saline.   

 

XPS analysis was performed using an AXIS Ultra DLD spectrometer (Kratos 

Analytical Inc., Manchester, UK) with a monochromated Al Kα source at a power of 
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150 W, a hemispherical analyser operating in the fixed analyser transmission mode 

and the standard aperture (0.3 mm × 0.7 mm slot).  The total pressure in the main 

vacuum chamber during analysis was typically less than 5 × 10-8 mbar. 

Each specimen was analysed at an emission angle of 0° as measured from the surface 

normal.  Since the actual emission angle is ill-defined in the case of particles (ranging 

from 0º to 90º with respect to the surface normal) the sampling depth may range from 

0 nm to approximately 10 nm.  All elements present were identified from survey 

spectra (acquired at a pass energy of 160 eV).  The atomic concentrations of the 

detected elements were calculated using integral peak intensities and the sensitivity 

factors supplied by the manufacturer.  The accuracy associated with quantitative XPS 

is ca. 10% - 15%.  Precision (i.e. reproducibility) depends on the signal/noise ratio but 

is usually much better than 5%.  The latter is relevant when comparing similar 

samples. 

 

Full characteristics of the test samples are given in Table 5.  

 

[INSERT TABLE 5 HERE] 

In vitro assessment of biodurability 

Gambles solution was prepared the day before addition to the samples (per litre: 7.12 

g NaCl; 1.95 g NaHCO3; 0.029 g CaCl2.2H2O; 0.148 g Na2HPO4; 0.079 g Na2SO4; 

0.212 g MgCl2.6H2O; 0.118 g Glycine; 0.152 g Trisodium citrate.2H2O; 0.18 g 

Disodium tartrate.2H2O; 0.172 g Sodium pyruvate; 167 µl lactic acid).  Formaldehyde 

(2 ml/L; 37% in formalin) was added to prevent microbial growth.  The pH was 

adjusted by HCl to 4.5 and then readjusted the next day prior to addition to the 

samples.  
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For each time-point of interest, four replicates of each test sample (each weighing 

1.00-3.00 mg) were weighed (Ohaus AP2500) into 7 ml plastic flat-bottomed Bijou 

tubes.  An appropriate amount of Gambles solution was added to each sample to give 

a final concentration of 0.5 mg sample/ml.  Samples were sonicated (Fisherbrand 

ultrasonicating water bath, ultrasonic frequency: 40 kHz) until the CNTs or fibres 

were visually judged to have dispersed as well as possible.  Consequently, the X607, 

LFA and LFC samples were sonicated for 20 min and the CNT samples were 

sonicated for 1 h.  All samples were then incubated with shaking for up to 24 weeks at 

37 °C with the Gambles solution refreshed every 3 weeks.  0 weeks samples were 

treated identically to incubated samples with the exception that after mixing with 

Gambles solution they were immediately filtered and dried, without sonication. 

The four replicates of each sample were removed from incubation at 0 weeks, 

3 weeks, 6 weeks, 10 weeks and 24 weeks and filtered and washed with double-

distilled water (ddH2O) onto pre-weighed PVC filter papers (5.0 µm pore size, 25 mm 

diameter, SKC Inc).  Blank Gambles solution was also washed through five filter 

papers to control for mass not attributable to the recovered CNTs or fibres. The 

filtered samples were left to dry protected from dust at room temperature for five 

days, and then weighed to 0.001 mg (Sartorius MC5-OCE), and percent recoveries 

relative to recovery at 0 weeks were calculated.  

Statistical significance of loss of mass across the time points for each sample type was 

assessed by one-way analysis of variance (ANOVA) with Tukey’s Multiple 

Comparison post test. 
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For morphological assessment by SEM, samples of each CNT or fibre that had been 

incubated in Gambles solution for 0 weeks or 10 weeks were filtered on Whatman PC 

filter membranes (0.2 µm pore size, 25 mm diameter) and viewed by SEM (Hitachi S-

2600N).  EDX (Inca System, Oxford Instruments) linked to the SEM was used to 

confirm that the major elements present in the samples being viewed were consistent 

with what was expected.  

 

For measurement by TEM, samples of each CNT or fibre that had been incubated in 

Gambles solution for 0 weeks or 10 weeks were filtered on PVC filter papers (5.0 µm 

pore size, 25 mm diameter, SKC Inc.).  To prepare the samples for TEM, small 

fragments of filtered material were removed from filter paper with forceps and 

suspended in 50-100 µl ethanol by gentle sonication in a water bath for up to 3 h, with 

samples of the same type always sonicated for equivalent periods of time.  Addition 

of 1% triton or sonication for longer times did not improve the degree of dispersion.  

Aliquots of each dispersion (5 µl) containing small fragments of material (visible to 

the naked eye) were pipetted onto carbon-coated 100 mesh copper grids.  Grids were 

examined in a Tecnai 12 TEM (FEI, Eindhoven, Netherlands) operating at 120 kV at 

a variety of different magnifications.  Images were recorded using a MegaView III 

CCD camera (Olympus) and AnalySiS software.  Measurements were made using 

Image J (NIH) calibrated via the embedded scale bar.   

 

The technical difficulties in measuring the lengths and diameters of CNTs within 

bundles should be noted here, and therefore the measurements included in Table 3 

should be regarded only as trends rather than absolute values.  For the measurements 

reported here, a number of images for each sample were examined and all fibres in a 
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given image that had a discernible length or width were measured for that aspect.  

When a straight fibre passed over a grid line and did not emerge from the other side, 

the mid-point of that grid line was measured as the end of that fibre.  If two or more 

CNTs overlapped with one another such that the lengths and/or diameters of 

individual fibres could not be determined, those CNTs were excluded from 

measurement.  As we were interested in time-dependent alterations in the proportions 

of long to short fibres, we included fibres with lengths <5 µm for representative 

purposes, although these measurement rules depart from the World Health 

Organisation’s guidelines.  

 

To increase confidence in our measurements, two sets of measurements were 

performed by two individual operators and an average of 100 measurements was 

made per sample, although the number of measurements for samples in which 

individual fibres were difficult to identify were considerably lower (e.g. only 23 

measurements were possible for determining the lengths of CNTSW).   

In vitro determination of the impact of sonication on CNTLONG1 mass loss and 
fibre changes 

Quadruplicate CNTLONG1 samples were weighed as described, then either sonicated in 

Gambles solution for 1 h under conditions identical to the main experiment and 

filtered, dried and weighed, or washed in Gambles solution and immediately filtered, 

dried and weighed, replicating the conditions by which we produced our original 

0 weeks samples.  Sample recoveries and fibre lengths were measured as described 

above.  

In vivo assessment of inflammogenic potential 

Samples of X607, LFA, LFC, CNTSW and CNTLONG1 that had been filtered after 0 

weeks or 10 weeks incubation were used to investigate the impact of incubation in 
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Gambles solution on inflammogenic potential in vivo in mice.  CNTTANG2 was not 

assessed as it had previously been shown not to elicit an inflammatory response in 

mice [18].  CNTSPIN was not assessed due to sample characteristics that made it 

impossible to obtain a good dispersion in 0.5% BSA:saline, and therefore we could 

not be confident of injecting a known mass for in vivo evaluation.  

 

Four female C57Bl/6 mice aged 8 weeks were used for each sample type at each 

selected time-point, plus three control mice that were injected with vehicle only.  

Mice were housed at the University of Edinburgh Biological Research Facility under 

standard housing conditions of 12 h light/dark cycles, and food and water was 

available ad libitum.  All procedures were conducted in accordance with Edinburgh 

University guidelines.   

 

The samples (residues after filtering, washing and drying) were resuspended with 

sonication in 0.5% BSA (1 h bath sonication (Fisherbrand ultrasonicating water bath) 

ultrasonic frequency: 40kHz) followed by 10 sec probe sonication (Bandelin 

Electronics Status US 70, Berlin, Germany: 60% power using pulsing) in sterile saline 

at their presumed original mass of 0.5 mg/ml.  Based on this presumed 100% recovery 

of original mass, 50 µg each sample, or vehicle only, was injected into the mouse 

peritoneal cavity.  After 24 h or 7 d the mice were sacrificed by asphyxiation in 100% 

CO2 and the peritoneal cavity of each mouse was washed (lavaged) three times with 

2 ml sterile saline using a 21 gauge needle.  The first wash was stored in a chilled 

1.5 ml Eppendorf tube, and the second and third washes were combined in a conical 

15 ml falcon tube, both on ice. 
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Following sacrifice and lavage at the 7 d time-point only, the peritoneal cavity was 

exposed via lateral incisions in the abdominal wall extending to the vertebral column, 

which was severed below the diaphragm.  The ribcage around the diaphragm was then 

cut from each mouse, taking care not to tear the diaphragm, rinsed by gentle 

immersion in ice-cold sterile saline and stored in ‘methacarn’ fixative (60% methanol, 

30% chloroform, 10% acetic acid) at room temperature for approximately five days.  

The diaphragm was then carefully excised from the surrounding ribcage and stored in 

70% ethanol until processed for histology.  

 

To pellet cells obtained by lavage, samples in the 1.5 ml tubes were centrifuged at 

2000 rpm for 5 min at room temperature and the combined washes in the 15 ml tubes 

were centrifuged at 123g for 5 min at room temperature.  From the first wash a 1 ml 

aliquot of supernatant was transferred to a fresh 1.5 ml Eppendorf tube and stored at 

-20 ˚C for quantification of Interleukin-6 (IL-6).  A further 200 µl from the first wash 

was combined in a fresh 1.5 ml Eppendorf tube with 400 µl supernatant from the 

second and third washes and stored at 4 ˚C for quantification of lactate dehydrogenase 

(LDH) and total protein levels. 

 

To prepare slides for total and differential cells counts, the remaining supernatants 

were discarded and the cell pellets from each of the second and third washes were 

resuspended in 500 µl 0.01% BSA:saline, and then combined with the pellet from the 

first wash, which was completely resuspended by gentle pipetting.  An aliquot (10 µl) 

was diluted 1:10 in sterile saline and total cell numbers were counted using a 

NucleoCounter (ChemoMetec, A/S, Allerød, Denmark) following standard protocol.  

Briefly, to the 100 µl containing 10-fold diluted samples was added 100 µl lysis 
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buffer (ChemoMetic Reagent A) followed by 100 µl stabilisation buffer (ChemoMetic 

Reagent B).  The lysed solution was drawn up into a NucleoCounter and the diluted 

cell count obtained. 

 

After total numbers for each sample had been calculated (diluted cell count X10), 

samples were prepared for differential cell counting.  Glass slides (Thermoscientific) 

were labelled and then placed in a cytospin slide cassette with filter cards 

(ThermoShandon) and placed in a cytospin centrifuge (Cytospin 4, ThermoShandon).  

BSA (300 µl 0.01% in saline) was added to the cassette and the cell suspension was 

added at an appropriate volume to obtain ~40,000 cells/slide.  The cassettes were 

centrifuged at 300 rpm for 3 min at room temperature after which the slides were 

removed and allowed to dry at room temperature.  Once dried, the slides were fixed in 

100% methanol, and then stained with eosin (DiffQuickI, Dade Behring) followed by 

hematoxylin (Quick-Diff Blue, Reastain).  Differential cell counting was performed 

using light microscopy. 

 

The bicinchinonic acid (BCA) protein assay (Sigma Aldrich) was used to measure 

total protein concentration of the peritoneal lavage fluid.  The test reagent (1 part 

copper (II) sulphate solution (4% w/v) to 50 parts BCA) was added to the standards 

and lavage samples, which were then incubated at 37 ˚C for 30 min.  The absorbance 

of solutions in plates was read at 570 nm using a Synergy HT microplate reader 

(BioTek Instruments).  The protein concentration of each sample was established by 

interpolation from a BSA standard curve (0-1000 µg/ml).  
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Concentrations of IL-6 in the peritoneal lavage samples were determined by ELISA 

(IL-6 Duoset, R&D Systems).  The samples and standards were added to 96-well 

plates pre-coated with IL-6 capture antibody and incubated at room temperature for 

2 h.  Each well was thoroughly washed with 0.05% Tween 20/PBS before incubation 

with IL-6 detection antibody at room temperature for 2 h.  Wells were washed again 

followed by 20 min incubation with Streptavidin-HRP conjugate.  The wash step was 

repeated before the addition of substrate solution (3,3´,5,5´-tetramethylbenzidine, 

Sigma) to each well.  Plates were incubated in the dark at room temperature until the 

colour had developed sufficiently, after which the reaction was stopped by the 

addition of 50 µl 2N H2SO4 per well.  Absorbance at 450 nm was read.  The IL-6 

concentration in each sample was established by comparison with an IL-6 standard 

curve (0-100 pg/ml).  

 

Levels of LDH in the peritoneal lavage fluid were assessed using the LDH detection 

kit (Roche Applied Science).  Following addition of the test reagent 

(diaphorase/NAD+ catalyst mixture diluted in iodotetrazolium chloride (INT) and 

sodium lactate dye solution), samples were incubated in darkness at room temperature 

for 30 min after which absorbance was read at 490 nm.   

 

To detect the presence of fibrotic plaques in the excised diaphrams, and measure their 

sizes, 4 µm-thick diaphragm sections were stained with hematoxylin and eosin, and 

serial images were taken using QCapture Pro software (Media Cybernetics Inc., MD, 

USA).  The images were realigned using Photoshop Elements 4CS3 (Adobe Systems 

Inc.) and the total length of each diaphragm along the basement membrane was 

measured using calibrated Image-Pro Plus software (Media Cybernetics Inc., MD, 
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USA).  The area of each detected fibrotic plaque was measured, excluding areas of 

adherent tissue such as liver, connective tissue or lymphatic tissue.  The area of 

fibrotic plaque on each diaphragm (in mm2) was expressed per unit length of 

diaphragm (in mm) to give fibrotic plaque area per unit diaphragm length (mm2/mm).  

Average results were calculated from four separate animals for each treatment and 

statistical significance was assessed by one-way ANOVA with Tukey’s Multiple 

Comparison post test. 

Statistics 

All data are expressed as the mean ± the standard error of the mean (SE).  Statistical 

tests were performed using GraphPad Prism 5.01 (GraphPad Software, San Diego, 

USA).  Comparisons between two groups were analysed using unpaired t-tests, and 

multiple comparisons were analysed using one-way ANOVA with Tukey’s Multiple 

Comparison post test.  For all tests, values of p<0.05 were considered statistically 

significant.  
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Table 1:  Fibres investigated in this study and rationale for their use 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Fibre Source Rationale for Use 

X607 Rockwool International Non-durable glass wool control 

LFA Archival samples Durable amosite asbestos control 

LFC Archival samples Non-durable chrysotile asbestos control 

CNTSW Sigma-Aldrich Unknown durability 

CNTSPIN CSIRO Australia Unknown durability 

CNTLONG1 Mitsui & Co Unknown durability 

CNTTANG2 NanoLab Inc Unknown durability 
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Table 2: Weights of samples recovered from Gambles solution at 0 weeks and 

various incubation times to 24 weeks 

Recovered weights of incubated samples in quadruplicate are expressed as percent 

relative to the recovered weight at 0 weeks, and presented here as mean ± standard 

error (SE) of the mean.  The statistical significance of differences from the recoveries 

at 0 weeks were assessed by one-way ANOVA with Tukey’s Multiple Comparison 

post-test.   A statistically significant difference from the recovery at 0 weeks was set 

at p<0.05 and is denoted by an asterisk.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 - 39 - 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Sample ID 
Incubation 

Period (week) 

% Week 0 Recovery 

± SE 

0 100 ± 2.09 

3 75.8 ± 5.46 * 

6 59.2 ± 3.2 * 

10 46.86 ± 3.07 * 

X607 

24 37.82 ± 6.6 * 

0 100 ± 1.55 

3 95.53 ± 1.48 

6 94.13 ± 1.2 

10 83.76 ± 2.62 * 

LFA 

24 75.43 ± 1.33 * 

0 100 ± 0.3 

3 77.26 ± 2.93 * 

6 75.8 ± 2.6 * 

10 53.79 ± 1.42 * 

LFC 

24 28.23 ± 3.03 * 

0 100 ± 2.46 

3 103.92 ± 3.94 

6 107.08 ± 2.85 

10 101.51 ± 2.69 

CNTSW 

24 88.68 ± 6.4 

0 100 ± 3 

3 99.14 ± 1.23 

6 101.92 ± 1.39 

10 102.18 ± 1.36 

CNTSPIN 

24 114.18 ± 2.91* 

0 100 ± 1.36 

3 70.37 ± 6.75 * 

6 71.99 ± 3 * 

10 80.19 ± 7.41 

CNTLONG1 

24 70.76 ± 2.59 * 

0 100 ± 23.85 

3 94.23 ± 6.01 

6 94.84 ± 14.94 

10 108.39 ± 15.83 

CNTTANG2 

24 74.06 ± 2.58 
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Table 3:  Average widths and lengths, and length distributions, of samples 

incubated in Gambles solution for 0 weeks or 10 weeks, as determined by TEM 

measurements 

The dimensions of fibres, for which a start and end point could be identified in 

representative TEM images, were measured using Image J (NIH) calibrated software.  

The mean widths and lengths of samples incubated for 10 weeks were compared to 

their equivalent 0 weeks samples by an unpaired t-test, where statistical significance 

was set at p<0.05 (denoted by an asterisk).  Fibre dimensions were additionally 

determined for CNTLONG1 at 3 weeks incubation to assess whether the shortening seen 

at 10 weeks was part of a consistent trend.  
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Table 4:  Summary of results from experiments to determine durability, and 

acute and 7 d inflammatory responses in vivo, for CNT samples and controls  

This table compiles and summarises data presented in Tables 2 and 3, and Figures 1, 

2, 3 and 5.  A cross indicates a statistically significant difference between treatment 

and control (for fibre changes, 10 weeks compared with 0 weeks; for inflammatory 

responses, response to fibre sample compared with vehicle only). A dash indicates no 

statistically significant difference.  
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Figure 1 

Paradigm for the role of length and biopersistence in the pathogenic effects of 

fibres  

Schematic outlining the possible fates for fibres in vivo based on length and 

biopersistence (from Donaldson et al. 2006). Long, narrow (not depicted) and 

biopersistent fibres that deposit in the distal lung regions may cause inflammation, 

fibrosis and/or cancer. 

 

Figure 2  

Durabilities of CNT samples and controls in simulated biological fluid 

The weights of quadruplicate samples of glass wool fibre (X607), asbestos fibres 

(LFA, LFC) and CNT test samples (CNTSW, CNTSPIN, CNTLONG1 and CNTTANG2), 

recovered from Gambles solution following incubation for various times are 

expressed relative to the weight of sample recovered at 0 weeks.  

 

Figure 3  

Effect of incubation in Gambles solution on fibre widths and lengths 

Boxplots showing the distribution of fibre widths and lengths (nm) in samples that 

had been incubated in Gambles solution for 0 weeks or 10 weeks. The line in the box 

represents the median value of measurements from TEM images, and the edges of the 

box represent the lower and upper quartiles.  The ends of the whiskers represent 

minimum and maximum values.  
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Figure 4  

Appearance of fibres before and after incubation in Gambles solution 

Representative SEM images of samples after 0 weeks or 10 weeks incubation in 

Gambles solution are shown at 5.0K magnification in the two panels on the left. TEM 

images of equivalent samples, at indicated magnifications, are on the right.  

 

Figure 5  

Inflammatory responses to test samples injected into the peritoneal cavities of 

mice 

Samples of vehicle only, X607, LFA, LFC, CNTSW and CNTLONG1, incubated for 

either 0 weeks or 10 weeks in Gambles solution, were injected into the peritoneal 

cavities of mice, and inflammatory responses were assessed at 24 h (panels on left) 

and 7 d (panels on right) post-injection.  The inflammatory response was assayed by 

total (A) and differential (B) cell counts to identify infiltration of immune cells into 

the peritoneal cavity, total protein (C) to indicate increased permeability in the 

peritoneal cavity, IL-6 (D) as a measure of inflammatory cytokines, LDH (E) to 

indicate damage to cellular membranes, and the development of fibrotic plaques at 7 d 

(G). Note that the scales of the vertical axes vary. Differences between mice treated 

with the same fibre samples incubated for 0 weeks or 10 weeks were assessed by 

unpaired t-tests, with statistical significance set at p<0.05 (denoted by an asterisk). 

Differences between mice treated with fibres that had been incubated for 0 weeks or 

10 weeks compared to mice treated with vehicle only were assessed by one-way 

ANOVA with Tukey’s Multiple Comparison post-test, with statistical significance set 

at p<0.05 (denoted by an unshaded triangle). For the differential cell counts, 

statistically significant differences between the numbers of macrophages (MAC) and 
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polymorphonuclear leukocytes (PMNs) in treated mice compared to control mice are 

denoted by an unshaded triangle or a black square, respectively.  

 

Figure 6 

Fibrotic plaques on the peritoneal face of the diaphragm following 

intraperitoneal instillation of CNTLONG1 and LFA fibres 

A. Differential development of fibrotic plaques on the peritoneal face of the 

diaphragm following the injection of CNTLONG1 or LFA fibres that had been incubated 

for 0 weeks (left panels) or 10 weeks (right panels). Black rods indicate the depth of 

the fibrotic plaque and show that 10 weeks incubation in Gambles solution did not 

impact the response to LFA fibres, whereas the fibrotic response from CNTLONG1 0 

weeks was largely absent in mice injected with CNTLONG1 10 weeks.  Co-localisation 

of fibrotic plaques with CNTLONG1 fibres (B) or LFA fibres (C) (indicated by black 

chevrons) is also shown.  
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