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Abstract

Carbon nanotubes (CNT) are hexagonal arrangements of carbon atoms built up to form fibres with
diameters in the nanometre range but lengths which may extend up to hundreds of microns. The

physiochemical properties ofCNT are advantageous for a variety of industrial applications leading to

CNT becoming one of the major products in the burgeoning field of nanotcchnology. However their
structural similarity to asbestos has raised concerns that they may also pose an occupational inhalation
hazard and cause diseases of the lung or pleura. Several decades of fibre toxicology have lead to the

development of a robust structure/activity model, the fibre pathogenicity paradigm (FPP), which
identifies length, thinness and biopersistence as the critical properties a fibrous particle must possess

if it is to be pathogenic. The purpose of this study was to examine the pathogenicity of CNT in
relation to the FPP by examining the effect of CNT in the pleural space, a target tissue for asbestos-
related disease.

In order to address this aim a method of injection directly into the pleura cavity of mice was

employed. Direct instillation of long and short CNT into the pleural cavity produced length-dependent

responses characterized by acute inflammation leading to progressive fibrosis on the parietal pleura
which mirrored the pleura response to asbestos. Furthermore examination of the size-restricted
clearance mechanisms from the pleural cavity confirmed the hypothesis that the pathogenicity of long
CNT and other fibres, arises as a result of length-dependent retention at the stomata on the parietal

pleura.

The cellular interactions leading to an inflammatory response in the pleural cavity were also examined
in an in vitro study which tested the CNT for their ability to stimulate the release of the acute phase

cytokines from both mesothelial cells and macrophages. Direct exposure to CNT resulted in

significant cytokine release from the macrophages but not mesothelial cells. This pro-inflammatory

response was length dependent but modest and was shown to be a function of frustrated phagocytosis.
Furthermore the indirect actions of the CNT were examined by treating the mesothelial cells with
conditioned media from CNT-treated macrophages. This resulted in dramatic amplification of

cytokine release from the mesothelial cells. We therefore hypothesise that long fibres elicit an

inflammatory response in the pleural cavity via frustrated phagocytosis in pleural macrophages. The
activated macrophages then stimulate an amplified pro-inflammatory cytokine response from the

adjacent pleural mesothelial cells.

A 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 CNT we tested if the level of inflammation and fibrosis triggered in vivo can

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



modification of CNT did not alter the acute inflammogenicity of the CNT, the chronic fibrotic

response was significantly attenuated. The specific role surface chemistry played in the modification
of the CNT pathogenicity however was obfuscated by the apparent lack of biopersistcncc of the
functionalised CNT compared with the pristine sample.

Although direct injection into the pleural space is a convenient model to assess the hazard of fibres to

the mesothelium it is not a physiologically relevant route by which workers may be exposed to CNT.
Therefore we examined the inflammatory potential of CNT on the lungs and pleural cavity following

pharyngeal aspiration into the airspaces. A length-dependent inflammatory response in the lungs was

observed where only the long CNT sample caused acute neutrophilic inflammation at one week and

progressive interstitial thickening of the alveolar septa by six weeks post exposure. Furthermore we

report the induction of a length-dependent inflammatory response in the pleural cavity after exposure
to CNT via the lung airspaces with concomitant evidence for the translocation of CNT from the lung
into in the pleural cavity and subsequent retention along the parietal pleura.

In summary the results presented here demonstrate the length-dependent pathogenicity of CNT in the

pleural cavity and highlights the necessity for risk assessment for people likely to be exposed in the

workplace. We also explored mechanistic aspects of the inflammatory response to long CNT which
has implications for the general understanding of fibre-related pleural disease and may prove useful
for the design of safe nanofibres.
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Chapter 1: Introduction

1.1 The respiratory system

1.1.1 Structure

The function of the respiratory system is to facilitate the diffusion of oxygen into the blood and the
removal of carbon dioxide waste.

The respiratory system is divided into two regions, the upper respiratory tract and the lower

respiratory tract. The upper respiratory tract comprises the nasal cavity, continuing over the

nasopharynx and oropharynx to the larynx and the proximal end of the trachea, and conducts air from
the nose down to the lower respiratory tract cavity (Figure 1.1). The primary function of the upper

respiratory tract is to warm, humidify and filter the inspired air.

The lower respiratory tract extends from the trachea to the alveoli where gas exchange occurs. At the
inferior border of the superior mediastinum of the thorax, the trachea bifurcates into two primary
bronchi. The designated subdivisions of the respiratory tree distal to the bronchus arc the bronchiole,

respiratory bronchiole, alveolar duct, alveolar sac and alveolus. As the bronchi undergo progressive
reduction in size through dichotomous branching, the cartilage support is eventually lost at which

point the passageway is termed a bronchiole. As a smaller subdivision of the conducting tube, the
bronchiole varies in size from about 0.5 to 1 mm in diameter. Distal to the smallest bronchiole

(terminal bronchiole) are the respiratory bronchioles which are not present in rodents (Warhcit and

Flartsky, 1990). These segments of the lung mark the transition from the conducting to the respiratory

passages, where oxygen and C02 are exchanged. The respiratory bronchiole branches to form alveolar
ducts which possess alveoli that appear as outpockets of the main wall. The terminal portion of the

respiratory duct gives rise to the alveolar sacs, composed of a variable number of alveoli.
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Figure 1.1: Gross anatomy of the respiratory system. Adapted from
(www. anatomy, iupui. edu/respiratory.html.)

1.1.2 The alveolar region

The alveoli are the final branchings of the respiratory tree and act as the primary gas exchange units
of the lung. The gas-blood barrier between the alveolar space and the pulmonary capillaries is

extremely thin, allowing for rapid gas exchange. There are approximately 300 million alveoli in the
human lung, which together account for 99% of the internal surface of the lung (Stone ct al., 1992).

The alveoli are composed of type I and type II epithelial cells surrounded by a network of capillaries.
Alveolar type I (TI) cells are very large squamous cells approximately 5400pm2 in surface area (Stone
et al., 1992). Although TI cells comprise only approximately 10% of the cells in the alveolar region,

they cover 99% of the internal surface area of the lung with the remaining 2% accounted for by the

type II epithelial cells (Til) (Crapo ct al., 1982). The thin cytoplasmic extensions of the TI cells form
the air-blood barrier essential for gas exchange. TI cells are terminally differentiated and commonly
considered to be unreactive, however it has been recently been suggested that these cells may also

play an important role in the regulation of cell proliferation, ion transport, modulation of macrophage
function and signalling events in the peripheral lung (Berthiaumc et al., 2006).
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Type II alveolar cells are cuboidal cells and predominantly found at the alveolar septal junctions.

Although they cover much less surface area type II cells significantly outnumber type I cells (Crapo ct

al., 1982). Type II cells can replicate in the alveoli and will replicate to replace damaged type 1 cells.

Type II cells are highly metabolically active and contain numerous cytoplasmic organelles, including
mitochondria and a well-developed Golgi complex, but they are most noted for the presence of large,
membrane-limited lamellar bodies (Johnson, 1980). The primary function of type II cells is the

production of surfactant which is assembled and stored in the lamellar bodies. The lamellar bodies

carry surfactant to the apical plasma membrane and release surfactant onto the alveolar surface

(Johnson, 1980).

Surfactant is composed primarily of phospholipids, the most abundant being phosphatidylcholine,

although approximately 10% of surfactant is comprised of serum proteins, apoproteins and surfactant

proteins (SP) -A, -B, -C and -D (Goerke, 1998; Pison et al., 1996). A film of pulmonary surfactant
lines the alveoli, reducing the air-liquid surface tension thereby preventing alveolar collapse. In

addition, surfactant plays a role in host defences, containing antioxidant activity and bacteria

opsonising proteins which promote alveolar macrophage activity especially phagocytosis (Pison ct al.,

1996).

The TI and Til cells rest on a basal lamina which is intimately associated with capillaries of the

pulmonary vascular system. The pulmonary artery conveys the venous blood to the lungs where it
divides into branches which accompany the bronchial tubes and end in a dense capillary network in
the walls of the alveoli. The pulmonary capillaries form plexuses which lie immediately beneath the

lining epithelium where the thin walls allow the diffusion of gases. The minute capillaries coalesce

forming pulmonary veins until finally they open into the left atrium of the heart, conveying

oxygenated blood to be distributed to all parts of the body by the aorta. The bronchial arteries are

derived from the thoracic aorta and supply blood for the nutrition of the lung.

Alveolar macrophages are the phagocytic cells that dwell in the surfactant layer in the alveoli.
Alveolar macrophages make up approximately 5 % of the total lung cell population and occur at a

frequency of approximately one macrophage per alveolus under resting conditions (Stone ct al.,

1992). Macrophages are the first line of defence in the lnngs and play a critical role in homeostasis,
host defence and the response to foreign substances, including particulates.

1.2 The Pleura

1.2.1 Structure

The lungs and inner surface of the chest wall and diaphragm are covered by a serous membrane
known as the pleura. The main roles of the pleura are to reduce the friction created by the constantly
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moving lungs against the chest wall and to form a coupling between the lung and chest to allow

breathing.

The pleural lining covering the lungs is referred to as the visceral pleura which, at the root of the lung,
folds back on itself to form the parietal pleura covering the chest wall and diaphragm. The tight fit of
the lungs to the inside of the chest wall means that the two pleurae are closely apposed however they
are prevented from contact by a thin film of fluid (Bouros.D, 2004). The parietal pleura can be further
subdivided based on the area of the thoracic cavity it covers with the costal pleura covering the ribs
and intercostal muscles, the diaphragmatic pleura associated with the diaphragm, the cervical pleura

extending to the neck. The mediastinal pleura is the portion of the parietal pleural membrane that lines
the mediastinum (Bouros.D, 2004).

The pleural surface is a smooth surface composed of 5 layers consisting of a single layer of
mesothelial cells, a thin sub-mesothelial connective tissue layer, a thin superficial elastic layer, a loose
connective tissue layer and a deep fibroelastic layer. The surface layer of mesothclial cells is referred
to as the mesothelium and covers the entire surface of the three serosal cavities (pleural, pericardial
and peritoneal) and, in the male, the testicular sac. The mesothclium is derived from the embryonic
mesoderm around day 14 of gestation in humans (Mutsaers, 2004).

1.2.2 Pleural fluid

The pleural cavity formed between the parietal and visceral pleura is filled with a fluid layer forming
a continuous barrier between the visceral and parietal pleura preventing their contact (Emilio

Agostoni, 1986). Pleural fluid has several roles in the pleural cavity which arc essential to health. It
lubricates the pleura surface and allows the opposing pleural layers to slide against each other easily

during ventilation. The pleural fluid also provides a liquid coupling between the chest wall and the

lung surface enabling breathing to occur. The outward pull of the chest wall and the inward recoil of
the lungs act to draw the visceral pleura away from the parietal pleura. However the pleural fluid

provides the surface tension that keeps the lung surface in close apposition with the chest wall (Emilio

Agostoni, 1986). 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 or compressing it.

Generally pleural fluid thickness is uniform with respect to height in the thorax which is facilitated by
the continuous flow of pleural fluid throughout the pleural space (Lai-Fook, 2004). Based on studies
in rabbits using fluorescent micro beads a model of pleural liquid recirculation has been proposed
characterised by a gravity-dependent downward flow of pleural liquid on the flat costal surfaces, an

upward flow along lobar margins, and a transverse flow from lobar margins to the flat costal surfaces

(Wang and Lai-Fook, 1993; Butler et al., 1995).
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The normal volume of pleural fluid per unit body mass has been found to be between 0.1 -0.2 ml/kg in
a number of mammals (Agostoni and Zocchi, 2007). Consistent with these findings a study by

Noppen et al estimated that the total pleural volume in normal, non-smoking humans is approximately
0.26 ml/kg (Noppen et al., 2000).

In all mammals, pleural liquid is generated as a filtrate from capillaries in the parietal pleura lining the
chest wall (Lai-Fook, 2004). In small animals with thin visceral pleura a small amount of pleural

liquid might be reabsorbed by pulmonary capillaries underlying the visceral pleura, otherwise

drainage of pleural liquid from the pleural space occurs via lymphatic stomata in the parietal pleura

(Lai-Fook, 2004). Stomata are between 2-8 pm in diameter and are predominately found in the dorsal
caudal intercostal spaces and to a lesser degree in the ventro-cranial region of the pleura (Wang,

1975). There are limited recordings of the dimensions of human parietal pleural stomata (Li, 1993)
but across mammalian species there is a remarkable constancy in the reported size of stomata

(Shinohara, 1997; Wang, 1975; Miura et al., 2000). The stomata open to the sub-mesothelial

lymphatic capillaries which terminate in dilations called lacunae. These lacunae arc 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). The lymphatic stomata frequently possess

valve-like structures which consist of projections of lymphatic endothelial flaps and prevent

retrograde flow of fluid from the lymphatic channel (Lai-Fook, 2004). Pleural fluid volume is strictly
controlled and maintained at a minimum, to ensure the maximum intrathoracic expansion of the lungs,

by the ability of the draining lymphatics to markedly increase draining flow in response to increased
filtration (Miserocchi, 2009).

The cellular content of normal pleural fluid is made up predominately of macrophages (75%) and

lymphocytes (23%). Free-floating mcsothelial cells and granulocytes may also be present albeit low in
number (Noppen et al., 2000). Pleural fluid also contains a low concentration of protein,

approximately 1.5g/dl which mostly consists of albumin (Lai-Fook and Houtz, 2007; Noppen ct al.,

2000).

1.2.3 Mesothelial cells

The mesothelium is predominately composed of flat squarnous-likc mesothclial cells up to 25 pm in
diameter however mesothelial cells with a cuboidal morphology arc also found in specific regions

including 'milky spots' and overlaying the lymphatic lacunae (Mutsacrs, 2004). Cuboidal mcsothelial
cells contain well-developed rough endoplasmic reticulum, well-developed Golgi complexes, rich
mitochondrial complexes and numerous ribosomes suggesting these cells are metabolically active.

Conversely squamous mesothelial cells have few mitochondria, poorly developed Golgi apparatus and
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little endoplasmic reticulum (Mutsaers, 2004). Mesothelial cells are unique as although they arc

derived from the mesoderm and expresses the mesenchymal intermediate filaments vimentin and

desmin, they also express cytokeratins which are intermediate filaments characteristic of epithelial
cells (Larocca and Rheinwald, 1984).

Connections between adjacent mesothelial cells are mainly via tight junctions which are crucial for
the development of cell surface polarity although other forms of junction such adherens junctions and
desmosomes also occur (Mutsaers, 2002).

A primary function ofmesothelial cells is to provide a protective barrier against abrasion and invading

pathogens. The luminal surface of the mesothelium is lined with a carpet of microvilli which vary in
size and density dependent on mesothelial cell phenotype and location. Microvilli serve to trap

hyaluronan, a glycosaminoglycan produced by the mesothelial cells which acts as a boundary
lubricant (Arai et al., 1975). An increase in secretion of hyaluronan is thought to occur in activated or

damaged cells, potentially as a defence mechanism against the action of lymphocytes and prevents

adhesion formation (Mutsaers, 2002). Similar to alveolar type II cells mesothelial cells also contain
lamellar bodies and secrete phosphotidylcholine to aid lubrication between the serosal surfaces. The

presence of layers of phospholipids on the mesothelium may also serve to prevent contact between the
parietal and visceral pleurae as polar groups on the opposing surfaces repel each other (Miscrocchi,

2009).

Mesothelial cells play an important role in the induction and resolution of inflammation and tissue

repair in the pleural cavity through secretion of cytokines, growth factors, matrix, proteases, and other

inflammatory mediators (Mutsaers, 2002).

1.3 Particle Lung Interactions

During the process of ventilation the respiratory system will inevitably come into contact with a

considerable quantity of airborne particulate matter. The mechanisms by which inhaled particles arc

dealt with are largely determined by the region of the respiratory tract in which the particles deposit.

1.3.1 Deposition

There are five significant modes of particle deposition in the respiratory tract, namely impaction,
sedimentation, diffusion, interception in the case of fibres, and in the case of charged particles,
electrostatic precipitation (Gehr et al., 2000). Impaction is the inertial deposition of a particle onto an

airway surface when the airflow changes course but particles maintain their trajectory and impact on
the airway wall. Impaction is the main mechanism by which particles with an aerodynamic diameter >
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0.5 |-im deposit in the upper respiratory tract and tracheobronchial bifurcations. Sedimentation occurs

in response to gravity where the particles settle due to their mass and is an important deposition
mechanism for particles with diameters > 0.5 pm which reach the respiratory zone where airflow is
minimal. Particles with a diameter < 0.5 pm are influenced by diffusion and are moved randomly by
Brownian motion which may result in particle contact with the airway wall. The probability of

deposition by diffusion increases with increasing particle residence time within the airway.

Interception is important for fibres as whilst their centre of gravity may follow the airstrcam, their
ends may contact the sides of the airway causing the fibre to deposit. Whilst the probability of

deposition by interception increases with increasing fibre length, deposition by impaction or

sedimentation is more influenced by fibre diameter.

The site and extent of particle deposition in the respiratory tract is dependent on a number of factors

including physical characteristics of the particles, geometry of the respiratory tract and breathing

pattern (Heyder, 2004). Figure 1.2 demonstrates the effect of particle size on the zone of deposition as

the respiratory tract is subdivided into the head airways, the trachea-bronchial regions and the

pulmonary region. There is a peak of deposition of large particle (~10pm) which represents the

impaction of large particles in the naso-pharyngeal region of the respiratory tract (Hcydcr, 2004). As

particle size decreases into the respirable range to a size which can penetrate the alveoli, deposition in
the pulmonary region increases. The sub-micron size range shows the largest peak of deposition in the

pulmonary region. Extremely small ultrafine particles show significant deposition in the trachea-
bronchial region of due to turbulent diffusion. The deposition probability for particles with geometric
diameters > 0.5 pm is governed largely by their aerodynamic diameter whereas for smaller particles
the probability of deposition is more closely related to the diffusion equivalent diameter (Gchr ct al.,

2000).
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Panicle diameter (Dp, nm)

Figure 1.2: Deposition ofparticles in the human respiratory tract. The fractional particle deposition in
the different regions of human respiratory tract based on particle size. Reproduced from Gehr, Brand
& Heyder, 2000.

1.3.2 Deposition of a fibre

A fibre is defined by the WHO as a particle with a length greater than 5 pm, a diameter less than 3 pm

and a length to width ratio of greater than 3:1 (WHO, 1997). The principal factor governing the

rcspirability and deposition of a fibre is its aerodynamic diameter (Dae) (Sturm and Hofmann, 2009).
The aerodynamic diameter of a particle is defined as the diameter of a unit density (1 g/cm3) sphere
with the same settling speed as the particle of interest (Sturm and Hofmann, 2009). In simple terms

the aerodynamic diameter of an irregularly shaped object is the same as the diameter of a perfect

sphere with a density of 1 g/cm3 which falls at the exact same rate as the irregularly shaped object.

In a laminar flow of air, a fibre aligns itself axially due to the airflow across the fibre surface allowing
it to travel along aligned with the airways. Therefore the aerodynamic diameter of a fibre is dependent
on the fibre's actual diameter with fibre length only playing a minor role as such length has little

impact on the deposition of a fibre except which it is sufficient to cause interception. Because of this
fibres with a small Dae but many times longer than the cut-off diameter for a spherical particle can

deposit in the alveolar region of the respiratory system. In a study by Jones the ratio of aerodynamic
diameter to geometric diameter was determined to be approximately 2.5-3 over a wide range of aspect
ratios (Jones, 1993).
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1.3.3 Particle Clearance

The clearance of deposited particles from the respiratory system is dependent on the site of deposition
and physicochemical properties of the particles. Clearance of particles deposited in the nasal passages
and tracheobronchial tree is primarily by mucociliary transport (Houtmeyers et al., 1999). This is a

continual process whereby ciliated cells lining the tract sweep mucus containing particles towards to

the oropharynx region where they can either be swallowed or expectorated (Houtmeyers et ah, 1999).
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 (Yeates et ah, 1981).

Clearance from the non-ciliated pulmonary region is mediated primarily via alveolar macrophages.
Once internalised into a phagosome, the macrophage attempts to kill and digest the internalised
bacteria or particle via fusion with acidic lysosomes (Armstrong and Hart, 1971). 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 (Lehnert, 1992).

1.3.4 Translocation to the pieura

Although the exact mechanism of fibre translocation from the lung to the pleural space is unknown
there is a body of literature which suggests a proportion of all particles that deposit in the distal

regions of the lung translocate to the pleural space. A study carried out by Mitchcv et a! 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 examined at autopsy (Mitchcv ct al.,

2002). A greater accumulation of black spots has been noted on the parietal pleural surface of miners

reflecting their higher exposure levels to coal dust (Muller ct al., 2002). Black spots represent areas

of particle accumulation where a proportion of inhaled particles translocated from the lung to (he

pleural space and became interstitialised in the parietal pleura of the chest wall as they are in the

process of being cleared.

The mechanism of translocation from the distal regions of the lung to the pleural space is not well
understood. The penetration of subpleurally-deposited carbon nanotubes through the visceral pleura
into the pleural space after aspiration exposure has been seen by Mercer et a! suggesting a direct route
of translocation (Mercer et al., 2010). This is supported by Bernstein et al who demonstrated the

penetration of long asbestos fibres into the pleural space after inhalation exposure using a non¬

invasive, in situ examination of the lungs and pleural space obtained from frcczc-substitutcd tissue in

deep frozen rats (Bernstein et al., 2011). Alternative routes of translocation have also been proposed

including the primary translocation of fibres into the blood or lymphatic system from where they can

potentially move to any area of the body including the pleural space (Miscrocchi ct al., 2008). It has
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been suggested that the translocation is possibly driven by the increased pulmonary interstitial

pressure and aided by the enhanced permeability of the visceral pleura due to asbestos-induced
inflammation (Miserocchi et al., 2008).

1.4 Asbestos

1.4.1 Structure

Asbestos is a generic term referring to six types of naturally occurring silicate mineral fibres that are
or have been commercially exploited. These fibres belong to two mineral groups: serpentine and

amphiboles. The serpentine group contains a single asbestiform variety: chrysotilc, which has a

fibrillar, thread-like appearance. The amphibole asbestos fibres consist of five forms of needle-shaped
fibres namely anthophyllite asbestos, amosite asbestos (grunerite), crocidolite asbestos (ricbcckitc),
tremolite asbestos, and actinolite asbestos. Of these derivations of asbestos, only crocidolitc, amosite
and chrysotile were industrially exploited to a significant degree with tremolite asbestos featuring as a

common contaminant of other minerals such as chrysotile and talc (Virta, 2002).

The basic building blocks of asbestos fibres are the silicate tetrahedra. The structure of amphibole
asbestos is that of two ribbons of silicate tetrahedra positioned back to back. The crystal structure has
sixteen cationic sites that can host a large variety ofmetal cations without substantial disruption of the
lattice (Virta, 2002). 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 (Mg604(0H)8) which
shares oxygen atoms with the silicate layers. The diameter of the individual fibrils is 20-50 nm

although these are commonly in groups and can be millimetres in diameter and up to 10 cm in length

(Virta, 2002). The silicate nature of asbestos imbues the fibres with a number of physicochcmical

properties including high tensile strength, low electrical conductivity, flexibility and resistance to heat
and chemical degradation.

All types of asbestos have associated iron cations which may promote the formation of highly reactive

hydroxyl free radical (HO") from hydrogen peroxide (H202) as described by the Fcnton reaction.
Fe2+ + H202 Fe3+ + HO" + HO'

Amphibole fibres such as crocidolite and amosite have high iron content present as an integral

component of their crystalline structure. Chrysotile has a lower iron content which is primarily present

as a surface contaminant (Kamp et al., 1992). Consequently crocidolitc and amositc have a greater

ability to produce HO' than chrysotile (Shukla et al., 2003a).

1.4.2 History of asbestos
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The history of asbestos usage can be traced as far back as approximately 2500 BC where it was used
to reinforce clay utensils and pottery (Tweedale, 2002). However the modern era of asbestos usage

began in the late 19th century when asbestos began to be exploited on an industrial scale. The

insulating and fire-proof properties of asbestos were exploited for a vast array of applications

including insulation for ships and brakes, clutches and gaskets for the newly developed automobile

industry. Asbestos fibres were also widely used in domestic products including furnishings and

ironing board covers. World War II supported the growth of asbestos fibre production for military

applications, typically in thermal insulation and fire protection, applications which were subsequently
extended into the areas of residential and industrial construction. The worldwide production of
asbestos fibres reached a maximum in 1977 of 5 million tons however the identification of health

risks associated with exposure to asbestos fibres lead to a large reduction in the usage of asbestos
fibres and by the year 2000 the world production levels had decreased to less than 2 million tons

(Virta, 2002).

The highest exposure to asbestos fibres is to those involved in the mining, milling and processing the
raw asbestos and therefore asbestos exposure is largely considered an occupational hazard. However a

number of environmental exposure pathways have also been identified with increases in airborne
asbestos fibre counts found in areas surrounding asbestos mines or factories making asbestos-based

products (Hillerdal, 1999; Hansell, 2008). There is also the potential for exposure during the
renovation or demolition of buildings containing high levels of asbestos. The importance of non¬

occupational exposure routes is reflected in the numerous epidemiological studies which report the

development of asbestos-related disease such as mesothelioma in populations with no known

occupational exposure (Hillerdal, 1999).

The first definitive report on the development of disease due to asbestos exposure was published in
the British Medical Journal in 1924 (Cooke, 1924). The condition described as type of severe

pulmonary fibrosis was coined 'asbestosis' by Thomas Oliver in 1925 (Bartrip, 2004). In 1928
Edward Merewether, a medical inspector based in Glasgow, was instructed to perform a large scale

investigation into the relationship between workers' exposure to asbestos and the development of

pulmonary fibrosis and his final report concluded there was a 'definite occupational risk among

asbestos workers as a class'(Bartrip, 2004). In the 1950s a causal link between lung cancer and
asbestos exposure was confirmed by Richard Doll. In his study into the mortality of asbestos workers,
Doll found that of a cohort of 105 asbestos workers, 18 developed lung cancer, 15 of which were

associated with asbestosis (Doll, 1993). Even with the confirmed health risks it was believed that
industrial hygiene measures would prove effective in preventing disease development. Indeed the

implementation of health controls in asbestos factories and the subsequent reduction in the number of
asbestosis cases suggested that this was a move which was effective in controlling the disease
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(Bartrip, 2004). However it was soon realised that the hazards associated with asbestos dust were not

confined to heavily exposed workers in asbestos factories but extended to insulation workers, other
users of products containing asbestos and people who lived close to asbestos factories. It was the
evidence for a causal relationship between asbestos exposure and the development of a previously
rare cancer of the pleural and peritoneal mesothelium; mesothelioma, that eventually lead to the
decline of the asbestos industry. In 1960 Wagner, Sleggs and Marchand published their first paper

indicating a relationship between pleural mesothelioma and asbestos exposure which was based on the
incidence of mesothelioma cases in the crocidolite mining district of Griqualand West, South Africa.
The article connected asbestos with mesothelioma and also suggested that non-occupational exposure

might cause the disease (Wagner et al., 1960). Papers published in 1964 and 1965 resulted in the

general medical recognition of mesothelioma as an asbestos related disease (Twccdalc, 2002).

Regulations were subsequently introduced to limit the maximum exposure of airborne fibres in

workplace environments (Asbestos Regulations Act, 1969). In 1987 IARC designated asbestos fibres
as a Group 1 carcinogen for humans and consequently, a complete ban the import and use of all types
of asbestos fibres was implemented in many Western countries in the 1990s (Bartrip, 2004).

1.5 Asbestos-related disease

Exposure to asbestos fibres may lead to the development of a number of pathologies affecting both
the lungs and the pleural or the peritoneal cavities.

1.5.1 Asbestosis

Asbestosis is defined as bilateral diffuse interstitial fibrosis of the lungs and is associated with high
levels of exposure to asbestos (Mossman and Churg, 1998). A fibre burden geometric mean of 10
xlO6 fibres/g of dry lung has been shown to be assosciated with asbestosis development in shipyard
workers (Churg and Vedal, 1994). Pulmonary function tests in advanced disease reveal asbestosis is a

restrictive condition characterised by a reduction of the vital capacity and lung compliance (Kilburn
and Warshaw, 1991). The clinical and physiological symptoms of asbestos arc similar to other forms
of pulmonary fibrosis but a differential diagnosis can be made with the identification of asbestos
fibres which are often surrounded by an iron-protein coating, so called asbestos bodies. In advanced
asbestosis honeycombing is common.

Both inflammation and fibrosis occur in a dose-dependent fashion after inhalation exposure to

asbestos and as such a number of cytokines and growth factors have been implicated in the

pathogenesis of asbestosis (Mossman and Churg, 1998). Platelet-derived growth factor (PDGF) is a

growth factor that stimulates the migration and proliferation of fibroblasts (Bonner ct al., 1991).
Levels of PDGF mRNA have been shown to be increased following inhalation exposure to chrysotile
asbestos (Liu et al., 1997). Similarly levels of transforming growth factor beta (TGFfl) which
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upregulates genes involved in collagen synthesis, have been shown to increase in at sites of

developing fibrotic lesions (Perdue and Brody, 1994).

The generation of reactive oxygen species (ROS) by asbestos fibres has been shown in several

systems including both cell-free production of ROS by asbestos fibres and phagocytc-dcrivcd
oxidative stress as a result of uptake by cells (Liu et al., 2000). ROS generated by asbestos fibres has
been demonstrated to convert latent TGFp to its active form which is a potent uprcgulator of genes
involved in collagen and fibronectin biosynthesis (Pociask et al., 2004). The presence of iron has 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 and ferric
states (Kamp and Weitzman, 1999). The use of an iron chelator, phytic acid, to reduce the iron content

of a sample of amosite asbestos was shown to significantly reduce the inflammatory and fibrotic

responses in rats two weeks after a single intratracheal instillation highlighting the importance of
oxidative stress is the pathogenesis of asbestosis (Kamp et al., 1995).

1.5.2 Lung cancer

Lung cancer is also associated with exposure to pathogenic fibres and estimates place asbestos as

being related to 2-3% of all lung cancer deaths between 1980 and 2000 in the UK (Darnton ct al.,

2006). The exact incidence of asbestos-related lung cancer is difficult to quantify due to the numerous

other factors which are known to cause lung cancer, clinically indistinguishable from those not caused

by asbestos.

There is an apparent relationship between the development of lung cancer and asbestosis attested to

by numerous epidemiological studies suggesting that persons suffering from asbestosis arc at excess

risk of developing lung cancer (Hughes and Weill, 1991; Nurmincn and Tossavaincn, 1994). This link
between fibrosis and lung cancer is also evident in animal studies 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 develop tumours (Davis and Cowie, 1990).

1.5.3 Malignant Mesothelioma

Malignant mesothelioma is a fatal tumour originating from the mesothelial lining of the pleural and to

a lesser degree the peritoneal cavities. The main risk factor for mesothelioma development is asbestos

exposure however in rare instances mesothelioma can occur in patients who have undergone radiation

therapy, chronic pleural inflammation or infection (Carbonc ct al., 2002). Mesothelioma has a long

latency period where clinical symptoms often only begin to manifest 20-40 years after exposure to

asbestos (Carbone et al., 2002). In the UK, the number of cases of mesothelioma is projected to peak
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in the year 2020 with somewhere between 2700 and 3300 cases per year reflecting the high exposure

levels experienced by workers during the height of the asbestos industry in the 1960's and 1970's

(Peto et al., 1995).

There are three classifications of mesothelioma dependent on the predominant mesothelioma cell

phenotype, namely epithelioid, sarcomatoid and biphasic. Epithelioid tumours are the most common

(50-70%) and have a less severe prognosis than sarcomatoid or biphasic types (Van Gclder ct ah,

1994).

The clinical staging of mesothelioma in the pleural cavity, as set out by the International
Mesothelioma Interest Group (IMIG), describe early stage tumour development (Tla) as involving

only the parietal pleura covering the chest wall and diaphragm with no involvement of the visceral

pleural surrounding the lung. Tib describes a slightly more advanced tumour that involves all pleural
surfaces but only minimal involvement of the visceral pleura (Rusch, 1996). The distinction between
Tla and Tib is based on a study by Boutin et al who staged the development of mesothelioma by

thoracoscopic examination and showed that involvement of the parietal pleura alone was associated
with 32 months survival whereas when tumours were also seen on the visceral pleura survival time
was shortened to 7 months (Boutin et al., 1993). The initiation of mesothelioma along the parietal

pleural suggest the key fibre effects leading to mesothelioma development will take place at this site
rather than the visceral pleural surrounding the lung which only becomes involved in the progression
of the disease. Only at the end stage of disease is blood bore metastasis observed (Rusch, 1996).

Genetic analysis of mesothelioma have detected frequent deletions of specific regions in the short (p)
arms of chromosomes 1, 3 and 9 and the long (q) arms of 6, 13, 15 and 22 (Murthy and Testa, 1999;

Yang et al., 2008). Mutations is certain tumour suppressor genes located in these chromosomal

regions have been implicated in the development and progression of mesothelioma. CDKN2A/ARF
located at chromosome band 9p21 encodes the tumour suppressors pl61NK4a, a cyclin-depcndent
kinase inhibitor, and pl4ARF, a component of the p53 cell cycle checkpoint (Hirao ct al., 2002).
Therefore loss of CDKN2A/ARF may impair both the retinoblastoma (Rb) and p53 tumour

suppression pathways. The NF2 gene, present on chromosome 22 is also frequently altered in
mesothelioma. The NF2 product, Merlin, represses cyclin D1 expression so a loss of NF2 expression
will lead to cell cycle progression due to an upregulation of cyclin Dl (Xiao ct al., 2005).

The molecular mechanisms leading to mesothclial cell transformation and the development of
mesothelioma are unclear. Fraire et al suggest that there may be a gradual progression from
mesothelial hyperplasia to mesothelioma, with intermediate stages characterised by the presence of
fibrous adhesions and pleural nodular lesions (Fraire et al., 1997) thus highlighting the likely role for
chronic inflammation in mesothelioma carcinogenesis as discussed further below.

31



Simian virus 40 (SV40) is a DNA monkey virus that is considered a co-carcinogen with asbestos

exposure in the development of mesothelioma (Carbone et al., 2002). A study carried out by

Kroczynska exposed hamsters to asbestos and/or SV40 and assessed the development of
mesothelioma (Kroczynska et al., 2006). SV40 alone did not cause mesothelioma whereas 20% of
hamsters developed mesothelioma after treatment with asbestos alone. However upon treatment with
both asbestos and SV40 mesothelioma was seen in 90% of the hamsters suggesting the fibres and
SV40 can act as co-carcinogens (Kroczynska et al., 2006). SV40 produces two proteins namely Large
T antigen (Tag) and small T antigen (tag). In human mesothelioma biopsies Tag was found to bind to

and inhibit p53 and pRb tumour suppressor proteins (Bocchetta and Carbone, 2008). Tag has also
been shown to activate the gene promoter for insulin growth factor I (IGF-1) thereby leading to

enhanced cell growth (Bocchetta et al., 2008). Small tag inhibits the cellular phosphatase 2A (PP2A),
an inhibitor of the mitogen-activated protein kinase (MAPK) pathway. Therefore through inhibition of

PP2A, tag can activate MAPK signalling which may in turn induce the activator protein-1 (AP-1)

transcription factor which regulates cell proliferation and survival (Yang et al., 2008).

Mesothelioma is extremely difficult to treat. Although single-modality therapy using traditional

approaches of surgery, chemotherapy or radiotherapy alone has failed to improve patient survival

significantly, multimodality approaches which involve pleurectomy with sequential chemotherapy
and radiography have demonstrated improved survival (Jaklitsch et al., 2001). However regardless of
treatment strategy, median survival time from initial presentation to death is only 9 to 17 months (van
der et al., 2012). Novel therapies which focus on immune modulation, disruption of protein synthesis
and process or gene therapy are currently being explored and may provide better therapeutic options
for patients with mesothelioma in the future (Tsao et al., 2009).

1.5.4 Pleural plaque

Plaques are typically bilateral and arc usually found on the lower portions of the posterior parietal

pleura and on the diaphragm thus corresponding to regions with a high abundance of draining stomata

(Roberts, 1971). Microscopically most plaques are acellular or sparsely cellular and demonstrate a

basket-weave pattern of collagen. Plaques may become calcified over time. The surface of the plaque
is sometimes covered by a single layer of mesothelial cells but can also appear uncovered (Roberts,

1971). Although plaques are generally confined to the same areas of the parietal pleura as where
mesothelioma is believed to originate, pleural plaques are not considered a pre-malignant lesion. They
remain benign and self-limiting and rarely cause morbidity (Chapman ct al., 2003).

Fibrosis involving the visceral pleura is generally referred to as diffuse pleural thickening (Gcvcnois
et al., 1998). In contrast to pleural plaques which are highly specific for asbestos exposure diffuse
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pleural thickening can result from a variety of conditions affecting the pleura and often occurs as a

consequence of pleural effusion (Gevenois et al., 1998).

1.5.5 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 and Milligan,

1995). Pleural effusions can occur as a benign pleural effusion which is sometimes bloody and may

resolve spontaneously or be recurring (Peacock et al., 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. Therefore pleural effusions are not restricted to asbestos exposure and can be as a result of
other causes such as pulmonary embolism or complications from certain drug therapies (Kalomenidis
and Light, 2004).

1.6 Inflammation in the pleural cavity

Inflammation and changes in the delicate homeostatic balance of the pleural space can be initiated by
introduction of foreign cells, microbes or asbestos as well as by mechanical disruption of the
mesothelial monolayer. The onset of pleural infections and injury is characterised by a massive influx
of leukocytes from the vascular compartment into the pleural space which may be initiated by
interaction of the inflammatory stimulus with the surface of the mesothelial cells or via activation of
the patrolling pleural macrophages (Mutsaers et al., 2004). Mesothelial cells play a pivotal role in

conducting the inflammatory response which is coordinated by an interconnected network of
chemokines and cytokines such as interleukin-8 (IL-8), a potent neutrophil chemoattractant (Visser ct

al., 1995a). Activated macrophages also stimulate mesothelial cells to release factors which act as

monocyte chemoattractants such as growth-related oncogene (GRO)-a, monocyte chemoattractant

protein (MCP-1) and regulated-on-activation normal T-ccll expressed and secreted (RANTES)

(Mutsaers et al., 2004). Other early inflammatory mediators released by mcsothclial cells include
interleukin-1 beta (IL-ip) and tumour necrosis factor alpha (TNFa) which may act to enhance IL-8
and MCP-1 chemoattractants (van, V et al., 1998). By secreting chcmokincs in a polarized manner,

mesothelial cells create a chemotactic gradient thereby promoting the influx of inflammatory

leukocytes into the pleural cavity (Li et al., 1998). Movement of leukocytes from the circulation to (he
site of inflammation is further facilitated by the expression of integrins and adhesion molecules such
as intercellular adhesion molecule (ICAM-1), vascular cellular adhesion molecule (VCAM-1), E-

cadherin, N-cadherin, CD49a, CD49b and CD29 (Mutsaers, 2004). The primary function of both

neutrophils and monocytes recruited to the site of inflammation is phagocytosis and neutralisation of
the inciting agent which may involve the release of oxidants and proteases. The release of oxidants

during an inflammatory response may cause tissue damage in the surrounding microenvironment
further perpetuating the response. Oxidants play important roles in the initiation of numerous signal
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transduction pathways that are linked to apoptosis, inflammation, and proliferation (Kamp and

Weitzman, 1999).

In response to injury mesothelial cells can release a host of growth factors, including TGFp, PDGF,
fibroblast growth factor (FGF), hepatocyte growth factor (HGF) and epidermal growth factor (EGF),
as well as extracellular matrix (ECM) proteins (Mutsaers, 2004). Proliferation of mesothelial cells to

resurface a denuded mesothelium can occur from the edge of the wound as in epithelial wound

healing but also from the incorporation of free-floating mesothelial cells onto the wound surface

(Foley-Comer et al., 2002). Mesothelial regeneration requires factors expressed by macrophages

(Mutsaers et ah, 2002). As demonstrated by Mutsaers et al depletion of circulating monocytes

significantly delayed serosal healing whereas addition of peritoneal exudate cells to the wound site 36
hours before injury increased the healing rate (Mutsaers et ah, 2002).

During the early stages of normal wound repair the deposition and subsequent turnover of fibrin

precedes complete regeneration of the mesothelial layer. However if the normal healing process is

impaired fibrin persists and subserosal fibroblasts migrate into the fibrin matrix and deposit collagen

eventually forming scar tissue. Mesothclial cells have both procoagulant and fibrinolytic activity

(Mutsaers, 2002) controlling the fine balance between fibrin deposition and breakdown in serosal
cavities. The pro-coagulant activity is due to tissue factor (TF) which along with activated factor VII
initiates the formation of transitional fibrin. Fibrin deposition is also aided by the secretion of

plasminogen activator inhibitors (PAI), PAI-1 and PAI-2. Fibrinolysis is mediated through secretion
of the plasminogen activators, tissue plasminogen activator (tPA) and urokinase (uPA) which convert

the inactive zymogen plasminogen into active plasmin which in turn cnzymatically breaks down fibrin

(Jantz and Antony, 2008). Both pro- and anti-fibrinolytic mediators can be regulated by inflammatory
factors including TNFa, IL-ip and TGFp which have been shown to induce increased PAI-1 and
decreased tPA concentrations in an in vitro mesothelial cell assay (Whawell and Thompson, 1995;
Falk et al., 2000). This modified PAI-l/tPA secretion profile will lead to a significant delay of

fibrinolysis. TGFp also plays an important role in extracellular matrix (ECM) production with

overexpression of TGFp found to be a consistent abnormality in most fibrotic disease (Jagirdar et al.,
1996). Following stimulation by TGFp, mesothclial cells can synthesize collagen and matrix proteins.
In addition to enhanced ECM production, overexpression of TGFp decreases the production ofmatrix

degrading enzymes; matrix metalloprotcinascs (MMP-I). Mcsothclial cells can also produce high
levels of growth factors which are mitogcnic for fibroblasts; TGFp, FGFp and PDGF which may also
contribute to the development of fibrosis (Mutsaers, 2002).

1.6.1 Asbestos and chronic inflammation
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The molecular mechanisms leading to the development of asbestos-related disease are not yet fully
elucidated however deregulated inflammatory and repair processes are widely accepted to play an

important role.

As discussed above, the generation of oxidants, either intrinsically by the fibres themselves or during

phagocytosis by alveolar macrophages and other cell types, may be responsible for the initiation of
cell signalling and inflammatory events (Kamp and Weitzman, 1999). In pleural mesothclial cells,
crocidolite asbestos caused phosphorylation and activation of extracellular signal-regulated kinases

(ERK 1/2) in an oxidant dependent manner (Zanella et ah, 1996). ERK1/2 activation leads to the
transactivation ofmultiple transcription factors such as AP-1 which promotes cellular responses such
as proliferation, apoptosis or inflammation (Ramos-Nino et ah, 2002b). Asbestos-induced ERK
activation was shown to be due in part to oxidative stress as demonstrated by the blockage of

signalling cascade activation by the antioxidants, catalase or Nacetyl- L-cysteinc, and by chelation of
surface iron from crocidolite fibres (Jimenez et ah, 1997)

Asbestos fibres may interact directly with surface receptors triggering these pathways e.g. epidermal

growth factor receptor (EGFR) (Pache et ah, 1998). The asbestos-mediated auto-phosphorylation of
EGFR activated the ERK signalling cascade leading to apoptosis, cell proliferation or inflammation.
Furthermore the chronic asbestos induced activation of ERK1/2 has been linked to the induction of

fra-1 a component of the AP-1 complex that is causally related to anchorage-independent growth in
mesothelial cells (Ramos-Nino et ah, 2002a) which may be important in mcsothelial cell
transformation.

Nuclear factor-kappa B (NF-kB) is another redox sensitive transcription factor that regulates

expression of genes involved in inflammation and cell proliferation (Janssen-Heininger ct ah, 2000).
Activation of the NFkB signalling pathway by asbestos-mediated oxidative stress regulates the

expression of pro-inflammatory cytokines, IL-6 and IL-8 thereby contributing to the chronic

inflammatory state (Shukla et ah, 2003b). The NF-kB signalling pathway has also been shown to be
activated in mesothelial cells by the asbestos-induced release of TNFa, which can act in an autocrine
and paracrine fashion (Yang et ah, 2006). This has led the authors to propose that the activation of
NF-kB and subsequent activation of multiple prosurvival genes allows mcsothclial cells with
asbestos-induced DNA damage to divide and proliferate rather than die and, if key genetic alterations

accumulate, to eventually develop into mesothelioma.

The generation of ROS either by the fibres themselves or during the pro-oxidant milieu can act as

mutagens with the potential to cause multiple genotoxic effects including point mutations, DNA
strand breaks and large chromosomal deletions. DNA damage induced by FIO' occurs cither by
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hydrogen abstraction or via addition of HO' to the DNA (Chatgilialoglu and O'Neill, 2001). The

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 ct 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) making mesothelial cells less resistant to oxidative stress. These
studies however were performed using cell lines which may have altered glutathione levels in

comparison to primary cells (Puhakka et ah, 2002).

A number of growth factors and cytokines have been implicated in asbestos carcinogenesis including

TGF-P which binds to and activates EGFR, and PDGF, a potent mesothelial cell mitogen. Insulin-like

growth factor (IGF), hepatocyte growth factor (HGF) and keratinocyte growth factor (KGF) function
as autocrine growth factors in normal and MM cells, which may promote tumour proliferation, cell

migration and tumour invasiveness (Fiu and Klominek, 2004; Adamson et ah, 2000). Vascular
endothelial growth factor (VEGF) which plays an important role in tumour angiogencsis is also

produced by mesothelioma cells (Shukla et ah, 2003b).

1.7 The fibre pathogenicity paradigm
A structure/activity relationship (SAR) relates the physical or chemical structure of a test substance to

its biological activity. The biological properties of a new material can therefore be inferred from

properties of similar existing material whose hazards arc already known (McKinney ct ah, 2000). A
SAR describing the pathogenic characteristics of a fibre, known as the fibre pathogenicity paradigm

(FPP), emerged late in the 20th century as a result of several decades of fibre research (Donaldson ct

ah, 2010). The FPP identifies dose, fibre dimensions and biopcrsistcncc as the most important factors

contributing to the toxicity of a fibre sample (Donaldson et ah, 2010). The FPP is the most robust
SAR in the field of particle toxicology as it has held true for every fibre type tested to date including
different forms of asbestos, synthetic vitreous fibres and glass fibres. Therefore the FPP could

similarly help to identify those CNT (as well as other high aspect ratio nanoparticlcs) that may pose a

health hazard (Donaldson et ah, 2011).

1.7.1 Dose

When contemplating the toxicity of fibres, as with all substances, the most important consideration is

dose, as an absence of dose means an absence of effect.

Dose differs from exposure in that exposure may be defined as the presence of particles found in the
external environment surrounding the body whereas the dose is the exposure of the internal
environment of the body. The biological effective dose (BED) is a further subdivision and refers to
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the fraction of a total dose to which the body is exposed that drives an adverse effect. In the field of

particle toxicology the BED differs considerably depending on the particle of interest. For example
the pathogenicity of quartz is dependent on its highly reactive surface therefore the BED relates to the
surface area of the quartz particles to which a person is exposed rather than the mass or particle
number (Duffin et al., 2001). In the case of pathogenic fibres the BED is the proportion of the total
dose that is biopersistent and long enough to prevent clearance and stimulate a pathogenic response as

discussed in detail below.

1.7.2 Fibre dimensions

Stanton performed some of the early experiments leading to the generation of the FPP by assessing
the role of fibre characteristics in mesothelioma using implantation of fibres in gelatin, directly onto

the pleural mesothelial surface. A range of 72 experiments were conducted using a wide variety of

respirable and durable minerals ranging in fibre dimensions and chemical properties (Stanton ct al.,

1981). The resulting development of tumours correlated with fibre attributes based on length and

biopersistence. Specifically they found that fibres that measured > 8 pm in length and < 0.25 pm in
diameter correlated well with the formation ofmalignant mesothelioma whereas short fibres were not

tumorigenic (Stanton et al., 1981). The importance of fibre length has also been identified in
numerous experimental set-ups including the more physiologically relevant inhalation exposure. In a

study by Davis et al rats were exposed in a chamber to clouds with equal airborne mass concentration
of either long amosite asbestos fibre or short fibre amosite. After lifetime exposure there was

substantial tumour formation and fibrotic response in those rats exposed to the long amositc but

virtually no response in rats exposed to the short amosite (Davis et al., 1986a). Most recently studies

by Schinwald et al have used nanofibres in tight length classes to demonstrate a threshold of 5 pm for
retention and inflammation in the pleural space of mice (Schinwald ct al., 2012a).

The mechanism by which long fibres elicit a pathogenic response is proposed to be via disruption of

macrophage-mediated clearance from the lung or pleura space. The elutriating effects of the lung help
to restrict the pulmonary deposition of foreign material to a size that can comfortably be phagocytoscd

by macrophages however fibres present an exception. As discussed above a low aerodynamic
diameter will allow deposition of fibres beyond the ciliated airways in the pulmonary regions of the

lung where clearance is mediated by alveolar macrophages. However if fibres exceed the maximal

length a macrophage can enclose (~15 pm) the macrophage will be unable to successfully removed
the fibre and become 'frustrated'. The act of becoming 'frustrated' leads to the release of various toxic

components primarily involved in the microbiocidal activity of the cells as part of the innate immune
defence (Brown et al., 2007).
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An important mechanism by which macrophages kill invading pathogens is the formation of an
oxidative burst. The oxidative burst is characterised by an increase in cellular oxygen consumption
followed by the generation of superoxide free radicals (02~) which results from the activation of
NADPH oxidase that catalyses the one-electron reduction of oxygen to superoxide at the expense of
NADPH.

20, + NADPH -» 2 0, + NADP' + H

The O, product is unstable and quickly undergoes another reduction to hydrogen peroxide (H,0,),

either spontaneously or in a much faster reaction catalysed by superoxide dismutase:

2 0, + 2H —> H,0, + O,

O, and H.,0, are used as starting materials for the production of oxidising halogens and free radicals

which are microbiocidal. Whilst this process, in the case of bacterial killing, occurs internally with
ROS being released into the bacteria containing phagosome, if the macrophage is 'frustrated' ROS

may be released into the extracellular environment (Bergstrand, 1990).

Lysosomal enzymes can similarly be released from the macrophages under the conditions of
frustrated phagocytosis. Lysosomal enzymes are synthesized in the endoplasmic reticulum and

packaged by the Golgi apparatus into structures called primary lysosomes. These primary lysosomes
fuse with phagosomes containing ingested materials to form phagolysosomes, however if the

phagosome is not fully internalised as is the case in frustrated phagocytosis the lysosomc contents will
be release outside the cell (Homung et al., 2008; Halle et ah, 2008).

The activation of the NALP3 inflammasome has been implicated in the increased release of mature

IL-ip during frustrated phagocytosis of asbestos, silica and monosodium urate crystals. The NALP3
inflammasome controls the maturation and release of IL-1 p from activated cells by binding caspase-1
via an associated protein linker known as ASC (apoptosis-associated speck-like protein containing a

carboxy-terminal CARD) which subsequently cleaves pro-IL-ip to produce the mature form which is
then secreted (Tschopp and Schroder, 2010). Triggering of this event has been suggested to be caused

by destabilisation of the formed phagolysosomes during the ingestion of material. This dcstabilisation
can lead to the release of lysosomal enzymes such as cathcpsin B which has been hypothesised to

trigger the activation of the inflammasomc (Halle et al., 2008). Combined, the increase in reactive

oxygen species, the release lytic enzymes and the up-regulation of pro-inflammatory factors serves to

generate a destructive and pro-inflammatory environment in the biological milieu surrounding the

deposition of long fibres.
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The retention of long fibres in the pleural and peritoneal cavities is also likely to be responsible for the
selective pathogenicity of long fibres (Donaldson et al., 2010). There are two pathways by which

particles or fibres may be cleared from the pleural cavity, passively in the How of pleural fluid

through the stomata in the parietal pleura to the lymphatics or by active uptake by pleural

macrophages. Excessive fibre length can prevent efficient clearance by both mechanisms. Firstly as

the stomata connecting the pleural space to the lymphatics are size restricted, fibres which exceed the
calibre of the stomatal openings (2-8 pm) will be retained in the pleural space. Secondly the removal
of long fibres by pleural macrophages will face the same difficulties as the alveolar macrophages and
result in a state of 'frustrated phagocytosis'. Studies from Agnes Kane's group were the first to

critically examine the role for size restricted clearance mechanisms in the pathogenesis of fibre-
related pleural disease. Moalli et al demonstrated the retention of long fibres invoked an intense

inflammatory reaction (Moalli et al., 1987). This was associated with mesothelial cytotoxicity and

regeneration at the periphery of asbestos fibre clusters. It was hypothesised that repeated episodes of

injury and regeneration might promote the development of mesothelioma.

1.7.3 Biopersistence

Clearance of a fibre from the lung or pleural space is also dependent on the potential of the fibres to

dissolve away, in whole or in part, in biological fluid. A fibre that undergoes weakening and breakage
in the lungs is termed non-biopersistent. This occurs if structural elements arc leached from the fibre
in the presence of lung fluids which results in breakage of long fibres into shorter fragments which are

more easily cleared therefore causing a reduction of dose. If the rate of clearance exceeds deposition
in the lung the dose experienced will not accumulate to the critical threshold for adverse effects to

manifest.

There are a number of examples where a lack of biopcrsistencc has rendered a long fibre sample low
in hazard. Chrysotile asbestos is less biopersistent than the amphiboles and this may explain why

chrysotile has been found to be low in pathogenicity in human epidemiological studies (Bernstein and

Hoskins, 2006). The 'rolled sheet' structure of chrysotile is much more fragile than the silicate double
chains of the amphiboles and can break. The brucite (Mg2t) layer can dissolve in water or the lung

fluid, and the remaining structure is attacked in an acid environment such as is encountered with the

macrophage (Virta, 2002). Deterioration of the chrysotile surface can result in the loss of the
structural integrity of the fibre and disintegration. The lack of durability of a chrysotile fibre is
reflected in lung burden studies. In a study on a cohort of miners it was 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 ct al., 1997). 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. Similarly studies examining the
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potential toxicity of synthetic fibre show that even when the exposure cloud is rich in long fibres there
is little or no pathogenicity provided the fibres arc non-biopersistent (Donaldson, 2009). P-aramid is a

manufactured fibre composed of synthetic polyamide which is used as an advanced composite and in
fabrics. Although fibrils of p-aramid can be long and thin they are not biopersistent as demonstrated

by a number of inhalation studies reporting an apparent increase in the short fibre pool in the lung

accompanied by depletion of the long fibre pool (Donaldson, 2009). Thus the hazard associated with
the inhalation of p-aramid is low which is supported by animal studies showing only a transient

inflammatory response to the inhalation of p-aramid but no sustained pathological changes.

To fully examine the biopersistence of a fibre requires lengthy in vivo experiments. However, fibre

durability, the chemical mimicking of fibre dissolution in vitro is more readily determined. Searl ct al
assessed the relative biopersistence of nine mineral fibre types in the lung up to one year after
intratracheal instillation and also measured the ability of the test materials to resist dissolution in a

parallel series of simple in vitro acellular experiments (Searl ct ah, 1999). Comparison between the in
vivo and in vitro results showed that differences in persistence of long fibres in the lung were

correlated with measured rates of dissolution in vitro (Searl ct ah, 1999).

Figure 1.3 summarises the requirement for both length and biopersistence for the build-up of dose in
the body until a critical threshold is reached and harmful effects begin to manifest. If either length or

biopersistence of the fibre is removed then the fibre can be cleared from the body resulting in a

reduction of biologically effective dose.

Figure 1.3: Paradigm for the role of long fibres and biopersistence in the pathogenic effects of fibres.
Reproduced from Donaldson et al 2006.
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1.7.4 Surface reactivity

The FPP describes fibre pathogenicity as being irrespective of chemical make-up of the fibre, except
in so far as the composition makes a contribution to biopcrsistencc. However the FPP only describes
the basic requirements for pathogenicity; chemical composition or surface reactivity may have
additive effects and increase fibre potency. There is evidence that some fibre samples such as erionite
and silicon carbide whiskers have specially enhanced pathogenicity. Erionite, a naturally occurring
fibrous zeolite, has been implicated in the high prevalence of mesothelioma in certain regions of

Turkey (Carbone et ah, 2007), and has been demonstrated in animal studies to have a greater

carcinogenic potential than crocidolite and chrysotile. The increased surface area of erionite compared
to crocidolite and the accumulation of iron on the surface of erionite resulting in the production of
ROS are considered to play a role in the greater potency of erionite (Dogan ct ah, 2008).

1.8 Carbon Nanotubes

Carbon nanotubes are a form of engineered nanomaterial with unique properties making them
desirable for a wide range of industrial applications. Although nanotubes have been identified as early
as 1889 and visualised by a number of scientists since, the rediscovery of CNT by Ijima in 1991

(Iijima, 1991) lead to the current boom in the understanding of the properties of nanotubes and their

potential as an industrially useful material.

1.8.1 Structure and properties

Carbon nanotubes are composed of a lattice of hexagonal carbon atoms rolled into a cylinder. They
can be classified as one of three forms, single walled CNT (SWCNT), doublc-wallcd CNT or multi-
walled CNT (MWCNT) dependent on the number of CNT cylinders concentrically stacked inside
each other. In addition to variations in their wall number, CNT can differ in their length, shape,
surface modification, purity and their propensity to form agglomerates and aggregates.

In the carbon nanotubes lattice each carbon atom is connected covalently to three other carbon atoms

held at a 120° angle from each other in the XY plane resulting in a sp2 bonding structure where each
atom is connected evenly to three carbons in the XY plane and a weak pi bond is present in the Z axis.
The free electrons in the pZ orbital move within this cloud and arc no longer local to a single carbon
atom. The associated weak Van der Waals forces cause weak interactions between adjacent CNT
which cause difficulties in dispersing the CNT into individual fibres (Tasis ct al., 2006). The strength
of CNT results from the stable bond angle between the carbon atoms and the covalcnt sp2 bonds
formed between the individual carbon atoms. A MWCNT was tested to have a tensile strength of 63

gigapascals which translates to the ability to endure tension of a weight equivalent to 6422 kg on a

cable with a cross section of 1mm2 (Yu et ah, 2000).
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A CNT can be imagined as a graphene sheet rolled at a certain 'chiraP angle with respect to a plane
perpendicular to the tubes long axis. Tubes with a chiral angle of 30 are called 'armchair' and those
with a chiral angle of 0 are known as zigzag (Figure 1.4). The chirality of the CNT determines the
electrical properties of the CNT with the armchair form considered metallic and the zigzag form
considered semi-conducting.

Armchair

Zig-zag

Figure 1.4: Schematic diagram of atomic arrangement of an armchair or zigzag CNT.

Topological defects in the hexagonal arrangement of carbon atoms, for example the Stonc-Walcs
defect where four hexagons arc changed into two pentagons and two heptagons, can cause weakening
of the CNT mechanical strength (Tasis et al., 2006). The introduction of pentagon-heptagon pair
defects into the hexagonal network can change the chirality of the CNT and fundamentally alter its
electronic structure. Structural defects may also result in elongation or compression of one side of the
CNT causing it to bend. This deformation may dictate how a CNT will present itself, as a fibre or a

curled spherical particle and therefore will have implications for the toxicity testing of the CNT in
relation to the FPP. Defects in the CNT backbone that result in the presence of free bonds may also be

important in toxicity due to increased reactivity (Muller ct ah, 2008).

1.8.2 Synthesis

A number of methods are being employed in the synthesis of CNT (Awasthi ct ah, 2005). The Arc

Discharge method involves striking an arc between graphite electrodes in an inert atmosphere (argon
or helium). 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. It is a

discontinuous and unstable process and cannot produce large quantities of CNT. However it does
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produce structurally excellent, high quality CNT. In the method known as laser ablation a piece of

graphite target is vaporised by laser irradiation under high temperature in an inert atmosphere

resulting in the formation of carbon atoms which condense to form structures such as carbon
nanotubes as they rapidly cool. The quality and yield depend on the reaction temperature. This
method is not considered economically advantageous due to the requirement for high purity graphite
rods and high laser power. The chemical vapour deposition (CVD) method involves growing CNT by

decomposing an organic gas over a substrate covered with metal catalyst particles. Rather than using a

solid carbon feed stock the CVD method feeds in a gaseous source of carbon such as carbon
monoxide. 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.
This method is commonly used in the large scale production of CNT. All MWCNT used in this

project are produced via the CVD method.

1.8.3 Applications of CNT

Due to their remarkable properties a wide variety of applications for CNT have been identified. These

applications span a number of diverse fields including material science, electronics and biomedical
science (Figure 1.5). The global CNT industry turned over $668.3 million in 2010 with MWCNT

production value of approximately $631.5 million and SWCNT production value of $36.8 million.
The market value is forecast to grow to $1.1 billion by 2016 (www.nanowerk.com). The exponential

growth of the industry greatly increases the possibility of exposure to CNT.
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Figure 1.5: Current applications for CNT. The figures indicate the number of CNT companies
developing products in that end usermarket. Future Markets, Inc 2011.

1.9 The toxicology of CNT

Although CNT are becoming more widely used in many applications, little is known to dale with

regards their potential to cause harm to human health. CNT have three properties that are clearly
associated with particles pathogenicity: their large surface area, they arc fibre-shaped and therefore
have the potential to behave like pathogenic fibres and finally, they are graphitic in nature and so

expected to be biopersistent (Donaldson et al., 2006). In light of the fibrogcnic and carcinogenic

potency of asbestos fibres and the health and socio-cconomical tragedies caused by unregulated
asbestos utilization, the increasing development and uses of CNT have triggered concern about their

potential toxicity, particularly in relation to the structural similarities to asbestos. This sentiment was
summed up in the seminal Royal Society and Royal Academy of Engineering 2004 report,

Nanoscience and nanotechnology: opportunities and uncertainties, which stated: 'Given previous

experience with asbestos, we believe that nanotubes deserve special toxicological attention' (Royal

Society and Royal Academy of Engineering, 2004). These concerns have stimulated researchers in the
field of particle toxicology to critically assess the risks associated with exposure to CNT.
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This pre-emptive approach is in contrast to the more common process involved in the identification of

pathogenic particles which initially starts with the identification of a pathological condition in a

workforce who handled and were exposed to a specific particle, followed by comprehensive

epidemiological, exposure and mechanistic studies (Donaldson and Scaton, 2012). For the emerging
field of nanotoxicology the process has been turned on its head with efforts focussed on predicting

particle toxicity before the particles are produced in significant quantities and before there is evidence
for particle-induced disease.

The overall strategy for the risk assessment of CNT as summarised in Figure 1.6 is to simultaneously
examine the hazard to human health and the potential for exposure to CNT and then integrate these
two data sets in order to characterise risk (Aschberger et al., 2010). The aim of this study is to

increase the knowledge base regarding the hazard posed by CNT particularly in relation to adverse

pleural effects.

Figure 1.6: The overall process flow chart for the successful risk characterisation of CNT. Before
adequate data for risk characterisation is available sufficient data on the particle hazard and potential
for exposure is required. Reproduced and adapted from (Aschberger et al., 2010).

1.9.1 Hazard
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The basis for comparison of CNT and asbestos is their morphological similarities. 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 nanometre range, their length can reach up

to tens of microns. The graphene nature of CNT means that they are likely to be very biopersistent
and resistant to breakage or dissolution in the body. Therefore CNT may possess the physical
characteristics that imbue a fibre with pathogenicity as laid out in the FPP.

To date only a limited number of studies have investigated the potential for CNT to cause

mesothelioma or asbestos-like responses at the mesothelium. When assessing the biological activity of
various forms of fibre, the peritoneal cavity of the mouse is commonly used as a surrogate for the
thoracic mesothelium (Donaldson et al., 1989; Moalli et ah, 1987). The peritoneal cavity is similarly
lined with mesothelial cells, has a population of patrolling macrophages and a stomatal-mediated
clearance mechanism which is consistent with the pleural cavity. 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 tightly controlled and maintained at a minimum with

constantly moving apposing surfaces (Miserocchi, 2009) which may impact on fibre pathogenicity.

A study carried out by Takagi et al (Takagi et ah, 2008) attempted to address the potential of CNT to

cause mesothelioma by injecting CNT into the peritoneal space of p53 deficient mice. This mouse

model is particularly sensitive to carcinogenesis because loss of p53 affects their ability to repair

genotoxic damage or to induce damaged cells to undergo apoptosis. Mesothelioma were observed 6
months after intraperitoneal injection in both the CNT and asbestos exposed mice but not in mice

exposed to fullerenes (carbon spheres) (Takagi et ah, 2008). Although the study demonstrated the

development of tumours in response to CNT in susceptible mice, the extremely high doses (3

mg/mouse) used calls into question the relevance of this study to potential inhalation exposures.

Exposure to CNT via intraperitoneal injection was also used by Poland et al in a study designed to

specifically compare the potential pathogenicity ofCNT to asbestos in terms of fibre length (Poland et

ah, 2008). A panel of fibres of varied length, including long and short CNT and long and short
asbestos were injected into mice at a dose of 50 pg/mouse. An acute inflammatory response followed

by the formation of granulomas was observed only in mice injected with long asbestos and long CNT

(Poland et ah, 2008). The lack of response to the short tangled CNT used in this study or to

nanoparticulate carbon black (NPCB) highlights the role of fibre length in initiating a pathogenic

response. These results also show CNT display to a similar length dependent pathogenicity as is seen

with asbestos fibres however further studies need to be carried out to assess the potential of CNT to

cause mesothelioma. The importance of fibre length in the peritoneal assay was confirmed in a study
by Muller et al in which non-fibrous CNT samples (0.7 pm), with or without structural defects, were
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injected into the peritoneal cavity of rats that after 2 years were assessed for mesothelioma formation

(Muller et al, 2009). The particulate nature of the CNT used and the lack of a sustained pathogenic

response or mesothelioma formation lead the authors to conclude that the CNT may have been

insufficiently long for a true estimation of the carcinogenicity using this model (Muller ct al, 2009).

Sakamoto et al exposed wildtype rats to a single intrascrotal administration of 1 mg/kg MWCNT and
examined the mesothelial response after 1 year (Sakamoto et al., 2009). MWCNT induced mesothelial

hyperplasia and the development of nodular and papillary mesothelioma. The overall incidence of
mesothelioma was 86% in MWCNT-treated rats while no mesothelioma were found in vehicle- or

crocidolite-treated rats (Sakamoto et al., 2009). The unusual model of intrascrotal injection was

chosen to increase sensitivity and specificity as it was expected that the dose would be largely
retained in the small space of the scrotal cavity. Although this study demonstrates the carcinogenicity
of CNT at the mesothelium the use of this highly artificial exposure model and single CNT fibre type

tell us little about the fibre characteristics that may contribute to mesothelial cell transformation and
whether this may be applicable in human exposures.

A recent paper by Nagai et al has proposed that CNT diameter rather than length is the critical factor
in CNT-mediated fibrotic inflammation and carcinogenesis using the peritoneal model of mesothelial

exposure (Nagai et al., 2011). They demonstrated that in their panel of CNT only the thin CNT

sample (diameter 50 nm) caused fibrotic inflammation and tumour development after injection into
the peritoneal cavity whereas rats treated with the thicker CNT (diameter 145 nm) showed negligible
fibrosis (Nagai et al., 2011). This raises an interesting possibility for the role of diameter in
mesothelial carcinogenesis which has not previously been identified to be directly responsible for
asbestos pathogenicity.

From the available data it can be concluded that long, straight MWCNT can behave in a similar
manner to asbestos and have the potential to induce mesothelioma following intraperitoneal or

intrascrotal injection in mice and rats. Furthermore, in keeping with the FPP, the pathogenicity of
CNT appears to be dependent on fibre dimensions. However no study has yet examined the

pathogenicity ofCNT in a model of pleural exposure which is the focus of this study.

As the lungs will be the primary organs affected by the inhalation exposure of CNT several studies
have recently examined the cellular and pulmonary reactions after pharyngeal or intratracheal
instillation of CNT in rats and mice. The first two such studies were published in the journal

Toxicological Sciences in 2004 (Lam et al., 2004; Warhcit et al., 2004). Lam et al demonstrated that a

single intratracheal instillation in mice with three different types of SWCNT resulted in dose-

dependent granuloma formation and interstitial inflammation. The different samples had different
metal contents but this did not result in differences in their ability to produce granulomas (Lam et al.,
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2004). In the study by Warheit, instillation of high doses of short SWCNT led to the formation of
multifocal granulomas with foreign body giant cells (FBGC) which are typical of foreign body
induced reaction (Warheit et al., 2004). However these granulomas were distributed in a non-uniform

pattern and did not reflect the dose response. 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 (Warheit et al., 2004). 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 and

dispersion of the CNT rather than a nature of their toxicity.

In the years following these initial studies various pathological responses including acute neutrophilic
inflammation (Muller et al., 2005; Shvedova et al., 2008), cytokine production (Shvedova ct al., 2005;
Shvedova et al., 2008), granulomatous inflammation (Shvedova et al., 2008; Lam et al., 2004; Porter
et al., 2010), interstitial thickening (Porter et al., 2010) and fibrosis (Shvedova ct al., 2005; Mercer ct

al., 2011) have been observed to varying degrees of severity in a number of rodent models exposed to

both SWCNT and MWCNT. The data from these studies however is not easily comparable due to

differences in exposure methods and variations in the morphology and physio-chcmical features of
different samples of CNT which may modulate their toxicity.

The mechanisms underlying effects induced by a bolus delivery are likely to be very different from
those induced when the same dose is delivered by inhalation over a longer period. Large bolus doses
are likely to overwhelm the clearance mechanisms, which are usually effective when the body is

exposed to low doses. Therefore the results from inhalation studies arc more appropriate for risk
assessment. There have been few inhalation studies carried out to assess the pathogenicity of CNT
due to the limitations such as the requirement for specialist facilities and expertise and the expense

involved. In general the inhalation studies conducted with CNT have confirmed qualitatively the
effects seen following intratracheal instillation but with lower potency (Johnston ct al., 2010).

Recently two inhalation studies with MWCNT have been published that were designed to comply
with OECD protocols and were intended to provide data to support risk assessment. A 90 day

exposure to MWCNT at doses of 0.1 mg/m3, 0.5 mg/m3 and 2.5 mg/m3 carried out by Ma-Hock et cil

(Ma-Hock et al., 2009) reported the formation of granulomatous lesions similar to those seen after
intratracheal instillation of CNT. At the lowest exposure level of 0.1 mg/m3 there was evidence of
minimal granulomatous inflammation and therefore a no observable effects limit (NOEL) to CNT

exposure could not be established (Ma-Hock ct al., 2009). In the second study carried out by Pauluhn
et al rats were similarly exposed for 6 hours/day, 5 days a week for 13 consecutive weeks but with
doses ranging from 0.1 to 6 mg/m3 (Pauluhn, 2010b). Histopathology revealed pathological changes in

48



the bronchoalveolar regions starting at the dose of 0.4 mg/nr which was characterised by an increase
in interstitial collagen deposition. More severe granulomatous lesions were identified at the higher
dose which the authors suggested were due to lung overload. In this study at the low dose of 0.1

mg/nr all endpoints examined were on par with the control treatment group and therefore suggested
as a NOEL (Pauluhn, 2010b). The CNT used in the Pauluhn study have a strong tendency to

aggregate and therefore present as 'densely coiled sphere-like' aggregates rather than fibrous
structures.

Migration of MWCNT to the subpleural region of the lungs directly underlying the visceral pleural
has been demonstrated after inhalation exposure by Ryman-Rasmussen et al (Ryman-Rasmussen ct

al., 2009) and penetration of MWCNT through the visceral pleura into the pleural space after

aspiration exposure has been reported by Mercer et al (Mercer ct al., 2010). These results are entirely
consistent with the notion that a fraction of all particles deposited in the lung can reach the pleural

space and highlight the necessity to evaluate the mesothelial hazard CNT may pose.

Numerous in vitro studies have been carried out on CNT using different models and cell lines to

examine potential toxicity, however results and conclusions drawn from these studies are often

contradictory depending on dose, dispersion, endpoints measured and also differences in the CNT
themselves (Helland et al., 2007; Johnston et al., 2010).

1.9.2 Exposure

The main exposure routes in the occupational setting arc anticipated to be inhalation and dermal
contact. Human exposure is not expected during the synthesis phase of commercial production as this
reaction is preformed in a closed reaction chamber. The highest exposures are likely to occur during

handling of dry powder including activities such as collection, weighing, blending or transferring to

containers. Various downstream applications ofCNTs can also have the potential to result in exposure

of workers for example drilling or sanding of CNT-containing composites may lead to release of CNT
into the air (Aschberger et al., 2010).

Occupational inhalation exposure to CNT has been evaluated in a number of workplaces and
laboratories. The first such investigation was earned out by Maynard ct al who measured SWCNT
aerosol concentration in a laboratory following SWCNT generation by both laser ablation and the
HiPCO process (Maynard et al., 2004). Estimates of the SWCNT concentration in air samples taken

ranged from 0.7 pg/m3 in the ablation facility to 53 pg/m3 in the HiPCO process however scanning
electron microscopy analysis of the filter samples revealed that many of the particles appeared as

compact particles rather than fibrous structures (Maynard ct al., 2004). Han ct al monitored the

possible exposure to MWCNT in a research laboratory before and after the implementation of

exposure controls (use of a fumehood and ventilation) and reported a reduction in airborne mass
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concentration from 430 pg/m"' to 40 pg/m3 (Han et al., 2008). Based on these measurements the

implementation of controls appears to be effective at limiting exposure to CNT during production.
The effectiveness of engineering controls in the reduction of airborne particulate concentration was

also demonstrated in a study carried out by Yeganeh et al at a commercial nanotechnology facility
where fullerenes and CNT are produced (Yeganeh et al., 2008).

The National Institute for Occupational Safety and Health (NIOSH) recently described the

development of a 'nanoparticle emission assessment technique' (NEAT) which employs portable

direct-reading instrumentation to detect releases of airborne nanomaterial (Methner et al., 2010). This
is supplemented by filter-based air sampling and microscopic evaluation which will allow for particle
identification and also provide information on the physical form of the nanomaterials emitted. Field
studies conducted at CNT facilities demonstrated the emission of nanomaterial during tasks such as

opening the growth chamber, weighing, mixing and sonication however these levels were again
reduced to near background control levels with the implementation of simple controls (Methner ct al.,

2010). From these studies it is clear that exposure to airborne CNT will depend both on the process

being carried out and the effectiveness of exposure controls.

The limited number of studies carried out to date and the variety ofmeasurements obtained depending
on the processes and facilities of the CNT facilities means it is not yet possible to determine

representative exposure values for specific activities. The determination of such values will be
essential for both effective hazard assessments as more relevant doses can be examined and also

importantly for risk assessment of the facilities themselves.

It is clear that for effective risk assessment for CNT more data are required for both better hazard and

exposure assessment.
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Hypothesis and Aims

The over-arching hypothesis for the project is that carbon nanotubes, because of their structural
similarities to asbestos, will adhere to the fibre pathogenicity paradigm and therefore pose a hazard to

the pleural mesothelium. The aims of this project designed to test the hypothesis were as follows:

1. Develop a method for direct injection of fibres into the pleural cavity ofmice

2. Determine whether a panel of CNT administered by direct intrapleural injection cause

pathogenic changes that reflect the response elicited by asbestos controls

3. Examine the translocation ofCNT through the lung to the pleura and the subsequent effects in
the pleural space after pulmonary exposure

4. Examine the interactions between CNT and mesothelial cells and macrophages in vitro as a

potential predictive in vitro assay
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Chapter 2: Materials and Methods

2.1 Particles

2.1.1 CNT panel

In order to evaluate the pathogenicity of CNT in terms of fibre length a panel of 5 CNT of varying

lengths was assembled. All the CNT used in this project were multiwalled CNT produced by catalytic

vapour discharge (CVD). The CNT panel comprised four commercially available CNT and one

sample produced in an academic research laboratory. The NT|0ngi sample (Mitsui & Co. Ltd., Japan)
was produced by CVD using the floating reaction method. The NT|0ng2 sample was produced in an

academic research laboratory (The Nanoscience Centre, University of Cambridge) using CVD method

using a ferrocene-toluene feedstock to grow nanotubes from iron catalysts held on a silica plate. These
nanotubes grew aligned as mats, meaning they were straight and un-entanglcd. The nanotubes were

harvested from the mats using a razor blade, with some residual iron remaining within the nanotubes.
We also included one commercially available short straight CNT (NTshorl; Nanostructurcd and

Amorphous Materials, Inc.) and two curled and tangled nanotubes of different lengths (NTtangi, 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 HC1 and Hydrofluoric acid treatment.

2.1.2 Controls

A non-fibrous particle, nanoparticulate carbon black (NPCB) was included in the panel as a control

particle for the effects of bulk carbon chemistry (Printex 90, Evonik Dcgussa GmbH, Dusscldorf,

Germany).

Two amosite asbestos samples were also included as controls. The samples consisted of mixed length
amosite asbestos enriched for long fibres (50.36% fibres >15 pm, 35.25% fibres >20 pm), hereafter
referred to as long fibre asbestos (LFA). Shortened amositc asbestos (SFA) was prepared by grinding

long fibres in a ceramic ball mill, and the resulting fibre preparation scdimentcd in water. The SFA

sample consisted of 4.46% fibres >15 pm, 0.99% fibres >20 pm. Both LFA and SFA were created
from the same batch of South African amosite (Davis ct al., 1986a) obtained from the Manville

Corporation (USA).
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2.1.3 Synthesis of NTshon-DTPA conjugates

NTsi,ort-DTPA conjugates were synthesized and radiolabeled by Dr. Khuloud Al-Jamal (University of
London). NTshorl-NH3+ were obtained following the procedure reported in reference (Li ct ah, 2008).

Briefly, 150 mg of NTshon were heated in 15 mL of neat oxalyl chloride at 62 °C for 24 h. After

evaporation in vacuo the resulting nanotubes were dispersed in a solution of Boc-monoprotected

diamino-triethyleneglycol (TEG) (670 mg) in distilled THF (10 mL) and heated at reflux for 48 h. The
nanotubes were re-precipitated several times from methanol/diethyl ether by successive sonication
and centrifugation. The Boc protecting groups were removed overnight using 4 M HC1 in dioxane (10

ml) to afford ammonium functionalized MWNT (110 mg) following evaporation of the acid solution
and re-precipitation in diethyl ether. Kaiser test afforded a loading of 0.320 mmol/g. Animated
MWNT (10 mg) were dispersed in a mixture of dry DMSO/DMF (0.4:2.5 ml) and neutralized with
DIEA (diisopropylethylamine) (50 pi). Diethylentriaminepcntaacetic (DTPA) dianhydridc (28.5 mg)
was added and the mixture was stirred for 48 h at 50°C. The DMSO/DMF solution was partly

evaporated and diluted with water. The NTshort-DTPA were recovered by centrifugation, re-dispersed
in water and lyophilized. Kaiser test showed that only 0.034 mmol/g of free ammonium groups were

still present.

2.1.4 Radiolabelling to produce NTshort-DTPA[111ln]

The radioactive tracer ['"ln]Cl3 was obtained from Amersham Pharmacia Biosciences (UK) as an

aqueous solution and used without further purification. As a standard procedure, dispersions of
NTshort-DTPA (80pl-400pl of 250pg/ml) were diluted with an equal volume of 0.2 M ammonium
acetate buffer pH 5.5, to which 20-100MBq as indium chloride ('"InCl3) was added. The indium was

left to react with the NTsllort-DTPA for 30 min at room temperature, after which the reaction was

quenched by the addition of 0.1 M EDTA chelating solution (1/20 the reaction volume is added).

'"lnCl3 alone, used as a control, was also subjected to the same conditions of the labelling reaction.

Aliquots of each final product were diluted five-fold in PBS and then I pi spotted on silica gel

impregnated glass fibre sheets (PALL Life Sciences, UK). The strips were developed with a mobile

phase of 50 mM EDTA in 0.1 M ammonium acetate and allowed to dry before analysis.
Autoradioactivity of the strips was quantitively counted using a Cyclone phosphor detector (Packard

Biosciences, UK). The immobile spot on the TLC strips indicated the percentage of radiolabeled

NTsi,ort-DTPA["lIn] conjugate, while the free '"in or ['"injDTPA were shown by the mobile spot.

2.1.5 Compact particle panel

Quartz particles (DQ12), coal mine dust particles and two samples of commercially available

polystyrene beads (10 pm, 3 pm beads, Polysciences, PA, USA) were also used in this study. Mean
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particle diameter of DQ12 quartz and coalmine dust were measured by dynamic light scattering using
90 plus Particle Size Analyzer (Brookhaven Instruments Corp., NY, USA).

2.1.6 Nickel nanowires

Nickel nanowires (NiNW) were fabricated by Dr. Adriele Prina-Mello and Dr. 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 et ah, 2006). Once formed, NiNW
were removed from the membrane by dissolving it in 1 M NaOH and re-suspending the solution in
ddfUO. This resulted in a wire consisting ofmetallic nickel which was rapidly oxidised to form a 3-4
nm thick layer of nickel oxide (Prina-Mello et ah, 2006). The formation of short and long NiNW

(NiNW]0ng, NiNWshort respectively) was achieved via altering the deposition time and resulted in
average (mean) lengths of 4.3 ± 1.0 pm and 24.0 ± 7.0 pm respectively. Size distributions were

prepared and examined by scanning electron microscope (SEM, Carl Zeiss Ultra Plus, UK) by Dr.
Fiona Byrne.

2.1 7 Functionalised CNT

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 NT|ong2 sample. The sample was sent to
the laboratory of Prof. James Tour (Rice University, TX, USA) and functionaliscd in two separate

ways by Amanda Higginbotham and Ashley Leonard prior to testing. The Arylation of MWCNT was

performed using the aryl iodide isopathic acid as described by Chattopadhyay and colleagues

(Chattopadhyay et ah, 2005). Briefly the NT|ong 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% HC1. The mixture was filtered

through a 0.2 pm filter membrane and washed with water and ethanol before drying in vacuum at 80
°C. Long carbon nanotubes were alkylated using octyl-iodide (Sigma-Aldrich) by the same method.

2.1.8 Size distributions

The size distribution measurements for 4 members of the CNT panel (NTtangi, NTtang2, NTi0i1bi , NT|ong2)
were previously carried out by Craig A. Poland (ELEGI, University of Edinburgh) and reported in

(Poland et ah, 2008). Measurements were made from CNT samples visualized by transmission
electron microscopy (TEM) and scanning electron microscopy (SEM). All measurements were taken

using calibrated measurement software (Image-Pro Plus; Media Cybernetics Inc., MD, USA) based on
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100 pm stage graticule (Graticules LTD, Kent, UK). 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 pm as a fibre. The size distribution of the NTsilon CNT sample was measured from images of the

sample prepared for TEM.

2.1.9 Transmission electron microscopy

Particles were suspended in propan-2-ol (Fisher Chemicals) and briefly sonicated using an ultra

sonicating water bath (Fisherbrand FBI 1002, 40kHz). The sample suspensions were then diluted into
1.25 % propan-2-ol/ ddH20 (Milli-Q Academic, Milliporc, MA, USA) solution. A drop of the sample

suspension was placed on a grid with a support film of Formvar/carbon, excess material was blotted
off with a filter paper and the material was examined under a FEI CM 120 BioTwin Transmission
Electron Microscope (Philips, Eindhoven, Netherlands) using a Lab6 emitter. Images were captured

using an AMT Digital Camera (AMT, MA, USA).

2.1.10 Soluble metal contamination

The levels and types of contaminating metals contained within the samples were established using an

inductively coupled plasma optical emission spectrometer (ICP- OES) analysis using an iCAP 6500

(Thermo Scientific, MA, USA) by the Institute of Occupational Medicine. The degree of soluble
metal contamination was established by preparation of a soluble fraction prepared by suspending each

sample in dH20 prior to mixing and filtration to remove particulates and the supernatant analysed.

2.1.11 Endotoxin 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 Walkersvillc, Inc, MD) and mixed on a rotating mixer at room

temperature for 24 hrs prior to ultracentrifugation 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 Walkcrsvillc, Inc, MD). 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.

2.1.12 CNT durability
The durability of the functionalised CNT was analysed based on the use of a physiological extra
cellular fluid describe by J.L. Gamble (GAMBLE, 1952). The composition of Gamble solution is
described in Table 2.1.The pH of the Gambles solution was adjusted to pH 4.5 and the pH readjusted
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24 hrs later. Formaldehyde (37%) was added (l-2mls/L) to prevent microbial growth. CNT samples

(50 pg/ml) were incubated rotating in Gambles solution for 4 weeks at 37°C. Samples were diluted
1:200 and filtered onto PVC filter papers (0.1 pm pore size, 25 mm diameter, Skc Inc) pre-wetted
with 10 ml of ddFLO under vacuum using a membrane filter holder for vacuum filtration (Whatman,

UK). The sample was washed three times with 10 ml of ddH20 allowed to dry overnight and prepared
for scanning electron microscopy. The size distributions of the functionalizcd CNT samples (NT|0ng.
al, NT|ong_AR) were determined by SEM

Table 2.1: Composition of Gamble solution

NaCI 7.12g/L

NaHC03 (Sodium Bicarbonate) 1.95g/L

CaCI2.2H20 (Calcium Chloride) 0.029g/L

Na2HOP4 (Sodium Phosphate) 0.148g/L

Na2S04 (Sodium Sulfate) 0.079g/L

MgCI2.6H20 (Magnesium Chloride) 0.212g/L

Glycine 0.118g/L

Na3-citrate.2H20 (Sodium Citrate) 0.152g/L

Na2-tartrate.2H20 0.18g/L
Na-pyruvate 0.172g/L
Lactic Acid 0.15g/L

2.1.13 Dispersion

A number of dispersion media were tested including dFLO, foetal bovine scrum (FBS), bovine serum

albumin (BSA), Dipalmitoylphosphatidycholinc (DPPC, semi-synthetic, 99% Purity, Sigma-Aldrich

Company Ltd.) and triton-X. NT|0ng2 (50 pg/ml) was dispersed in the different media by
ultrasonication at 230V, 50Flz, 350W for 2 hours in an ultrasonic bath (FBI 1002, Fisherbrand,

Thermo Fisher Scientific, Inc., MA, USA). Five hundred microlitres of the resulting suspension were

filtered onto polycarbonate filters with 0.1 pm pore size (Millipore). Filters were washed thoroughly
with dFLO and allowed to dry overnight at room temperature. Filters were examined the following

day and images captured by digital camera (Olympus).

2.1.14 Particle Suspensions

Particles were suspended in Roswcll Park Memorial Institute-1640 (RPMI-1640) media (PAA
Laboratories Ltd., UK) containing 0.5% bovine serum albumin (BSA; Sigma-Aldrich, Poole, UK) for
in vitro treatments or sterile 0.9% saline (PAA Laboratories Ltd., UK) for in vivo experiments at a
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stock concentration of 500 pg/ml and dispersed by sonication. Suspensions were prepared freshly
each day and used immediately upon removal from the ultrasonic bath. For light microscopy images
all samples from the particle panel were dispersed by ultrasonication in 0.5% BSA/salinc solution at a

concentration of 50 pg/ml. Ten microlitres of the resulting particle suspensions were mixed with 10 pi

glycerol, mounted onto glass slides and examined at 40x magnification (Zeiss). Images were captured

using Q capture Pro software (Media Cyberbernetics Inc., MD, USA).

2.1.15 Electron paramagnetic resonance

The free radical generating ability of the CNT panel was measured by EPR using the spin traps;

Tempone-H and DMPO (+H202). The positive control; pyrogallol was used for superoxide generation
and a Fenton Chemistry mix (iron ions plus FI202) was a positive control for hydroxyl radical.
Particles were diluted to a concentration of 0.01 mg/ml in saline and sonicated. To measure

superoxide radicals Tempone-H (Alexis Biochemicals) was added to samples to give a final
concentration of ImM. Hanks buffer with Tempone-H and pyrogallol (ImM) diluted in Hanks buffer
were used as negative and positive controls, respectively. EPR spectra were measured after 60
minutes incubation at 37°C using the following instrumental conditions: Microwave frequency:

9.39GHz, Magnetic field: 3355 G, sweep width: 55 G, sweep time: 30 seconds, gain lEl. To measure

hydroxyl radicals DMPO (Sigma) was added to particles to give a final concentration of 50mM. H202
was also added at a final concentration of lOOpM to start the reaction. Saline with DMPO and

Fe(II)S04 (lOOpM) with H202 (lOOpM) were used as negative and positive control, respectively. EPR

spectra were measured immediately at room temperature using the following instrumental conditions:
Microwave frequency: 9.39GHz, Magnetic field: 3360 G, sweep width: 75 G, sweep time: 30

seconds, gain: 7E1. Intensity values of the highest spectra peak were recorded and graphed against
each other (arbitrary values).

2.2 In vitro

2.2.1 Met5A mesothelial cell line

The human mesothelial cell line (Mct5A) was purchased from the American Type Culture Collection

(ATCC, No. CRL-9444). The mesothelial cells were originally isolated from the pleural effusions
caused by medical indications of thoracentesis (such as congestive heart failure) of a noncancerous

patient (Ke et al., 1989; 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 Met5A 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 lOOU/ml (1%) Penicillin/ Streptomycin (PAA
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Laboratories Ltd., UK). The cells displayed a cobblestone-like appearance in culture. The cells were

maintained at 37°C in 5% C02 and used between passages 6-25 from stocks maintained under air-

phase liquid nitrogen in DMSO supplemented freezing media.

2.2.2 THP-1monocyte cell line

The THP-1 cell line was obtained from ATCC (Product: TIB-202). The THP-1 human monocyte cell
line was originally derived from the blood of a boy with acute monocytic leukaemia. The monocytic
nature of the cell line was characterized by lysozyme production and phagocytosis of latex particles
and sensitized sheep erythrocytes (Tsuchiya et ah, 1980). Cells were maintained in continuous culture
in supplemented with 10 % FCS RPMI-1640 at 37 °C in a humidified atmosphere containing 5 %

COv Differentiation of the THP-1 monocytes into macrophages was by 48 hour incubation with

phorbol myristate (PMA) (Sigma, Cat No p-8139) at a concentration of 10 ng/ml. Differentiated cells
adhered to the flask, whereas undifferentiated monocytic cells remained in suspension and were

removed by washing with PBS.

2.2.3 Cell Culture and Treatment

Prior to experimentation Met5A ceils were seeded in 24-wcll plates (Corning, Amsterdam, The

Netherlands) at a concentration of 2.5x105 cells/well and allowed to adhere for 24 hours. THP-1

monocytic cells were differentiated into macrophages with 10 ng/ml PMA at a concentration of
2.5xl05 cells/well in 24-well plates for 48 hours. Prior to the treatment of both cell types the media
was replaced with RPMI-1640 media containing 0% FCS, 1% penicillin/streptomycin and 1% L-
Glutamate for 3 hours. Particle treatments were carried out with particle suspensed in RPMI media

containing 0.5% BSA/saline, 1% penicillin/streptomycin and 1% L-Glutamatc. Cells were treated
with the CNT panel for 24 hours using a range of doses to determine cell viability, 5 pg/cm2 was

chosen as a sub-lethal dose for subsequent activation studies. Lipopolysaccharide (LPS) treatment was

given at 10 ng/ml. Cytochalasin D (Enzo Life Science), potassium chloride (KC1) or diphcnylene
iodonium (DPI) was used to co-treat THP-1 cells along with NTiongi, NT|ong2, or LPS. Light
microscopy images of THP-1 cells treated with the panel of CNT were captured at x40 magnification

using QCapture Pro software (Media Cybernetics, MD, USA).

2.2.4 Scanning electron microscopy

THP-1 cells were grown on Thermonox covcrslips (Nunc, Roskilde, Denmark) and treated with
NPCB, NTshort or NTiong2 (5 pg/cm2) for 24 hours. Cells were fixed with 10% Formalin and were

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, Oxfordshire, UK).
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2.2.5 Trypan Blue Exclusion Assay

Met5A cells were plated as above before treatment with the particle panel for 24 hours at doses

ranging from 5-50 pg/cm2. The cell supernatant was removed and kept for lactate dehydrogenase

(LDH) measurements, cells were washed once with PBS and incubated with 0.4% trypan blue

(Sigma-Aldrich, Poole, UK) for 5 minutes. Excess trypan blue was removed and cells washed with
PBS. Dead cells, as indicated by incorporation of the trypan blue dye, were counted and calculated as

a percentage of total cells (500 total cells counted per treatment group).

2.2.6 Lactate dehydrogenase Assay

Cell supernatant from Met5A and THP-1 cells exposed to the CNT panel at doses ranging from 5-50

pg/cm2 or LPS (1 pg/ml) was diluted 1:3 and 100 pi was added in triplicate to a 96 well plate

(Coming, Amsterdam, The Netherlands). One hundred microlitres of the LDH test reagent

(diaphorase/NAD+ mixed with iodotetrazolium chloride and sodium lactate at a ratio of 1:45) added
to each well. Cells treated with 0.1% Triton-X were used as a positive control for 100% cell lysis.

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).

2.2.7 Cytokine Bead Array

The media levels of IL-lfl, IL-6, IL-8 and TNFa cytokines were measured after direct exposure of the
mesothelial cells and macrophages to the CNT panel (5 pg/cm2) and exposure of the mesothelial cells
to the conditioned media from CNT-treated macrophages by cytokine bead array (BD CBA Flex Set,
BD Biosciences, San Jose, CA). Briefly, 25 pi of the mixed capture antibodies were added along with
50 pi of the supernatant samples and standards to each well of a 96-wcll plate and incubated at room

temperature for one hour. Twenty-five microlitres of the mixed PE detection reagent was added to

each well and incubated at room temperature for two hours. The plate was ccntrifugcd at 1500 g force
for 5 minutes and the supernatant completely removed. One hundred and fifty microlitres of the wash
buffer was added to each well. The plate was agitated for 5 minutes to resuspend the beads before the

samples were analyzed using the BD FACSArray Bioanalyzer (BD Biosciences, San Jose, CA).
Results were analysed using FCAP array software and sample concentrations of each cytokine were

established via extrapolation from the appropriate recombinant protein standard curve.

2.2.8 ELISA

The media levels of IL-lp and IL-6 after macrophage inhibition studies was established using LLISA
DuoSet kits (R&D systems, Abingdon, UK) specific to each analyte of interest. Ninety-six well
microtitrc plates were incubated overnight at 4°C with 100 pi of coating antibody raised against IL-1 (1
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or IL-6. The plates were washed 3 times with 0.05% Tween-20 in phosphate buffered saline (PBS; pH

7.2) and blocked using reagent diluent (1% BSA in PBS; R&D systems, Abingdon, UK) for 1 hour

(room temperature) prior to further washing and addition of test samples/ standards in triplicate. After
2 hrs the plates were washed and a biotinylated detection antibody added to each well followed by a 2
hr incubation. The plates were then washed and 100 pi Streptavidin conjugated with horseradish

peroxidise was added. The plates were washed and developed using a TMB substrate solution (Sigma-

Aldrich, Poole, UK). The subsequent reaction was stopped with 0.5 M H2S04, resulting in a yellow
colour, and read at 450 nm. Sample concentrations of IL-ip, IL-6 were established via extrapolation
from the appropriate recombinant protein standard curve.

2.3 In vivo

2.3.1 Experimental Animals

Eight to twelve week old (20-25 g) female C57BL/6 strain mice (Harlan, UK) were group- housed in
standard caging with sawdust bedding, environmental 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. All in vivo work
was earned out by staff holding a valid UK Home Office personal licence under a Home Office

approved project license.

2.3.2 Intrapleural injection

A 27 gauge needle was fitted with a sleeve covering the needle shaft as far as the base of the bevelled

edge of the needle tip (Figure 2.1). Animals were humanely restrained without anaesthetic via

'scruffing' to expose the chest prior to injection into the upper right thoracic cavity with a total
volume of 100 pi. Animals were immediately placed back into their cage and monitored to ensure

resumption of normal behaviour.
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Figure 2.1: Modified needle for intrapleural injection.

2.3.3 Pharyngeal aspiration

Animals were anaesthetised using Isoflurane (2-chloro-2-(difluoromethoxy)-l,l,l trifluoroethane) and
the tongue was gently held at full extension while a 50 pi bolus of test sample pipetted to the base of
the tongue. The animals 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 animals were further

observed until full recovery and group housed for the duration of the experiment.

2.3.4 Lavage

At each time point the mice were killed by C02 asphyxiation. An incision was made into the skin of
the animal at the base of the abdomen and the skin was then carefully removed to expose the

underlying tissue. The abdominal wall was cut away. The animal was held by the xiphoid process at

the base of the sternum and the falciform ligament connecting the diaphragm and liver was severed. A
small incision was made in the diaphragm directly inferior to the xiphoid process through which a

Pasteur pipette was used to lavage the cavity (Figure 2.2). The pleural cavity was lavaged with 3
washes of 1 ml of ice-cold saline which dispersed throughout both the left and right sides of the

pleural cavity. The first lavage was retained in a separate tube for biochemical analysis.
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Figure 2.2: Technique for pleural lavage

2.3.5 Bronchoalveolar Lavage

At each time point, the mice were killed 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 0.8 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
0.8 ml washes, with the first wash kept separately on ice and the subsequent washes pooled. All

lavages were placed on ice for the entire duration of the processing.

2.3.6 Differential cell count

The lavage fluid (both pleural and lung) was then ccntrifugcd at 123g for 5 minutes at 4°C in a

Mistral 3000i centrifuge (Thermo Fisher Scientific, Inc., MA, USA) and aliquots of the supernatant

retained for total protein and cytokine measurements. The remaining cell pellet was re-suspended in
0.5 ml of 0.1 % BSA/ sterile saline solution. A total cell count was performed using a NucleoCounter

(ChemoMetec, A/S, Allerod, Denmark). Cytocentrifugation preparations were made by placing
-40,000 cells into a cytology funnel with 300 pi of 0.5 ml of 0.1 % BSA/ sterile saline solution. The
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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 Diffquik. Differential
cell counts were performed on cyto-centrifugation preparations at xlOOO magnification, counting a

minimum of 300 cells. Images of cells were taken using QCapture Pro (Media Cyberbernetics Inc.,

MD, USA).

2.3.7 Total protein measurements

Total protein concentration of the peritoneal lavage fluid was measured using the bicinchoninic acid

(BCA) protein assay. Sample protein concentrations were established by comparison to a BSA
standard (Sigma-Aldrich, Poole, UK) curve (0 - 1000 pg/ml). The samples were then incubated at

37°C for 30 minutes after the addition of the test reagent (1 part Cu2' 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.

2.3.8.Dissection

2.3.9 Diaphragm

The veterebral column was 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 free

diaphragm was, at this stage, still attached to the excised portion of the rib cage as shown in Figure
2.3 to prevent the diaphragm tissue contracting under elastic tension. The diaphragm was washed in
ice-cold saline and placed in 10% formalin fixative for 4 hours. Once removed from fixative the tissue
was washed with 70% ethanol. The diaphragm was then removed from the ribs and the same full
width section of the upper quadrant of the diaphragm was removed from each animal sampled (Figure
2.3 I). The diaphragm section was dehydrated through graded alcohol (cthanol) and imbedded on-

edge in paraffin, with 4 pm sections of the diaphragm made. Sections were stained with H&E stain to

show gross pathology, Pico-Sirius Red (PSR) red to show collagen deposition (red stain) and anti-Ki-
67 proliferation marker (rabbit polyclonal anti-Ki-67, ab 15580, Abeam, Cambridge, UK).

2.3.10 Chest wall

The two sides of the chest wall were separated by cutting along the sternum and spine. While the
chest wall halves are still attached at the upper thoracic cavity the mediastinal lymph nodes, as

described by van den Broeck (Van Den Broeck ct ah, 2006), were identified. The chest wall halves
and lymph nodes are removed together and rinsed in ice-cold saline (Figure 2.3 II). The chest wall
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tissue and lymph nodes are then carefully separated and placed into individual containers of 10%
formalin fixative. After 4 hours fixation the posterior portion of the chest wall adjacent to the spine
was isolated for further examination. For histology the tissue was dehydrated through graded alcohol

(ethanol) and imbedded on-edge in paraffin, with 4 pm sections of the chest wall made. Sections were
stained with H&E and PSR. For scanning electron microscopy the chest wall was stained with
osmium tetraoxide before critical point dying, mounted, and gold sputter coated before examination

by SEM using a Flitachi S-2600N digital SEM (Oxford Instruments, Oxfordshire, UK).

2.3.11 Backscatter SEM

Chest wall samples fixed for backscatter SEM were dehydrated in 50%, 70%, 90% and 100% normal

grade acetones for 10 minutes each, then for a further two 10-minute changes in analar acetone.

Dehydrated samples were critical point dried and mounted on SEM aliminium stubs and rotary-coated
with about 8nm of carbon in an Edwards 306A vacuum coating system (Edwards High Vacuum,

Crawley, UK).

BS-SEM of carbon-coated specimens was earned out using a Hitachi 4700 II field emission SEM

(Hitachi High-Tech, Maidenhead, UK) at a beam accelerating voltage of lOkV and a working distance
of about 8mm. Secondary electron (SE) and BSE images were taken simultaneously using an annular
YAG crystal BSE detector and the upper SE detector to produce perfectly-synchronised image pairs.

3.2.12 Lymph nodes

After 4 hours fixation the excess fatty tissue surrounding the lymph nodes was removed. The lymph
nodes were paraffin embedded whole, 4 pm sections were made and stained with H&E and PSR. For

lymph node NiNW burden quantification six sequential sections were taken from each lymph node,

giving 18 sections per treatment group. Images were taken at xlO magnification for tissue area

measurement and x40 magnification for fibre counting using QCapturc Pro software (Media

Cybernetics Inc.).
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I II

Figure 2.3: Excised tissue. (I) Pleural aspect of the mouse diaphragm. Black box indicates the area

sampled and examined for lesion formation. (II) Chest wall tissue. Black box outlines area sampled for
examination of the parietal pleura responses. Black arrow indicates accumulation of injectate

surrounding the point of injection. White arrow indicates mediastinal lymph node attached to the chest
wall.

2.3.13 Quantification of lesion formation

Serial images along the chest wall and diaphragm length were taken at xl()0 magnification using a

Zeiss Axioskop microscope fitted with a Micropublisher 3.3 RTV camera using QCapturc Pro
software (Media Cyberbemetics Inc., MD, USA) and seamlessly realigned using Adobe Photoshop
CS3 Version: 10.0.1 (Adobe systems Inc.) to show the entire section. Using calibrated software

(Image-Pro Plus, Media Cybernetics Inc., MD, USA) the total length of each chest wall or diaphragm

along the basement membrane was measured in order to adjust for any differences in size. Any areas

of lesion, identified by histology as lymphocytic aggregates adhering to the mcsothelial surface

(excluding areas of liver, connective tissue or lymphatic tissue), were measured using the same

software. Lesion area on each chest wall and diaphragm was calculated in mm2 per unit length of
chest wall or diaphragm (in mm) to yield lesion area per unit length (mm2/mm). The collagen content

was measured using Image-Pro Plus software by quantifying the red pixels in each section and

expressed as area of positive collagen staining per unit length of chest wall or diaphragm (mm2/mm).
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2.3.14 Lymph node fibre burden estimated from epifluorescent microscopy analyses

Epifluorescent microscopy analyses were carried out by Dr. Adriclc Prina-Mello (Trinity College

Dublin). Five fields (with an average area of 40 pm2) were analysed for each tissue section. The total
area of the tissue sections was measured with the Image J software. For each tissue section analysed
the NiNW present in each field were counted, the total number of NWs present in the tissue section
calculated (Eq. 1), and the average concentration of NWs in the section (expressed as NiNW/pm2)
estimated (Eq. 2). Calculations were earned out as follows:

Tissue section area
Total NWs/tissue section = Total NWs counted X — Eq. 1

Area analysed

where the area analysed is equal to 200 pm2, i.e. five fields each with an area of 40 pm2

Total NWs/tissue section
NWs Concentration (NWs/\un ) = Eq.2

Tissue section area

2.3.15 Lung

The thoracic cavity was exposed, and the trachea cannulated using a 21 gauge needle and legated 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 10% formalin fixative added at a hydrostatic pressure of 20 cm

H20. The trachea was then fully ligatcd and the cannula removed prior to full submersion of the lungs
and heart in 10% formalin fixative for a period of 24 hrs. 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 (cthanol) and imbedded in

paraffin with 4 pm sections cut so as to encompass all lobes of the lung. Sections were stained with
H&E and PSR and serial images taken at xlOO magnification using QCapturc Pro software. The

images were seamlessly re-aligned as before to show an entire section of the lung.

2.13.16 Whole body imaging of NTshort-DTPA [111ln] injected animals by Nano-SPECT/CT

Imaging of radiolabeled NTshorl by Nano-SPECT/CT was carried out by Dr. Khuloud Al-Jamal and
Mr. Antonio Nuncs (School of Pharmacy, University of London) at the Department of Nuclear

Medicine, St. Bartholomew's Hospital, London. Balb/C mice were anaesthetised by isofluoranc
inhalation. Each animal was injected directly into the pleural space with 100 pi containing 5 pg of

NTshort-DTPA ["'in] containing approximately 3-5MBq. ['"in] DTPA of the same activity was

injected for comparison. Immediately after injection (t=0-l h) and at t=23-24 h, mice were imaged
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using the Nano-SPECT/CT scanner (Bioscan, USA). SPECT images were obtained in 16 projections
over 40-60 min using a 4-head scanner with 1.4 mm pinhole collimators. CT scans were taken at the
end of each SPECT acquisition and all images were reconstructed with MEDISO software (Medical

Imaging Systems). Fusion of SPECT and CT images was carried out using the PMOD software.

2.4 Statistics

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.
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Chapter 3: The pleural pathogenicity of carbon nanotubes

3.1 Acknowledgements

The carbon nanotube sample NT|0ng2 was synthesised by Dr Ian Kinloch of the University of
Manchester during his tenure at the University of Cambridge. The NT]ongi sample was graciously
gifted by Mitsui & Co and the nanoparticulate carbon black sample Printex 90 was gifted by Evonik

Degussa GmbH, Dusseldorf, Germany. The fibre sizing for a sub-panel of the CNT samples was

previously earned out by Dr. Craig A. Poland in the ELEGI laboratory (University of Edinburgh).

3.2 Aims and Hypothesis

As described in Chapter 1 the pathogenicity of a fibre is governed by the physical attributes of length,
diameter and biopersistence which together form the basis of the fibre pathogenicity paradigm. The

potential of certain CNT samples to adhere to the FPP raises concern that they may pose an asbestos-
like inhalation hazard, leading to the development of diseases in the pleural cavity, including
mesothelioma. The asbestos-like pathogenicity of long, but not short CNT has been previously
demonstrated in a study carried out in the ELEGI laboratory which used the peritoneal cavity as a

surrogate for pleural exposure (Poland et al., 2008). Although the peritoneal cavity serves as a

convenient model to study mesothelial impacts of fibres and peritoneal mesothelioma do arise in

asbestos-exposed individuals, the primary mesothelial target for inhaled fibres is the pleural
mesothelium. Therefore the aim of this study was to compare the pathogenic potential of a panel of

short, tangled and long CNT with long and short asbestos after direct injection into the pleural cavity
of mice. Based on the importance of length/width of a fibrous particle in its toxicity, we hypothesised
that, like asbestos, only CNT composed of long (>15-20 pm), thin (<3 pm) fibres will generate

inflammation.

3.3 Results

3.3.1 Morphology of the CNT panel

To assess the role of length in the pleural response to CNT we assembled a panel of long, short and

short/tangled CNT along with long and short amosite asbestos controls and a particulate carbon

control; nanoparticle carbon black (NPCB). The physical characteristics of the CNT samples in dry

powder form are described in Table 3.1.

Table 3.1: Gross morphology of fibre panel.
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Sample Macroscopic characteristics

LFA Grey fibrous material aggregated into wool-like
bundles

SFA Grey powder aggregated into coarse granules
NPCB Dense black powder of very fine material

NTihort Dense black powder of fine, non-fibrous
material

^Tnngl Dense black powder of fine, non-fibrous
material

^Tjng2 Dense black powder containing coarse
aggregates of non-fibrous material

^Tongl Fibrous black material forming loose, dusty
bundles

ttf|ong2 Black, fibrous, non-dusty material forming
bundles and dense flakes.

Figure 3.1 displays representative images of the fibre panel captured by TEM. The particles were

dispersed using the solvent; isopropanol, prior to imaging to enable visualisation of individual fibres.
The long fibre amosite asbesotos sample (herein referred to as LFA) was observed to consist of

singlet fibres ranging from in length from several microns to over 100 pm, whereas the short fibre
amosite asbesotos sample (SFA) consisted of short, rod-like fibres that were predominantcly shorter
than 5 pm in length. The NPCB sample consisted of small aggregates of spherical particles. The
NTshort sample contained CNT that were straight but extremely short whereas both the NT„mgi and
NTtang2 samples, although longer than the NTsi,ort sample appeared curled and formed spherical
aggregates due to the presence of a high proprtional of structural defects. Both NTtongi and NT|0ng2
consisted of longer straight CNT. Of the 5 different CNT samples, only the samples designated

NT|ong| and NTiong2 were seen to contain fibres as defined by the WFIO definition of a fibre i.e. length
greater than 5 pm, width less than 3 pm and an aspect ratio of 3:1 (WFIO, 1997).

69



NPCB *
i

p-

A-

•

*

* *

>

. * *

•

v

A

* # «

1 \

500nm*
HHHHH

N"l"tangl |r
*

Pt
•- \ *

yJ \
% \ lOOnm

^^"longl

■ -*

jk
V

—

W

\^2nm

^Tshort

gtNUT

500 nm

NTtang2

lOOnm

NT,long2

Figure 3.1: Microscopic morphology of the particle panel. Transmission electron microscopy was used
to assess the differences in the morphology of the particle panel. Particle samples were dispersed in

propan-2-ol. Note different scale bars for each particle type.
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3.3.2 Size Distributions

The short fibre asbestos sample (SFA) was obtained by ball-milling the long fibre sample which

produced a sample of fibres consistently shorter than 5 pm. SFA contained approximately 5% of
fibres which could be considered long (> 15 pm) whereas 50% of the LFA sample was longer than 15

pm (Figure 3.3). The NPCB sample was assessed by dynamic light scattering and found to form small

aggregates 85±7 nm in diameter when dispersed in 0.5% BSA/saline. The straight NTshorI sample were

sized by TEM and obsereved to contain no fibres greater than 3 pm in length (Figure 3.2). The size
distribution for the NTtangi, NTtang2, NT|0ngi and NTiong2 CNT samples were previously carried out in
the ELEGI laboratory by Craig A. Poland and reported in Poland et al (Poland et al., 2008). Both

NT,angi and NTtang2 consisted of tangled aggregates and were therefore considered to be non-fibrous.
Of the two forms of fibrous carbon nanotubes the NT|0ngi CNT sample contained a moderate
proportion of long fibres longer than 15 pm (21.01%). The NT|0ng2 sample contained a more

substantial proportion of fibres longer than 15 pm (75.21%) (Figure 3.3). The morphological

properties of the CNT panel are summarised in Table 3.2.

Length (nm)

Figure 3.2: Size distribution ofNTshort sample.
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Length (urn)

Figure 3.3: Size distribution of the fibrous asbestos and fibrous CNT samples.Fibre sizing carried out

by Dr. Craig A. Poland.

Table 3.2: Fibre dimensions of the CNT panel.

NPCB ^"^"short N^tangl NTtang2 NT|ongl ^T|ong2
Source Degussa

Printex 90

Nanostructured

& Amorphous
Materials, Inc.

NanoLab, Inc. NanoLab, Inc. Mitsui & Co. University of
Manchester

I Dr. 1. Kinloch)

Diameter (nm) 14 25.7± 1.6 14.8410.05 10.4 010.32 84.89+ 1.9 165.02 + 4.68

Length (urn) - 1-2 1-5 5-20 Mean 13 Mean 36

% fibre greater 4 t 4 4 24.04 84.26

than 15 pm

3.3.3 Metal contamination

The presence of contaiminating transition metals in the CNT samples is recognised as a potential
driver of inflammation. Therefore the bioavailablc metal contaminants released into an aqueous

extract of the CNT panel were analysised using Inductively Coupled Plasma-Optical Emission
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Spectroscopy (ICP-OES) which was carried out at the Institute of Occupational Medicine. The levels
of Cadmium (Cd), Cobalt (Co), Chromium (Cr), Copper (Cu), Iron (Fe), Manganese (Mil), Nickel

(Ni), Titanium (Ti), Vanadium (V) and Zinc (Zn) released from the CNT samples into an aqueous

solution are shown in Table 3.3. Both asbestos samples (SFA and LFA) contained high levels of iron
which is hypothesised to contribute to the pathogenicity of asbesots via Fenton chemistry and free
radical generation (Donaldson et al., 1996) however the iron content of the CNT samples was at least
15 times lower than that of the asbestos samples.

Table 3.3: Soluble aqueous extract ofmetal contaminants. Metal concentration expressed as pg/g.
The limit of detection by this method is 0.1pg/g.

Sample Cd Co Cr Cu Fe Mn Ni Ti V Zn

SFA <0.1 2.1 <0.1 3.1 547.0 36.3 18.4 31.5 3.1 10.5

NPCB <0.1 0.3 <0.1 0.2 0.1 <0.1 2.6 0.2 0.1 0.1

^Tho't <0.1 <0.1 <0.1 <0.1 24.2 50.3 21.6 0.4 <0.1 5.3

^Tangl <0.1 3.7 0.2 5.1 7.9 0.4 9.7 0.7 <0.1 5.5

^Tang2 <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

^Tongl <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

3.3.4 Electron Paramagnetic Resonance

In order to establish the level of intrinsic free-radical activity, each member of the particle panel was

analysed using Electron Paramagnetic Resonance. The spin traps; Temponc-H and DMPO (± H202)
were employed to detect superoxide radical generation and hydroxyl radical generation respectively

(Figure 3.4). The EPR spectra obtained with the Tcmpone-H spin trap show a significant signal for
the positive control; pyrogallol. SFA, NTtangI, NTtang2 and LFA also generated a signal significantly
greater than that of the vehicle control and their superoxide generating ability could be ranked as

follows: SFA > NTta„gi > NTtang2, LFA > NPCB, NTshort, NT,ongi, NT]ong2.

The DMPO spin trap was employed both with and without the addition of H202 to stimulate Fenton

chemistry by the samples however only the positive control (FeS04 + H202) generated a EPR signal
under either set of experimental conditions.
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Figure 3.4: Intrinsic free radical generation. Electron paramagnetic resonance was employed with the

spin traps- Tempone-H and DMPO, to measure the intrinsic free radical generating potential of each
of the particle panel. Significance vs. vehicle control indicated by * P<0.05, **P<0.001, *** P<0.0001.
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3.3.5 Dispersion

The state of dispersion of CNTs is critical when assessing the toxicity of the CNT types based 011

physical parameters such as length. Due to strong attractive forces such as Van der Waals forces,
CNT resist dispersion in aqueous media. Therefore prior to the administration of CNT into the mouse

pleural cavity the effectiveness of different media in aiding the dispersion of CNT aggregates was

examined. We compared the effectiveness of foetal bovine serum (FBS) with

dipalmitoylphosphatidycholine (DPPC), a biocompatible phospholipid and a major component of lung

surfactant, and with the ubiquitous globular protein, bovine serum albumin (BSA). These dispersants
were compared with the detergent Triton-X and distilled water. Dispersion of NT|0ng2 in solutions
containing triton-X or 0.5% BSA/saline appeared to be most effective, with a uniform layer of CNT

containing only small aggregates seen on the filter paper (Figure 3.5). Poorer quality dispersion was

seen with dFFO, 50% FBS/saline, 100% FBS and DPPC where larger aggregates of NT|0ng2 remained
(Figure 3.5). As triton-X is a detergent and is lytic to cells, 0.5% BSA/saline was chosen as the

dispersion medium for all subsequent experiments.
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Figure 3.5: Comparison of dispersants. NTIong2 (50 pg/ml) was dispersed by sonication in different
dispersion media and filtered. The quality of dispersion was judged by the number of targe aggregates

left on the filter paper. Dispersion by Triton-X or 0.5% BSA/saline appeared to have the fewest visible

aggregates. Scale bar indicates 10 mm.
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Light microscopy of the CNT panel and controls, dispersed by ultra-sonication in 0.5% BSA/salinc,

prior to administration showed the presence of fibres in the LFA, NT|„„gl and NT|ong2 samples,
whereas the SFA, NTshort, NTtangi and NTlang2 samples were composed of small aggregates which were

all considered to be of respirable size (Figure 3.6).

Figure 3.6: Representative light microscope images of CNT preparations dispersed in 0.5%
BSA/saline. For light micrographs, CNTs and fibres were dispersed by ultrasonication in 0.5%
BSA/saline at a concentration of 50 pg/ml to the standard degree of dispersion used for intrapleural

injection. Scale bar indicates 20 pm.
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3.3.6 Intrapleural injection

The aim of this study was to assess the hazard posed by CNT of diffferent morphology to the pleural
mesothelium. A method of injection directly into the pleural cavity of mice using a modified needle
was therefore developed and initially tested using trypan blue ink (Figure 3.7). Figure 3.7 (11) shows
the pleural cavity as viewed through the diaphragm directly after injection with trypan blue. Blue dye
can be seen dispersed throughout the pleural space as indicated by the white arrow indicating that the
dose of CNT will be successfully delivered into and dispersed throughout the pleural cavity by this
method.

Chest wall

Parietal Pleura

Visceral Pleura

Injection of Trypan Blue Dye

Lung
Diaphragm

Liver

Figure 3.7: Intrapleural injection. (I) Schematic diagram of the injection method. A modified needle
with a sleeve over the needle shaft which exposed only the very tip is used. The needle can pass

through the chest wall but the sleeve prevents entry of the needle into the lung. (II) The injection
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method was tested with trypan blue dye. Immediately after injection blue dye can be seen dispersed

throughout the pleural cavity, as indicated by white arrows.

3.3.7 Acute inflammatory response to asbestos fibres

The pleural response was first examined after administration of the long and short amositc asbestos

samples. Twenty-four hours after 5pg of LFA or SFA were injected into the pleural cavity the acute

inflammatory response was measured by counting the total number of cells in the pleural lavage fluid
and determining the number of granulocytes which were recruited to the pleural cavity. Injection of
LFA resulted in an increase in both the total number of cells and the number of granulocytes in the

pleural lavage fluid that was significantly greater than the vehicle control treated mice or the mice
treated with the short SFA sample (Figure 3.8). Figure 3.9 shows cytospins of the pleural lavage fluid

demonstrating the differential cell populations in response to the long and short asbestos fibre

samples. This result demonstrates the sensitivity of the pleural exposure model to fibre length.

Figure 3.8: Acute pleural response to long and short asbestos fibres. Total cell number (I) and total

granulocytes (II) were measured in the lavage fluid of mice injected with 5 pg of SFA or LFA and
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controls at 24 hours after injection. Significance versus vehicle control * indicates p<0.05, ** indicates

p<0.001, significance between LFA and SFA # indicates p<0.05. Data expressed as mean ± sem, n=3

I II III

Figure 3.9: Cytospins of the pleural lavage fluid 24 post injection of vehicle control (I), SFA (II) or LFA
(III). Inflammatory granulocytes, present only in the pleural fluid of the LFA treated mice are indicated

by the white arrows. Scale bar indicates 20 pm.

3.3.8 Acute Inflammatory response to intrapleural injection of the CNT panel

Using the long and short amosite asbestos samples wc confirmed that the pleural model was sensitive
to long fibres. Our next step was to investigate the acute inflammogenic effects of CNT of different

morphology and the compact graphene control NPCB and compare the responses to LFA and SFA.
The acute inflammatory response to instillation of the CNT panel directly into the pleural space was

measured at 24 hours by lavaging the pleural space and counting the cell types. Only intrapleural

injection of the samples containing long fibres- LFA, NT|ongi and NT|0ng2- showed a significant
increase in total cell number in the lavage fluid (Figure 3.10 I). Wc also measured the number of

granulocytes, which included both neutrophils and eosinophils, as an indicator of acute inflammation
in the lavage fluid. Again only mice which were injected with long fibres elicited an inflammatory

response as shown by the increased number of granulocytes that was significantly greater compared to

the vehicle control (Figure 3.10 II). Mice injected intrapleurally with SFA, NPCB, NTS|H„„ NT,angi or

NTIailg2 which did not contain long fibres failed to induce an increase in the numbers of pleural
granulocytes. The inflammatory response elicited by the long CNT samples was significantly greater

than the vehicle control treated mice but also significantly greater than any increase in pleural

granulocytes induced by the short CNT samples highlighting the sensitivity of this model to fibre

length (Table 4). Protein levels in the lavage fluid, which are indicative of the fluid exudate of
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inflammation, reflected the pattern seen with granulocyte influx, although SFA and NTmngl samples
did reach significance compared to the vehicle control (Figure 3.10 III).
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Figure 3.10: Acute inflammatory response to intrapleural injection of fibre panel. Total cell number (I),
total granulocytes (II), and total protein (III) were measured in the lavage fluid of mice injected with 5
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pg of the particle panel and controls at 24 hours after injection. *p <0.05; **p < 0.01; ***p <0.001
versus vehicle control. Data represent mean ±SEM (n = 5 mice per treatment group).

Table 3.4: Significance of differences in inflammatory responses as measured by granulocyte
recruitment between treatment groups.

VC SFA NPCB NTshor, NT,an8l ^1"tang2 LFA ^"l"longl ^"^"long2
vc - - - - -

* * * * * * * *

SFA - - - - -
* * * * * * *

NPCB - - - - -

** *** * * *

Nfhort - - - - -
* * * * * * *

hl"l"tangl - - - - - -
* * * * * *

NTtang2 - - - - - -
* * * * * *

LFA * * * ** *
- - -

*

I^Tjongi
* * * * * * * * * * * * * * * * * *

- -

NT,ong2 * * * *** * * * * * * * * * * * * *
-

The results above demonstrate that injection with long fibres, of either amositc asbestos or 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 pleural lavage fluid. The next step was to

establish if an alteration of the dose led to a concomitant alteration in inflammatory response. A dose

response was therefore earned out with one long CNT (NTiong2) and one short CNT (NT,angl)
exemplar. Figure 3.11 shows the total cell number and total granulocyte number in the pleural lavage
fluid of mice treated with 0.125, 0.5, 2 and 5 pg/mouse of NTtangi and NT|ong2. The results indicate a

clear linear dose-response relationship for NT|0ng2 in both the increase in total cells and granulocytes.
The number of granulocytes in response to the NTtangi sample appear to be increasing with dose albeit
to a much lower level than the NT|0ng2 sample. However the large error bars associated with the

highest dose suggest that this apparent increase is not consistent. Furthermore the level of granulocyte
influx in response to NTtangi does not reach significance compared to vehicle control at any dose
tested.
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NT,tangl
NT,long2

Dose ^g/mouse

*** NT,tangl
NT,long2

Dose ng/mouse

Figure 3.11: Dose reponse post injection to short and long CNT. (I) Total cell number and (II) total

granulocyte numbers were measured 24 hours post injection of a range of doses of NTtang1 and NTiong2
CNT samples. ***p <0.001 versus vehicle control. Data represent mean ±SEM (n = 3 mice per
treatment group).
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The neo-vascularisation of the lesions is necessary for the continued growth of the lesions over time
and suggests that the lesions are permanent pathogenic changes in the pleural cavity which are

unlikely to be resolved. Based on observations that common cellular and molecular mechanisms
activated during wound healing are also often active in cancer tissue it has been postulated that
tumours may be considered 'wounds that do not heal' (Dvorak, 1986). Chronic stimulation of

macrophages by long fibres may lead to a persistent release ofmitogenic signals essential for wound

repair leading to aberrant proliferation of the mesothelial cells thereby promoting malignant
transformation.

Lesion formation along the chest wall and diaphragm in response to the same mass dose of asbestos
fibres was also examined at 6 months post injection and compared to mice treated with the NT|0ng2
sample. Although the initial acute inflammatory response to long asbestos fibres was similar in

magnitude to the response elicited by long CNT the extent of lesion development along the parietal

pleural of both the chest wall and diaphragm was significantly less in mice exposed to the long
asbestos fibre sample. This suggests that if performing a direct comparison on a mass basis, NTiong2 is
more potent at producing a pleural response than LFA. However considering the heterogeneity of the
asbestos and long CNT samples in terms of fibre length and the relative difference in fibre densities
mass may not be an appropriate metric to use to compare the potencies of different fibre types in the

pleural space. The biologically effective dose is most likely to be comprised of the number of fibres
above a threshold length. 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 obtain 'potency per fibre' for LFA and CNT.

Here we have focussed on length as the important fibre dimension for the development of pleural

pathogenicity. A recent study by Nagai et al, using the peritoneal model of mesothelial exposure, has

proposed that CNT diameter rather than length is the critical factor in CNT-mediated fibrotic
inflammation and carcinogenesis (Nagai et al., 2011). The authors demonstrated in vitro that
mesothelial cytotoxicity was inversely correlated with the mean diameter of dispersed CNT.
Furthermore only the thin CNT sample (diameter 50nm) caused fibrotic inflammation and tumour

development after injection into the peritoneal cavity whereas rats treated with the thicker CNT

(diameter 145nm) showed negligible fibrosis (Nagai et al., 2011). Although the mean diameter of the

NTiong2 sample used here is similar in value to the non-pathogenic sample in the Nagai study (165nm
and 145nm respectively) the pleural responses to NTlong2 reflected the fibrotic inflammation induced
in the Nagai study by the NT with the smallest average diameter (50nm). Therefore the pathogenic

potential ofCNT at the mesothelium may not be restricted by diameter as the Nagai study suggests.

In summary, injection of long, straight carbon nanotubes into the pleural cavity of mice leads to the
formation of a potent acute inflammatory response similar to the response elicited by long fibre
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We attempted to correlate the level of acute inflammation generated by each member of the CNT

panel with both the soluble metal fraction of the CNT and the intrinsic fine radical generating ability.

Figure 3.12 gives the R2 values for each plot based on the pleural granulocyte number at 24 hours post

injection plotted against the EPR intensity values obtained from both the Tempone-H and DMPO spin

traps or the concentrations of each soluble metal analysed. The low R2 values for inflammation versus

EPR values suggest a poor relationship between the free radical generating ability of the CNT panel
and inflammation. Similarly the R2 values demonstrate that none of the metals quantified show a

linear relationship with inflammation. The CNT panel was suspended in dFEO for the EPR studies in
order to assess the intrinsic free radical generating capacity of the CNT however the subsequent
studies examining the inflammatory potential of the CNT were carried out in the presence of BSA.
The difference in media may alter the ERP signal of the CNT samples however due to the free radical

scavenging ability of protein the inclusion of BSA in the dispersion media for EPR would more likely
lead to the underestimation of free radical production when compared to the CNT samples dispersed
in dH20.

Table 3.5: Relationship between intrinsic free radical generation and inflammation and particle soluble
metal content and inflammation.

R2 Value p value
Tempone-H 0.2114 0.2131

DMPO 0.2264 0.1954

DMPO + H202 0.0001 0.9743

Cd 0.0071 0.8293

Co 0.3177 0.114

Cr 0.04 0.6055

Cu 0.025 0.6838

Fe 0.0051 0.8531

Mn 0.0001 0.9919

Ni 0.0552 0.5429

Ti 0.0439 0.5916

V 0.0075 0.8299

Zn 0.0003 0.9961

In order to examine the kinetics of the inflammatory response to the CNT samples the cellular

inflammatory response in the pleural space was examined again at 7 days, 4, 12 and 24 weeks post-

intrapleural injection, for representative long (NT|ong2) and short (NTtang:) CNT samples (Figure 3.12).
The increase in total cells and granulocytes seen in the pleural lavage of mice injected with NT|img2
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amosite asbestos. Injection of short or 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. This suggests that the fibre dimensions, in

particular length of the CNT are critical drivers in CNT in vivo pathogenicity.
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was maintained up to 7 days, with no reduction in the extent of the observed inflammation until 4
weeks post injection. The number of granulocytes in NT,angi treated mice had waned to control levels

by 7 days.

I

Days post injection

II

Days post injection
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Chapter 4: Mechanism for the length-dependent
inflammatory response to carbon nanotubes in the pleural
space

4.1 Acknowledgements

Radio-labelling the short CNT sample (NTshort) and SPECT/CT imaging was carried out by Dr.
Khuloud Al-Jamal and Mr. Antonio Nunes with input in the experimental design from Prof. Kostas
Kostarelos (School of Pharmacy, University of London). Nickel nanowire synthesis was performed by
Dr. Adriele Prina-Mello and Dr. Fiona Byrne at the Centre for Research on Adaptive Nanostructures
and Nanodevices (CRANN), Trinity College Dublin. The size distribution of all the nickel nanowires
was also performed by Dr. Fiona Byrne. Epifluorescent microscopy analysis of the lymph node tissue
was performed by Dr. Adriele Prina-Mello.

4.2 Aims and Hypothesis

Particles deposited in the pleural space are cleared via passive removal in the flow of pleural fluid

through stomata in the parietal pleura. The stomata which drain to the lymphatic system are 3-10 pm

in diameter and are most densely situated in the caudal and posterior intercostals spaces of the chest
wall and on the diaphragm (Chapter 1).

Failure to clear the long CNT from the pleural space, as suggested by the presence of CNT aggregates

in the lesions of long CNT treated mice (Chapter 3, Figure 3.15), forms the basis of a proposed
mechanism of long fibre pathogenicity in the pleural space, i.e. the inflammatory effects of long CNT
and long fibres in general, arises as a consequence of retention at stomata. The rationale for this

hypothesis is that the retention of long fibres facilitates the prolonged interaction of fibres with
mesothelial cells and pleural macrophages at these points of egress of the lymph, whereas efficient
clearance of short fibres will effectively remove the dose from the target tissue. The aim of this study
is therefore to examine the role of stomatal size on the inflammatory potential of particles and fibres
in the pleural space. The differential clearance of long and short fibres from the pleural cavity is also
assessed using both CNT samples and an alternative high aspect ratio nanomaterial; nickel nanowires

(NiNW).

4.3 Results

4.3.1 Pleural response to compact particles

We hypothesised that the inflammatory effects of long CNT and long fibres in general, arises as a

consequence of a size-restricted clearance pathway from the pleural space, where the limiting factor is
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Figure 3.12: Progression ofpleura inflammatory response over time. Total cell number (I) and total
granulocytes (II) measured in lavage fluid ofmice treated with either NTtangi and NTiong2 (5 p/mouse)
up to 168 days (24 weeks) post injection. Significance versus Vehicle control, * indicates p<0.05, **
indicates p<0.01, *** indicates p<0.001. Data respresents mean +s.e.m. of n=3 mice per treatment
group.

3.3.9 Acute response along the parietal pleura

The flow of pleural fluid out of the pleural cavity is through stomata present in abundance in certain
regions in the intercostal spaces of the lower chest wall and on the diaphragm and it is hypothesised
that particles that are too large to be cleared through the stomata will be retained at these points of

egress of the lymph (Shinohara, 1997). Therefore the stomata- rich regions of parietal pleura of the
chest wall and diaphragm were examined for pathogenic effects (Figure 3.13). In vehicle control-
treated mice the mesothelium was identified as a single layer of cells overlaying the muscular tissue
of the chest wall. Injection of the NTtangi sample led to the accumulation of leukocytes over areas of
the mesothelium at 24 hours post injection, however, by 7 days these aggregates arc no longer visible.
The complete resolution of the mild response to the NTtangi sample corresponds with the reduction in
pleural cell numbers to vehicle control levels by 7 days post injection as shown above. Injection of
the NT|0ng2 sample also induced the formation of leukocyte aggregates along the mesothelium by 24
hours but in contrast to the NTtangi sample the aggregates of inflammatory cells seen along the parietal
pleura of NTiong2 treated mice remained and even increased in size from 1 to 7 days post-injection.
Long nanotubes could also be seen in association with these inflammatory cell aggregates

demonstrating their retention at this site.
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the calibre of the pleural stomata whose maximum diameter is 10 pm (Figure 3.1 I). In order to test

this hypothesis we examined the pleural response to a panel of compact particles of varying size and

reactivity which included two well known pro-inflammatory particles that are small enough to exit

through the stomata; quartz and coal mine dust, and polystyrene beads in two sizes - 3 pm and 10 pm

(see Figure 3.1 II for size distributions).

Coalmine 2.1 + 0.2

dust

3pm beads 3 + 0.1

10pm beads 10.3 + 0.4

II
Particle Size (pm)

Quartz 2.4+0.8

Figure 4.1: Size-restricted clearance from the pleural space. (I) SEM image of a lymphatic stoma

(diameter 10 pm) found on the parietal pleura of the chest wall of a mouse. L indicates a leukocyte

passing through the stoma. (II) Mean size ofparticles as measured by dynamic light scattering. Data

represented as a mean ± sem.

The propensity of the particle samples to lyse erythrocytes, a simple assay to assess the reactivity of

particles with biological membranes and a good indicator of the inflammatory potential of particles in
vivo (Lu et ah, 2009), was measured (Figure 4.2). Only the DQ12 quartz dust samples and the coal
mine dust sample were shown to cause dose dependent haemolysis of red blood cells in vitro.
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7 days

Figure 3.13: Histological examination of chest wall samples from mice injected with NTlang1 and NThng2
(5 pg/mouse) at 1 day and 7 days post injection. Aggregates of inflammatory cells are present in both
NTlang1 and NTiong2 samples at 1 day, but only in NTlong2 samples at 7 days. Black arrow head
indicates long CNT aggregates in x100 magnification ofNTiong2, 7 day sample. Scale bar = 20pm.
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Figure 4.2: Haemolytic potential of the compact particle panel. Particle samples were dispersed in
saline by sonication and incubated with washed red blood cells (RBC) for 30 minutes. Haeomoglobin
release was measured bymeasureing the absorbance of haemoglobin (550 nm) in the supernatant.

Haemolytic potential was calculated as % haemoglobin release compared to triton-x lysed RBC. Data

represented as a mean ± sem (n=3).

Despite the reactivity of the quartz and coal mine dust samples within the haemolysis assay we

hypothesised that only the 10 pm beads should be retained and would therefore elicit inflammation in
the pleural space. As expected when instilled into the pleural space at the same mass dose as the CNT,
no response was seen with the quartz, the coalmine dust or the 3 pm beads. In contrast the 10 pm

beads which are too big to exit through the stomata elicited a significant influx of granulocytes into
the pleural space at 24 hours (Figure 4.3).
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3.3.10 Parietal Pleura Histological Features up to 24 weeks

To investigate the development of these inflammatory lesions over time the parietal pleura of the
chest wall was further examined at a number of timepoints up to 24 weeks post injection of NT,angi
and NT|0ng2 (Figure 3.14). Examination of histological sections of the parietal pleura of the chest wall
showed a single layer of mesothelial cells along the chest wall in both mice treated with vehicle
control or with NTtangl at every timepoint. Chest wall sections from mice treated with NT|0ng2 showed
the presence of fibrotic lesions which continued to increase in size over time from 4 weeks to 24
weeks post-injection. The lesions had high collagen content, determined by staining with Picosirius
Red (PSR), which displayed a stratified morphology separated by cellular aggregates. Aggregates of

long nanotubes associated with these lesions were identified at each timcpoint which demonstrated
their sustained retention in the pleural space. No CNT aggregates were seen in the chest wall sections
ofNT,angi treated mice.
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Figure 4.3: Size-dependent inflammatory response to compact particles in the pleural space. Total

granulocytes measured in the pleural lavage fluid ofmice 24 hours after injection ofparticles (5

gg/mouse). Only the 10 pm beads caused a significant increase in granulocytes. Data represented as
a mean ± sem. ***p<0.001 versus vehicle control.

4.3.2 Length-dependent retention of fibres

We used two indirect approaches to assess the hypothesis that, similar to the large polystyrene beads,

long CNT were retained in the pleural space whilst short fibres were cleared through the stomata.

4.3.3 SPECT/CT imaging of radiolabeled short CNT fibres

The first approach was to use dynamic SPECT/CT imaging to visualise the fate of radiolabelled short
CNT (NTsilort-DTPA ['"in]) after direct injection into the pleural space. We could only utilise short
CNT since the process of radioactive labelling is destructive to the graphene structure and causes

defects leading to fibre shortening. We were therefore unable to visualise, by this method, the fate of

long CNT. Imaging during the first hour following administration of the radiolabelled CNT indicated

widespread diffusion of the signal largely confined to, and throughout, the pleural cavity (Figure 4.4

I). Within 1 hour and increasingly thereafter, the short CNT were seen to accumulate in defined

regions in the upper thoracic cavity. These areas were identified as the cranial mediastinal lymph
nodes; two bilateral lymph nodes located lateral to the thymus. At 24 hours post-administration the

signal from NTsi,ort was localised almost exclusively within these lymph nodes (Figure 4.4 II). The
control ['"in] DTPA label alone showed rapid translocation to the bladder with almost the entire dose
cleared within the 1st hour after intrapleural administration (Figure 4.4 III). This demonstrated the
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4 weeks 12 weeks 24 weeks

Figure 3.14: Lesion development up to 24 weeks. Parietal pleura of the chest wall of mice treated with

NT,ang1 and NTiong2 (5 pg/mouse) were examined histologically at 4, 12 and 24 weeks post injection.
Sections were stained with both Haematoxylin & Eosin (H&E) for gross morphology and Picosirius
Red (PSR) to stain collagen. Black arrows indicate level of original mesothelium. Call-outs to high
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stability of in vivo radiolabelling of short nanotubes and their clearance from the pleural cavity to the

specific mediastinal lymph nodes.

J 0-1 h II 23-24 h

whole body sagittal view whole body sagittal view

Figure 4.4: Clearance of CNT from the pleural space. Whole-body SPECT/CT imaging of NTshort-
DTPA [111ln], Imaging was preformed immediately (0 to 1 hour) and 1 day (23 to 24 hours) after

intrapleural administration of5pg NTshort-DTPA [111ln] (I, II) or [111ln] DTPA (III, IV). SPECT/CT-
fused images of the whole body (anterior view) and sagittal planes are shown. Arrows indicate the
cranial mediastinal lymph nodes (I, II) and bladder (III, IV) in the case of NTshort-DTPA [111ln] and
[111 In] DTPA, respectively.
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power view show aggregates of CNT present within the fibrous lesion at each timepoint. Scale bar
indicates 20 pm.

The lesions observed in response to NTiong2 at 24 weeks post injection were examined at higher
magnification (Figure 3.15). Large aggregates of cells arc present throughout the lesion but more

predominantly along the basal aspect and adjacent to blood vessels. Groups of small round cells with
little cytoplasm were identified which are characteristic of infiltrating lymphocytes. This suggests

cells are infiltrating into the lesion from the vascular system indicating a chronic inflammatory state.

The upper surface of the lesion is covered with a single layer of predominately squamous cells which
resemble mesothelial cells.

Figure 3.15: High power views NTiong2-induced lesion 24 weeks post injection. White arrow indicates
lymphocytic infiltrate, black arrow indicates mesothelial cells overlaying the lesions. Scale bar= 20pm.

To determine the full extent of lesion development sequential low magnification microscopic images
of chest wall sections were taken and digitally aligned (Figure 3.16). Using calibrated software the
lesion area was measured. The area of lesion in a section was expressed in mm2 and this value was

divided by the total length of the chest wall section to account for differences in section length to give
a lesion area volume (mm2) per mm of chest wall. The rate of lesion growth from 4 to 12 weeks was

calculated to be 0.0025mm2/week but increased to 0.0116mm2/wcek between 12 and 24 weeks post

injection. The collagen content of the lesions was measured and shown to increase in percentage of
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4.3.4 Clearance of long and short fibre to cranial mediastinal lymph nodes

We took advantage of the knowledge gained from the clearance of the radiolabelled CNT that the
destination of fibres cleared through stomata is the cranial mediastinal lymph nodes and examined the
fibre burden in these lymph nodes 24 hours after intrapleural injection of short and long CNT (Figure

4.5). The results showed a greater amount of CNT in the lymph nodes in NTsilort treated mice than

NT]0ng2 treated mice. The accumulations of CNT observed in the mice treated with the long CNT

sample were confined to the periphery of the lymph node whereas short CNT aggregates could also be
seen in the centre of the lymph node tissue. However these results were qualitative because of the
difficulties of counting the very small CNT in lymphoid tissue and interpretation was further
confounded by the presence of short fibres in the NTiong2 samples (approximately 15% fibres shorter
than 15 pm).
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Figure 4.5: Mediastinal lymph node burden. Cranial mediastinal LNs removed from mice intrapleurally

injected with non-radiolabelled long and short CNTs (5 pg/mouse) were sectioned and stained with
H&E 24 hours post injection. Black nanotubes are visible especially around the periphery of the
nodes.

4.3.5 Nickel oxide Nanowires

Alternative high aspect ratio nanofibres composed of nickel, so called nickel nanowires (NiNW), were

employed to further explore the length-dependent retention of fibres in the pleural space. The benefit
of using the NiNW samples to address this hypothesis is that they are synthesised in tight size

categories with very few short fibres in the long sample (NiNW|0ng) and no long fibres in the short
sample (NiNWsllort) (Figure 4.6). The mean fibre length for the long and short NiNW samples was

determined to be 24 pm and 4 pm respectively. Additionally the NiNW are more readily visualised as

individual fibres than the CNT sample in tissue sections.
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the total lesion from 23% at 4 weeks to 57% at 12 weeks. The proportion of collagen in the lesion
then remained at approximately 50% at 24 weeks post injection. This suggests that the increase in
lesion area is due to both cell accumulation or proliferation and collagen deposition.

I
4 week 12 week 24 week

0.25-1

0.20-

E3 Collagen
CD Lesion

> <!>■
Weeks post injection

Figure 3.16: Lesion development along the parietal pleura in response to NTiong2 (5 pg/mouse) over
time. (I) Serial images were taken along the length of each chest wall at x100 magnification and the

images re-aligned using Photoshop elements 4.0. (II) Lesion size and collagen content was quantified
for the NTiong2 samples and expressed as area per length of chest wall section (mmJ.mm1) (n-3, data
represented as mean +s.e.m.).
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I

Length (pm)

Figure 4.6: Nickel nanowires. (I) TEM images of short and long NiNW. (II) Size distribution of the short
and long NiNW.

Similar to the CNT and asbestos samples injection of these NiNW samples into the pleural space
resulted in a length-dependent acute inflammatory response (Figure 4.7). Therefore following
injection into the pleural space we hypothesised that only short NiNW would appear in the lymph
nodes on clearance from the pleural space. In contrast the predominately long NiNW would be
retained in the pleural space and would not accumulate in the draining lymph nodes. Quantification of
the number of NiNW in histological sections of excised mediastinal lymph tissue showed that a

S1gnificantly greater number of fibres have migrated from the pleural space to the lymph nodes in
m'ce treated with NiNWsi,ort compared to NiNWi011g (Figure 4.8 I, II). The length of the fibres in the

NiNW|ong sample did not allow for the visualisation of a whole fibre in a single plane of view
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4 week 12 week 24 week

Figure 3.16: Parietal pleura of the chest wall after NT,ang1 (5 pg/mouse) exposure. Serial images were

taken along the length of each chest wall at x100 magnification and the images re-aligned using

Photoshop elements 4.0. No lesion development was seen at any timepoint.

SEM images of comparable areas of the parietal pleura of the chest wall show the surface detail of the
lesions as they develop over time from I week to 24 weeks post-injection (Figure 3.17). As in the

histology sections, the vehicle control samples display continuous normal mcsolhclium at every

timepoint. NTtangi treated mice show a mild response at 1 week, with a small area of leukocyte
aggregates on the mesothelial surface, a response which appears to resolve by 4 weeks with only a

normal mesothelium seen at each subsequent timepoint. Conversely we sec the development of a
much more extensive lesion in NT|ong2 treated mice. At 1 week we sec a large mat of leukocytes,
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therefore the lengths of the long fibres which translocated to the lymph nodes could not be accurately
measured.

Figure 4.7: Pleural inflammatory response to short and long NiNW. Total granulocytes in the pleural

lavage fluid were measured 24 hours after injection with vehicle control, short or long NiNW (5

gg/mouse). ***p<0.001 versus vehicle control. Data presented as the mean ± sem (n = 3 mice per
treatment group).
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bound with fibrin spread across the mesothelial surface. By 4 weeks the lesion develops more defined
boundaries, with apparently normal mesothelium in between. Fibrin is still present which appears to

assist in adherence of the aggregates to the mesothelium. The lesions are more contained within the
intercostal spaces at 12 weeks. High-power view shows no fibrin now associated with the leukocytes
and the apparent resurfacing of the lesion by mesothelial cells (Figure 3.18). At 24 weeks papillae;

tongue-like structures made up of cell aggregates, which extend from the surface of the mesothelium-
can be seen. High-power view shows these papillae to contain and be covered by mesothelial cells, as
identified by the presence ofmicrovilli (Figure 3.18).

1 week 4 weeks 12 weeks 24 weeks

Figure 3.17: SEM analysis of lesion development over time. Mice were injected with Vehicle control

(0.5% BSA/saline), NT,ang1 or NTiong2(5 pg/mouse). Surface of the chest wall parietal pleura was

examined by SEM at 1,4, 12 and 24 weeks post-injection. Low magnification images (x30) show

continuous, normal mesothelium (M) in vehicle control treated mice. (L) indicates the inflammatory
lesions also outlined in red, which are mild and resolves quickly in NTlang1 treated mice or extensive
and persistent in NTiong2 treated mice. (P) indicates papillae; tongue-like extensions from the

mesothelium, in NTiong2 treated samples. Scale bar indicates 500 pm.
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I

Figure 4.8: Mediastinal lymph node burden. Cranial mediastinal lymph nodes were removed from
mice injected with vehicle control, short or long NiNW (5 pg/mouse) 24 hours post intrapleural

injection and sectioned and stained with Sirius Red (I). White arrows indicate NiNW. Fibre numberper

square millimetre of lymph node tissue was determined by counting the total number of fibres from six

sequential sections of each lymph node and measuring the area of tissue in each section. Scale bar
indicates 10 pm.

Epifluorescence analysis of the tissues sections was used as a highly sensitive method for detection of
the metallic NiNW in the lymph nodes of animals exposed to vehicle control (Figure 4.9) short NiNW

(Figure 4.10) or long NiNW (Figure 4.11). NiNW were visible under epifluorescent microscopy as

lighter areas (highlighted by red arrows in the images) thanks to localized surface plasmon resonance

effects activated by their irradiation with an epifluorescent light source. Quantification of the numbers
of NiNW which translocated to the lymph nodes is described in Table 4.1. As expected, a greater

number of NiNW were identified in mice treated with NiNWsll0lt than with NiNW|0ng. No NiNW were

identified in mice treated with vehicle control. This wholly supports the hypothesis that long fibres

reaching the pleural space are selectively retained, never reaching the mediastinal lymph nodes, whilst
short fibres are small enough to be cleared through the parietal stomata to the mediastinal nodes.
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Figure 3.18: High magnification SEM analysis ofNTiong2-mediated lesion development over time. High
power view of the lesions present in NTiong2 treated mice (5 pg/mouse) show the changing nature of
the lesion over time from fibrinous leukocyte aggregates (L) at early timepoints to the progressive

resurfacing of the lesion by mesothelial cells. The papillae present at 24 weeks appear to contain and
be covered by mesothelial cells (M), as identified by the presence ofmicrovilli. Scale bar = 10 pm.

3.3.11 Cellular proliferation along the mesothelium

The progressive resurfacing of the lesions by mesothelial cells as observed from the SEM analysis
would suggest extensive proliferation of cells along the parietal pleura. To examine the extent of

proliferation sections of chest wall and diaphragm from vehicle control, NTtangi and NT|ong2 treated
mice 24 weeks post injection were stained with anti-Ki67 antibody (Figure 3.19). Positive Ki67

staining, which identifies cells actively proliferating, was only observed along the surface of the

parietal pleural lesion of NTiong2 treated mice. Although the cell types arc not differentially identified
in the heterogeneous lesions the positive signal appears to be mostly concentrated along the pleural

aspect of the lesion and therefore is likely that some of the positive cells will be mesothelial cells.
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Figure 4.9: (a) Brightfield image of a lymph node sectionof an animal exposed to the vehicle control,

(b-p) Enlargements of the tissue section showed in image a. (b, e, h, k n) Brightfield, (c, f, i, I, o)

epifluorescence and (d, g, j, m, p) merged images showing the areas analysed in detail and

highlighted with red boxes in image a. No NiNW are visible, (c, f, I) Epifluorescence background was

generated by staining dyes previously added to the tissue section. The images are representative of
ail the tissue sections analysed. Scale bars: (a) 20 pm (20x magnification); (b-p) 10 pm (100x

magnification).
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Figure 3.19: Cellular proliferation along the mesothelium of CNT treated mice. Cellular proliferation

along the parietal pleural of the chest wall and diaphragm was examined in mice treated with vehicle

control, NTlang1 and NTiong2 (5 pg/mouse) at 24 weeks post injection. Sections were stained with anti-
Ki67 antibody, a marker for actively proliferating cells. Ki67 positive staining was only detected along
the mesothelium in mice treated with NTiong2. Scale bar = 20pm.

3.3.12 Comparison between long asbestos- and long CNT-induced lesion development

The extent of lesion development along the parietal pleura of the chest wall and diaphragm was also
examined 24 weeks post injection of the LFA asbestos sample and compared to that of the long CNT

sample (Figure 3.20, Figure 3.21). The extent of lesion development appeared to be much greater in

response to the long CNT fibres than the long asbestos fibres administered at the same mass dose.

Quantification of lesion area along the chest wall and diaphragm showed that the area of the lesions

along the parietal pleura ofmice treated with the NT|ong2 sample was significantly greater.
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Figure 4.10: (a) Brightfield image of a lymph node section of an animal exposed to NiNWshort. (b-p)

Enlargements of the tissue section showed in image a: red boxes highlight the areas analysed in
detail, (b, e, h, k n) Brightfield, (c, f, i, I, o) epifluorescence and (d, g, j, m, p) merged images showing

examples of single ormultiple Ni NWs, visible as darker areas in brightfield and lighter areas in the
epifluorescence images, are highlighted by arrows. The images are representative of all the tissue
sections analysed. Scale bars: (a) 20 pm (20* magnification); (b-p) 10 pm (100x magnification).
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Figure 3.20: Comparison between the extent of lesion development along the chest wall in response
to the same mass dose of LFA and NTiong2(5 pg/mouse) at 24 weeks post injection. (I) Serial images
were taken along the length of each chest wall at x100 magnification and the images re-aligned using

Photoshop elements 4.0. The areas of lesion are outlined in black for clarity. (II) Lesion size and

collagen content was quantified and expressed as area per length of chest wall section (mm2,mm1)
(n=3, data represented as mean +s.e.m.).
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Brightfield Epifluorescent Merged

Figure 4.11: (a) Brightfield image of a lymph node section of an animal exposed to NiNWiong. (b-p)
Enlargements of the tissue section showed in image a: red boxes highlight the areas analysed in
detail, (b, e, h, k n) Brightfield, (c, f, i, I, o) epifluorescence and (d, g, j, m, p) merged images showing

examples of single ormultiple Ni NWs, visible as darker areas in brightfield and lighter areas in the

epifluorescence images, are highlighted by arrows. The images are representative of all the tissue
sections analysed. Scale bars: (a) 20 pm (20* magnification); (b-p) 10 pm (100x magnification).
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Figure 3.21: Comparison between the extent of lesion development along the diaphragm in response
to the same mass dose of LFA and NTiong2 (5 pg/mouse) at 24 weeks post injection. (I) Serial images
were taken along the length of each diaphragm at x100 magnification and the images re-aligned using

Photoshop elements 4.0. The areas of lesion are outlined in black for clarity. (II) Lesion size and

collagen content was quantified and expressed as area per length of diaphragm section (mm2,mm1)
(n=3, data represented as mean +s.e.m.).
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Table 4.1. Evaluation of the NiNW concentration (NiNW/ijm2) depending on the sample administrated
to the animals

Sample
administrate

d

-

Tissue

section ID

1
1

1

1

Tissue
section area

(urn2)

Total NWs
counted!

1

Total

; NWs/section*

1

1
1

1
1

NWs
concentration
* (NWs/um2)

1.1 1

I 811 48 195 1

1 0.25

ShortNWs
2.2 1

1 1184 23 136 1
1 0.12

3.3
1
1 698 7 24

1
1 0.03

Average S9S 26 IIS 0.13

2.1 I 803 3 12 t 0.02

LongNWs
1.3 t 369 3 6 1 0.02
3.1 1

| 936 5 23 I

| 0.03
Average 703 4 14 0.02

2.1 1 799 0 0 f 0

Vehicle
3.1 1 940 0 0 1 0
3.3 1

1 933 0 0 1

| 0

Average S91 0 0 0

+ NWs were counted on five fields (each with a mean area of 40 pm2, for a total of 200 pm2).

* Information estimated from experimental data reported in the table.

Backscatter scanning electron microscopy (BS-SEM) was used to examine the parietal pleura for
retained NiNW. The principle of BS-SEM is based on the differential scattering of incoming beam
electrons as they interact with target molecules of different atomic number (Z). Elements with high
atomic number such as nickel reflect or back-scatter electrons more strongly than the lower Z light
elements of which cells are composed (predominantly H, C, N, O, and P). BS-SEM therefore allows
clear discrimination between the nanofibres and other cellular features provided they are at shallow

depth within the cell. BS-SEM is widely used for detection of colloidal gold markers in

immunocytochemistry (Hermann et ah, 1996).

Analysis of the parietal pleura using BS-SEM further supports the hypothesis that the pleural

inflammatory response is due to length-dependent retention as long fibres were identified associated
with accumulations of leukocytes on the parietal pleura (Figure 4.12), whereas no short NiNW were

detected on the mesothelium.
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3.4 Discussion

The objective of this study was to examine the potential ofCNT to cause adverse effects in the pleural

cavity particularly in relation to their morphological similarities to asbestos fibres. In order to assess

the asbestos-like pathogenicity of CNT we assembled a panel of short, tangled and long CNT fibre

samples which were compared to long and short amosite asbestos. All of the CNT panel, except the

NT]ong2 sample, are commercially available; therefore along with the primary aim of the study to
examine the potential role of length in CNT toxicity, this panel also reflects the morphological

diversity of CNT currently being produced at an industrial scale and the different forms of CNT that

may pose an occupational hazard. NPCB was also included in the panel as a particle control which
due to its grapheme nature shares the composition ofCNT but not the fibrous structure.

In order to investigate the potential pathogenic responses to CNT in vivo, a method was developed to

allow direct injection of fibres into the pleural space, without injecting into or damaging the lung. As
discussed in Chapter 1 the movement of particles from the distal regions of the lung into the pleural

space is widely accepted although incompletely understood (Donaldson ct al., 2010). Therefore
instillation of low doses of respirable dusts and fibres into the pleural space represents a credible

approach to understanding the behaviour of such particles in the pleura, were CNT to be deposited in
the lungs by inhalation. Because of the importance of respirability in delivering particles to the lung

periphery where they can translocate to the pleural space, it is vital to use well -dispersed CNT in our

studies to mimic the small respirable size of particles that reach the lung periphery and therefore the

pleura. Prior to the administration of the CNT into the pleural cavity the efficacy of a number of

commonly used dispersants were assessed. BSA was demonstrated to be an effective dispersant when

compared to distilled water, FBS, the artificial lung surfactant, DPPC, and the detergent Triton-X 100.
Furthermore albumin is present in large quantities in serum and pleural fluid in vivo (Miscrocchi,

1997). Although to avoid any immunological effects due to the use of bovine albumin as a dispersant
mouse scrum may be a more appropriate alternative. By using BSA and ultrasonication we were able
to produce well-dispersed, respirable-sized suspensions of all of the particles with fibre-shaped

particles being visible by light microscopy in the LFA, the NT|ongi and the NT|on!,2 samples.

Administration of a bolus dose may cause normal physiology, homeostasis and detoxification or

repair mechanisms to become overwhelmed and pathogenic responses which otherwise might not
have occurred are induced or promoted.

Exposure to long CNT first caused an acute inflammatory response, characterised by granulocyte
influx and increased protein concentration in the pleural fluid, followed by the progressive

development of fibrotic lesions along the parietal pleura, and proliferation in the mesothelial layers.
Short CNT did not elicit a significant inflammatory reaction at any timcpoint examined and indeed the
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Figure 4.12: Back-scatter SEM of the chest wall 24 hours after intrapleural injection of NiNWiong (5
kg/mouse). Long NiNW fibres (white arrows) were identified along the parietal pleural of the chest wall
in association with inflammatory leukocyte aggregates by back-scatter SEM.

4.4 Discussion

The objective of this study was to address the hypothesis that the pathogenicity of long fibres in the
pleural cavity is due to size-restricted clearance mechanisms. This hypothesis was fiist put foiwaid by
Kane et al, who noted the accumulation of long fibres injected into the peritoneal cavity aiound the
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results obtained from short CNT- treated mice mirrored those of the vehicle controls. These results

suggest that, like asbestos, the toxicity of CNT for the pleura adheres to the fibre pathogenicity

paradigm as regards the role of length in this model of direct pleural exposure (Donaldson et ah,

2010).

The presence of reactive transition metals introduced during the CNT synthetic process has been

proposed as a possible factor contributing to the pathogenicity of CNT (Lindberg et ah, 2009). For

example, dose and time -dependent increases in intracellular reactive oxygen species and a decrease
of the mitochondrial membrane potential induced in rat NR8383 macrophages and human A549 lung

epithelial cells in response to CNT exposure in vitro was abolished after incubation with purified, low
metal content CNT (Pulskamp et ah, 2007). Similarly Kagan et al showed that Fe-containing SWCNT
induced greater oxidative stress and glutathione depletion in mouse macrophages than purified
SWCNT (Kagan et ah, 2006). However no relationship was observed between the inflammatory

potential of this panel ofCNT in the pleural cavity and the soluble metal fraction or the intrinsic free
radical generating ability of the CNT thereby strengthening the hypothesis that the pathogenic

response to CNT in the pleural cavity is dependent on length. The methology employed in the
measurement of endotoxin contamination of the CNT panel only takes into account soluble endotoxin.
Therefore any endotoxin bound to the CNT that does not dissociate in aqueous solution may

contribute to the inflammatory respone.

The generation and development of an inflammatory response to asbestos fibres injected into the

peritoneal cavity has been described in detail by Moalli et al who examined the effects of mesothelial

exposure to long and short asbestos fibres up to 6 months post injection (Moalli ct al., 1987). Focal

haemorrhage on the peritoneal surface of the diaphragm was initially observed at 3 to 6 hours post

injection of the long asbestos only, followed by an influx of granulocytes and macrophages into the

peritoneal cavity, and an increase in albumin (Moalli et al., 1987). A similar acute influx of

inflammatory granulocytes into the pleural space was observed here after the injection of both long
asbestos and long CNT fibres. As discussed in Chapter 1, mesothelial cells can effect significant

inflammatory responses to bacteria, toxins and fibres in the pleural space via the apical secretion of
chemokines such as IL-8 and the upregulation of cell adhesion molecules thereby stimulating the

transmigration of inflammatory cells into the pleural cavity (Mutsaers, 2002). The propensity of this

panel of long and short CNT to directly stimulate mesothelial cells to produce such pro-inflammatory
and chemotactic factors was addressed in an in vitro study discussed in Chapter 5.

The acute length-dependent inflammatory response reported here reflects the inflammatory response

observed after direct injection of long CNT into the peritoneal cavity (Poland ct al., 2008). Wc found
however that the inflammation produced by long CNT was sustained and was similar on day 7 to that
seen on day 1. This is in contrast to the kinetics of inflammation seen in the peritoneal space to the
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stomata on the diaphragm which lead them to propose that retention of long fibres at the

diaphragmatic mesothelial surface was responsible for the subsequent inflammation, proliferation and

granuloma formation (Moalli et ah, 1987). Here we investigated the validity of this hypothesis as

regards long fibre effects in the pleural cavity which has similar clearance mechanisms as the

peritoneal cavity.

We initially investigated the retention-dependent inflammation hypothesis by using compact particles
and examining their clearance and inflammatory potential in the pleural space. Quartz and coal mine
dust are small particles, less than 3 pm in diameter, which due to their surface reactivity are known to

play a causative role in the pathogenesis of silicosis and pneumoconiosis respectively (Mossman and

Churg, 1998; Lapp and Castranova, 1993). The reactivity of these particles was confirmed here using
the simple haemolysis assay which has been demonstrated to be predictive of the inflammatory

potential of particles in the lung (Lu et al., 2009). The lack of response to these highly inflammogenic

particles in the pleural exposure model can be explained by their small size whereby they are rapidly
cleared from the pleural space in the flow of pleural fluid, eliminating the particle dose. To further

investigate the single parameter of particle size in the pleural space we used two monodispersed

samples of polystyrene beads which were identical in composition but different in diameter. As

expected the larger, 10 pm beads, which are around the maximum stomatal diameter, initiated an

acute inflammatory response where the smaller, 3 pm beads did not. Although a 10 pm bead is too

large to ever reach the distal lung and pleural space upon inhalation, the inflammatory response to the
10 pm beads injected directly into the pleural space demonstrates the role of size-restricted clearance
from the pleural space plays in the initiation of an inflammatory response to particles or fibres.

The elutriating effects of the lung serve to allow only particles with a diameter smaller than

approximately 5 pm and therefore smaller than the diameter of the pleural stomata to reach the distal

lung and translocate to the pleural space. Fibres however pose a unique problem. As discussed in

Chapter 1.2 fibre respirability is a function of aerodynamic diameter which is dictated mostly by
actual diameter as airborne fibres align themselves parallel to the airflow in the lungs (Morgan, 1995).
Therefore it is the diameter and not length of fibres that affects transit through the lungs allowing high

aspect ratio particles like CNT, which may have a diameter in the nano range but a length extending
to tens of microns, to deposit in the very distal regions of the lung (Donaldson et al., 2010). Indeed
the distal deposition of CNT was shown by Ryman-Rasmussen et al. who reported the presence of
CNT in the sub-pleural tissue of the lung after a single inhalation exposure in mice (Ryman-
Rasmussen et al., 2009). This suggests that long CNT fibres with a small enough diameter to reach the
distal lung may translocate into the pleural space where their length may pose a problem for
clearance.
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same long CNT sample, where the inflammation waned considerably over one week following

exposure to long CNT and long asbestos fibres (Poland et ah, 2008). The persistence of inflammation
in the pleural space may be a consequence of the conditions there, where movements of the chest wall
and the close apposition of the parietal and visceral pleurae enhance the interactions between long
CNT and the mesothelium.

Examination of the parietal pleura of the chest wall and diaphragm revealed the development of

inflammatory lesions along the mesothelium of long CNT exposed mice. Analogous lesions have been

reported on the mesothelium of the peritoneal cavity after instillation of long asbestos fibres into the

peritoneal cavity (Moalli et ah, 1987) and more recently along the diaphragm after inhalation of
amosite asbestos (Bernstein et ah, 2010b). The authors of the peritoneal exposure study suggest that,
akin to the accumulation of alveolar macrophages in response to long fibres deposited at alveolar

bifurcations, the development of lesions along the mesothelium is due to the selective retention of

long fibres at points of egress of the pleural fluid (Moalli et al., 1987); a mechanism that is further
addressed and discussed in Chapter 4. The retention of fibres in the pleural space will allow for

prolonged interactions between the fibres and the resident pleura cells which may subsequently lead
to macrophage activation and mesothelial cell damage stimulating a pathogenic response.

The lesions that form in response to the long CNT develop over time from fibrin-bound aggregates of
activated leukocytes to dense fibrotic lesions with high collagen content. Both SWCNT and MWCNT
have previously been shown to induce collagen deposition and fibrosis in the lung (Shvcdova ct al.,

2005; Mercer et al., 2011). The rate of lesion growth observed along the parietal pleura cannot be
accounted for solely by an increase in collagen deposition however, as the proportion of lesion area

determined to be collagen remains at approximately 50% from 12 to 24 weeks post injection. This

suggests there is also an increase in the size of cellular aggregates within the lesions which is

supported by evidence for cellular proliferation within the lesions.

Leukocytic lesions and foci of mesothelial proliferation similar to those seen with the long CNT were

also documented on the face of the parietal pleura in response to asbestos fibres. In a study carried out

by Vasilieva et al multiple instillations of asbestos into the rat pleural space were used to examine the

changes at the pleural mesothelium observed by scanning electron microscopy over 24 months

leading up to mesothelioma development (Vasilieva ct al., 1998). Similar hyperplastic areas of
mesothelium were evident in our study highlighted by the Ki-67 antibody staining which showed
dramatic increases in proliferation in the mesothelial and sub-mcsothclial tissues only in mice exposed
to long CNT. Mesothelial regeneration may occur by proliferation of uninjured cells at the periphery
of the wound via attachment and proliferation of freely floating mesothclial cells (Folcy-Comcr ct al.,

2002). The normal processes of mesothelial healing and regeneration arc aided by the presence of

macrophages which produce factors that stimulate mesothclial proliferation (Mutsacrs ct al., 2002).
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The use of radio-labelled short CNT and SPECT/CT imaging allowed us to identify the cranial
mediastinal lymph nodes as the draining nodes of the pleural space in mice and the primary nodes
where particles removed from the pleural space will deposit. This is consistent with a study carried
out by Parungo et al who injected quantum dots into the pleural cavity with the aim of indentifying
the first group of lymph nodes, the so called sentinel lymph nodes, draining the pleural space which

they proposed could aid in the staging and treatment of mesothelioma (Parungo et al., 2005). Using
both rat and pig models this study identified the mediastinal lymph nodes as the primary lymph nodes
to which the pleural cavity drains. Due to the similarities between the lung lymphatic system of the

pig and in humans (Riquet et al., 2000) it is reasonable to predict from the evidence presented by

Parungo et al that pleural fluid in humans will similarly initially drain to the mediastinal lymph nodes.
When we examined the fibre burden in the mediastinal lymph nodes after intrapleural injection of

long and short CNT it was clear from the lymph node sections that the long CNT sample was not

completely retained in the pleural space due to short fibres present in that sample that can translocate
to the lymph node. However there was obviously more material in the 'short CNT' lymph node than
in the 'long CNT' lymph node. Whilst qualitative, this argues for retention of the longer fibres in the

NT|ong2 sample and translocation of the short fibres.

As the size-restricted clearance of fibres from the pleural space could not be clearly demonstrated

using the heterogeneous CNT samples alternative high aspect ratio nanofibre samples, nickel
nanowires (NiNW), which are manufactured in tight size categories, were employed. The use of
NiNW demonstrated more convincingly that there was size-dependent retention as we saw only traces

of nanowires in the lymph nodes from animals exposed to long NiNW but abundant NiNW in the

lymph nodes from animals that received intrapleural short NiNW. This was further quantified by

epifluorescent microscopy analysis of the lymph node tissue which was employed as a highly
sensitive method of to detect NiNW in the tissue sections. Backscatter SEM (BS-SEM) was used in an

attempt to demonstrate the selective retention of long NiNW fibres on the parietal pleural to

complement the indirect evidence of length-dependent retention obtained by the examination of the

lymph node burdens. The limitation of the BS-SEM method is that it can only penetrate a short
distance into the tissue (Hermann et al., 1996). The aggregation of inflammatory leukocytes over the
mesothelium in mice treated with the long NiNW samples would therefore obscure any fibres
underneath. Nonetheless a number of long fibres were identified protruding from the surface of such

aggregates. Conversely neither aggregates of inflammatory cells nor short NiNW themselves were

identified which simultaneously demonstrates their effective clearance from the pleural cavity and
lack of pathogenicity.

If the retention of long fibres along the parietal pleura is the initiating mechanism of mesothelioma

development one would expect an abundance of long fibres to be evident in the pleural fibre burden of
mesothelioma patients. Studies investigating the link between asbestos exposure and the development
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of pleural pathologies have indeed detected asbestos fibres retained along the parietal pleura however
the size and type of asbestos fibres associated with pleural disease remains controversial. Dodson et

al. reported that short (<5 pun) chrysotile fibres were predominantly present in the pleura of ex-

shipyard workers exposed to both chrysotile and amphibole asbestos fibre types (Dodson et al., 1990).
Suzuki and Kohyama also reported an apparent predilection for short fibre movement into the pleural

space after finding large amounts of short chrysotile fibres in pleural tissue even though the fibre
burden in the lung contained a greater percentage of amosite fibres (Suzuki and Kohyama, 1991). A

study by Boutin et al. however, which compared the fibre burden in areas containing black spots to

normal areas of parietal pleura, found a high number of long fibres particularly associated with the
black spots, with 22% of all fibres found in these areas greater than 5 pm in length (Boutin et al.,

1996). They also showed a clear-cut concordance between the long amphibole asbestos fibre burden
in the lung and the black spots of the parietal pleura, but not the areas of normal pleura. Heterogeneity
of distribution of fibres within the pleural space can most likely account for the conflicting results
from previous studies, which reported a preponderance of short chiysotile fibres in the pleura.
Furthermore the identification of long fibres specifically associated with areas of the parietal pleura
with high stomata content supports the model of length-dependent retention described here.

The determination of the threshold length for pleural pathology is crucial for the hazard assessment of
CNT and other new forms of high aspect ratio nanomaterials as it will further illuminate the structure-

activity relationship governing fibre pathogenicity in the pleural space. Although the heterogeneity of
the CNT fibre samples precluded the determination of such a threshold here, it was a major aim of a

study carried out within the ELEGI laboratory by Anja Schinwald who utilised silver nanowires

(AgNW) of defined length-classes. Injection of the tightly size-controlled AgNW samples into the

pleural cavity by the method described in Chapter 3 allowed the correlation between fibre length and

pleural pathogenicity. Results showed a significant increase in pleura granulocyte numbers induced by

injection ofAgNW that were 5 pm in length compared to the 3 pm nanowires, however no significant
increase in the severity of the inflammatory response was detected between the 5pm length nanowires
and longer fibre samples (10 pm and 14 pm) (Schinwald et al., 2012a). These results suggest that
nanofibres at or beyond 5 pm in length are pathogenic to the pleura and that nanofibres can be made

benign-by-design for pleural effects if they are restricted to lengths of 4 pm or less. In Chapter 3, the
size distribution for the SFA fibre sample indicates that a proportion of this sample contains fibres at

or greater than the 5 pm cut-off, yet this sample is not inflammogenic in the pleural cavity. This may

be due to differences in fibre number per mass dose, as per mass basis the number of SFA fibres
would be less than the number of AgNW (both studies used a 5 pg/mouse dose), therefore the

proportion of fibres above the threshold of 5pm may be insufficient to elicit an inflammatory

response.
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The length-dependent inflammatory response to the NiNW samples in the pleural cavity and also

previously reported in the peritoneal cavity reflects the response to both asbestos fibres and CNT and
further strengthens the hypothesis that the pathogenicity of fibres in the pleural space is dependent on

length rather than fibre composition. Recently a paper by Tomatis et al. reported the greater toxicity
of long asbestos fibres when compared to short asbestos fibres could be attributed to a number of
factors other than length including greater free radical production and reactive surface (Tomatis et al.,

2010). Whilst these factors may give added toxicity to any fibre we contend that the properties
defined by the fibre pathogenicity paradigm; length, thinness and biopersistence remain the primary
attributes a fibre must possess to elicit a pathogenic response. In particular length will retain the
harmful dose, e.g. fibre-derived free radicals - in the pleural space whilst a short fibre will not remain
in the pleural space to deliver its dose regardless of its other potential pathogenic properties as

illustrated by the quartz and coal mine dust study (Figure 4.6).

Size-restricted clearance from the pleural cavity may also have implications for the hazard potential of
other non-fibrous, high aspect ratio nanomaterials. One such material recently assessed by the ELEGI

group is a graphene platelet, composed of stacked sheets of graphene. Due to their nanoscale
dimensions graphene platelets up to 25 pm in diameter were calculated to be respirable and

potentially deposit in the distal regions of the lung. Furthermore it was shown that the large diameter
of the platelets lead to retention in the pleura and subsequent inflammation (Schinwald et al., 2012b).
Therefore analogous to pathogenic fibres, a high aspect ratio nanomaterial that has an aerodynamic
diameter small enough to allow distal deposition in the lung and two dimensions large enough to

prevent efficient clearance from the pleural space may pose a novel hazard to the pleural
mesothelium. This highlights the need to widen the FPP to include different forms of high aspect ratio
materials that are being developed by the nanotechnology industry.
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Chapter 5: Cellular mechanisms for length-dependent

inflammatory response to carbon nanotubes in the pleural

cavity.

5.1 Aims and hypothesis

We have shown that CNT elicit a length-dependent, asbestos-like inflammatory response in the

pleural cavity of mice, where long fibres caused inflammation but short fibres did not. However the
cellular mechanisms governing this response have yet to be elucidated. Here, we aim to use in vitro
methods to elucidate the relative roles of the macrophages and mesothelial cells in driving the

inflammatory response to long fibres. Using the same panel of CNT we examined the ability of long
and short CNT to elicit pro-inflammatory responses in both a human non-transformed mesothelial cell
line (Met5A), and macrophages derived from the human monocyte cell line (THP-1) as a surrogate

for pleural macrophages, by direct exposure to CNT. The release of acute phase pro-inflammatory

cytokines and chemokines were measured as an indicator of the pro-inflammatory potential of the
members of the CNT panel. In addition to the potential for a direct CNT-mediated inflammatory

response we hypothesized that the inflammatory response could be driven by cross-talk between the

macrophages and mesothelial cells and so we also examined the effect of conditioned media from
CNT-treated macrophages on the mesothelial pro-inflammatory response.

5.2 Results

5.2.1 Effect of direct exposure to CNT panel on mesothelial cell and macrophage viability.

The non-transformed human pleural mesothelial cell line, Met5A was used in this study. These cells
were originally established by transfecting normal human mesothelial cells with a plasmid containing
Simian virus (SV40) early region DNA, and they express SV40 large T antigen (Ke et al., 1989).

Mesothelial cell viability, as measured by trypan blue exclusion assay, was examined after 24 hour

exposure to the CNT panel over a dose range from 5 to 50 pg/cm2. A significant loss of cell viability
was seen only in response to NTiongi (20 pg/cm2) and NTiong2 (50 pg/cm2) (Figure 5.1 I). This loss of
cell viability coincided with an increase in supernatant LDH levels in Met5A cultures treated with

NT]ong| and NT|0ng2 at the higher doses only (Figure 5.1 II).

The THP-1 monocytes were differentiated into macrophages by exposure to 10 ng/ml phorbol 12-

myristate 13-acetate (PMA) for 48 hours. This concentration of PMA has been shown to be optimal
for THP-1 differentiation whilst minimising pro-inflammatory gene upregulation (Park et ah, 2007).

Exposure of macrophages (THP-1) to all the members of the CNT panel only caused a significant
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increase in supernatant LDH levels at higher doses indicating a loss of membrane integrity (Figure 5.1

III). For both the NTtangi and NTtang2 CNT samples there was a reduction in % LDH release from
macrophages treated with the highest dose (50 pg/cm2) compared to the 20 pg/cm2 which may be as a

results of CNT interference in the assay. In order to rule out CNT interference in the LDH assay, the
CNT at the highest dose of 50 pg/cm2 were incubated in media from cells (5x105), which were lysed
with Triton-X, for 24 hours. The CNT were subsequently removed by centrifugation and the LDH

assay was carried out on the media and the subsequent absorbance compared to a media control. No
difference in the LDH absorbance reading was detected after incubation with any member of the CNT

panel (Figure 5.2). However the use of Trition-X to lyse the cells may have affected the potential
interaction between the CNT and LDH substrate. Furthermore the extremely high LDH absorbance

readings recorded may mask more sublte differences between the treatment groups.

Based on the data from the cytotoxicity assays a sub-lethal dose of 5 pg/cm2 was selected for
treatments of both Met5A and TFDP-1 cells for the subsequent activation studies.
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Figure 5.1: The effect of the CNTpanel on cell viability. The viability ofmesothelial cells was
measured by trypan blue exclusion (I) and LDH release (II) after a 24 hour exposure to the CNT panel

a range of doses from 5-50 pg/cm2. LDH release was also used as an indicator of cell viability of
macrophages at 24 hours after CNT treatment (III). Data expressed as a mean ± sem, n=3.
Significance versus vehicle control *** indicates p<0.001.
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Figure 5.2: LDH control assay. CNT (50 ijg/cm2) were incubated with media from 100% lysed cells for
24 hours. The CNT were subsequently removed by centrifugation and the LDH assay was carried out.
No reduction in the LDH absorbance reading was detected in response to any of the CNTpanel. Data

represent mean ± sem (n=3).

5.2.2 Effects of direct exposure to the CNTpanel on pro-inflammatory cytokine release from
mesothelial cells.

In order to investigate the potential pro-inflammatory effect CNT have on mesothelial cells we

assayed, using a cytometric bead array (CBA) system, the concentration of a number of pro¬

inflammatory cytokines present in Met5A cell supematants following direct exposure to the CNT

panel for 24 hours (Figure 5.3). A panel of early response pro-inflammatory cytokines were chosen as

likely candidates as drivers of the acute inflammatory response to CNT in the pleural cavity. No
member of the CNT panel had an effect on the supernatant concentrations of IL-lp, IL-6, IL-8 or

TNFa in Met5A cultures compared to LPS, a positive control to activate cells, which caused a

significant increase in the concentration of all four cytokines.

5.2.3 Effects of direct exposure to the CNTpanel on pro-inflammatory cytokine release from

macrophages.

In order to investigate the impact of CNT phagocytosis on macrophage activation, we measured the
concentration of IL-ip, IL-6, IL-8 and TNFa present in the THP-1 cells supernatants following

exposure to the CNT panel (Figure 5.3). Only the CNT samples containing long fibres- NTiongi and
NT|ong2 caused a significant increase in IL-ip and IL-6 concentrations compared to untreated cells.

NT|ong| also induced a significant increase in IL-8 concentration; however no increase was seen with
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Figure 5.3: The effect of the direct exposure to the CNT panel on cytokine release from mesothelial
cells and macrophages. Cells were treated with the particle panel (5 pg/cm2)or LPS (10ng/ml) for 24
hours. No increase in the levels of IL-1p, IL-6, IL-8 or TNFa was detected aftermesothelial cells were

exposed to the CNT panel. However significant increases in IL-ip and IL-6 were seen in

macrophages treated with long CNT samples only. Data expressed as a mean + sem, n=3.

5.2.4 Role of frustrated phagocytosis and NALP3 inflammasome in length-dependent IL-1f3
release from macrophage.

The morphology of the THP-1 cells after 24 hour treatment with the CNT panel at a dose of 5 pg/cm2
is shown in Figure 5.4 as Diffquik stained light micrograph images (I-VII) or as scanning electron

micrograph figures (VIII-XI). Normal cells are shown in Figure 5.4 IV and VIII. NPCB and the short
CNT samples; NTsilort, NTtangi and NTtang2 appear to be easily taken up by the macrophages as they are

seen as accumulations of black particles within the cells (Figure 5.4 I, II, V and VI) but were not

visible on the cell surface in SEM images confirming that they had been effectively phagocytosed

(Figure 5.4 IX and X). NTiongi and NTiong2 were not completely taken up by the cells which showed
the classic features of frustrated phagocytosis with fibrous CNT extended from the cell surfaces

(Figure 5.4 VII and XI) or a single long fibre could be shared by more than one cell (Figure 5.4 III).
This state of frustrated phagocytosis appeared more extensive in cells treated with the longer NTiong2

sample.
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Figure 5.4: Uptake of CNT by macrophages. Light micrographs (l-VII) ofTHP-1 cells untreated (IV) or
treated with the CNT panel (5 pg/cm2). NPCB (I), NTshort (V), NTtang1 (II) and NTtang2 (VI) appear as
aggregates within the cells (white arrows). However NTiongi (III) and NTiong2 (VII) appear to be
protruding from the cells (white arrows). Scale bar indicates 20pm. SEM images (VIII-XI) show an

untreated THP-1 cell (VIII) and THP-1 cells treated with NPCB (IX), NTshort (X) and NT!ong2 (XI) (5
pg/cm2). No particles can be seen associated with the cell surface or protruding from the cells in (IX)
or (X) however the fibre from the NTiong2 (XI) sample appear on the surface of the cells and also
protruding from the cell. Scale bar indicates 10pm.

We selected one cytokine, IL-ip, to test the hypothesis that the length-dependent pro-inflammatory
effects were due to frustrated phagocytosis of long fibres. THP-1 cells were co-incubated with the

NTiongi and NTi0„g2 samples and an inhibitor of phagocytosis (cytochalasin D) and the release of IL-ip
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was measured by ELISA (Figure 5.5). Cytochalasin D, a potent inhibitor of actin polymerisation

(DeFife et ah, 1999), prevented the uptake of the long CNT by the THP-1 cells (Figure 5.5 I) and
inhibited the increase in IL-1 (3 concentration caused by exposure to NT|0ngi and NT]0ng2 in a dose-

dependent pattern. However it had no effect on the IL-ip concentrations caused by LPS, which does
not require phagocytosis to elicit a pro-inflammatory response. Measurements of supernatant LDH
levels showed there was no loss of cell viability due to cytochalasin D treatments (Figure 5.5 II).

I

- 400-
E
D)
Q.

c 300-
o

ro

£ 200-
(U

c

S ioo-
C2. [f|
—• n nnnllu

U

EH 0 jiM Cyto D
□ 0.1 nMCytoD
S 0.2 mM Cyto D
ED 0.5 mM Cyto D

100-j

0)
80-

ro
QJ 60-
2!
X
Q
-J

40-

5? 20-

EH 0 nM cyto D
CD 0.1 jaM cyto D
ED 0.2 j.iM cyto D
ED 0.5 )iM cyto D

fci-ijTU. -nfilTI -Mill

>—r

ESS 0(iMK+
□ 10(iMK+

30 MM K+
mn 60(lM Ki¬

ll 40

20-

ogMK+
□ iogMK+
EH 30MMK+
HID 60gM K+

Jfi 5 i-inltl n^ff]
<t> Jt <§;

4* 4^

IV
- 400
E

Qi 1_

□ 10(iMDPI
S 25gM DPI

50-

ESJ 0 tiM DPI
□ IOmMDPI
S 25 DPI

ftFI - l-iFl mflFI iffinff

- Cyto D

128



Figure 5.5: Inhibition of IL-1/3 release from long CNT-treated macrophages. (I) Exemplar images of

macrophages treated with NTiong2 with or without cytochalasin D (0.5 pM). Cytochalasin D inhibits the
attempted uptake of long fibres by the macrophages. (II) Cytochalasin D caused a dose-dependent
inhibition of IL-1/3 release from macrophages treated with NTiong1 and NTiong2 (5 pg/cm2) but not LPS
(10 ng/ml). Significance versus 0 pM cytochalasin D within each treatment group *** indicates

p<0.001. A loss of cell viability in the presence of cytochalasin D was not detected by LDH release.

(Ill) Addition ofpotassium chloride (KCI) to the macrophage media caused a dose-dependent
inhibition of IL-1j3 release from macrophages treated with LPS, NTiong1 and NTiong2, without the loss of
cell viability. Significance versus 0 pM KCI within each treatment group *** indicates p<0.001 (IV)
Addition of the NADPH oxidase inhibitor, DPI, caused a dose-dependent inhibition of IL-1/3 release
from macrophages treated with LPS, NTiong1 and NTiong2. No loss in cell viability was detected by LDH
release. Significance versus 0 pM DPI within each treatment group *** indicates p<0.001. Data

expressed as mean ± sem, n=3.

The release of IL-lp can be mediated by the NALP3 inflammasome therefore we examined the role of
the NALP3 inflammasome in the pro-inflammatory response to the long CNT samples. The
mechanism of NALP3 inflammasome activation is poorly understood however the efflux of

potassium ions (K+) from the cell is known to be a requirement common to all known activators

(Petrilli et ah, 2007b). We inhibited the K+ efflux by increasing the extracellular K+ concentration by

adding KCI to the culture medium of THP-1 cells treated with LPS, NT|0ngl and NT|ong2 and found a

significant reduction in the concentration of IL-lp in the supematants of cells from each of the
treatments. Measurements of supernatant LDH levels showed there was no loss of cell viability due to

increased extracellular K+ concentrations (Figure 5.5 III). Reactive oxygen species generated by
NADPH oxidase during the phagocytosis of particles has also been suggested as a mechanism of
NALP3 activation (Tschopp and Schroder, 2010). We tested this hypothesis by inhibiting NADPH
oxidase using diphenylene iodonium (DPI) in THP-1 cells treated with LPS, NT|0ngi and NT|ong2 and
measuring the release of IL-ip. DPI caused a dose-dependent reduction in IL-ip release into the

supernatant of CNT- and LPS-exposed cells. Measurements of supernatant LDH levels showed there
was no loss of cell viability due to treatments with DPI (Figure 5.5 IV). Therefore NALP3 activation
and functional NADPH oxidase were related to the release of IL-ip from LPS-exposed THP-1 cells.

5.2.5 Effect of conditioned media from CNT-exposed macrophages on mesothelial cell
viability.

In order to test the hypothesis that CNT that reach the pleural space indirectly stimulate mesothelial
cells via the release of cytokines from particle-activated macrophages, we used conditioned media
from CNT-exposed THP-1 cells to treat Met5A cells and measured the concentrations of pro¬

inflammatory cytokines in the Met5A supernatant (Figure 5.6 I).
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No increase in LDH release from the Met5A cells treated with the conditioned media confirm the

treatments did not caused a loss of membrane integrity and therefore cell viability (Figure 5.6 II).
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Figure 5.6: The effect of conditioned media from CNT-exposed macrophages on mesothelial cell

viability. (I) Schematic diagram representing the conditioned media experimental procedure. THP-1
cells were treated with CNT suspensions for 24 hours (5 pg/cm2), supernatant was removed and
centrifuged to remove any suspended CNT, conditioned media was added to the Met5A cells for 24
hours after which cell viability and production of cytokines was measured. Cell viability ofmesothelial
ceils was measured by LDH release (II) but no cell death was detected.

5.2.6 Effect of conditioned media from CNT-exposedmacrophages on mesothelial cell

production ofpro-inflammatory cytokines.

Whilst direct exposure of Met5A cells to the CNT panel had not caused any increases in IL-l|3,
treatment with conditioned media from THP-1 cells exposed to LPS, NT|0ngi or NT|0ng2 resulted in
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approximately two-fold increase in IL-1(3 concentration compared with the combined total from both
cell types exposed directly as shown by the horizontal lines on the bars (Figure 5.7 I).

Media from THP-1 cells exposed to the NTi0Ilgl and NTiong2 samples also had a significant effect on the

production of IL-6, IL-8 and TNFa by Met5A (Figure 5.7 II-IV). The potentiation of Met5A
activation was most pronounced when Met5A had been exposed to NTiong2-exposed THP-1 media
which resulted in a 20-fold, 30-fold and 6-fold increase in the concentrations of IL-6, IL-8 and TNFa

respectively, when compared with the combined total from each cell type exposed directly.
Conditioned media from NTiongi treated THP-1 cells also caused a significant increase in the
production of IL-6, IL-8 and TNFa from Met5A cells albeit to a lesser extent. Exposure to media
from THP-1 cells treated with NPCB, NTsh0rt, NTtangl or NTtang2 did not have any effect on the
production of the pro-inflammatory cytokines; IL-ip, IL-6, IL-8 or TNFa, by Met5A cells.
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Figure 5.7: The effect of conditioned media on cytokine release from cells. IL-1(3 (I), IL-6 (II), IL-8 (III)
and TNFa (IV) supernatant levels were measured 24 hours aftermesothelial cells were exposed to
media from CNT-treated macrophages (5 pg/cm2 for 24 hours). A length-dependent increase in
c°ncentration was observed for each of the cytokines. Data expressed as mean ± sem, n=3.
Significance versus vehicle control *** indicates p<0.001.
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The levels of IL-ip and IL-6 released from Met5A cells treated with the conditioned media from
THP-1 cells treated with NT|0ng2 was attenuated when the THP-1 cells were co-exposed to NT|ong2 and
cytochalasin D to prevent phagocytosis (Figure 5.8).
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Figure 5.8: The effect of conditioned media from macrophages co-exposed to NTiong2 and cytochalasin
D (0.5 pM) on mesothelial production of IL-1/3 and IL-6. A significant reduction in the levels of IL-1/3
and IL-6 release from mesothelial cells exposed to conditioned media from macrophages treated with

NThng2 (5 pg/cm2 for 24 hours) and cytochalasin D (0.5 pM) was observed compared to mesothelial
ceils treated with conditioned media from macrophages treated with NTiong2 alone. Data expressed as

mean + sem, n-3. Significance versus vehicle control *** indicates p<0.001.
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5.4 Discussion

The objective of this study was to examine the cellular interactions that are driving the inflammatory

response to CNT in the pleural cavity. Long and short CNT samples were examined since the

inflammatory response to the CNT in the pleural space is length-dependent. The present study
addressed three hypotheses as to the cellular mechanism by which CNT cause pro-inflammatory
effects in the pleural cavity. These three hypotheses centred on the major cells of the pleural cavity,
the mesothelial cells and macrophages, are outlined in diagrammatic form in Figure 5.9. The
refractoriness of the mesothelial cells to long CNT effects and the existing literature describing how
conditioned media from macrophages treated with particles greatly amplify the pro-inflammatory

responses of epithelial cells (Jimenez et ah, 2002) and endothelial cells (Shaw et al., 2011) led us to

discount the alternative hypothesis, that products released by mesothelial cells could stimulate pro¬

inflammatory responses in the macrophages.

Inflammation

Figure 5.9: Potential mechanisms of the long fibre-mediated inflammatory response. Three potential
mechanisms by which CNT cause inflammation in the pleural space were explored in this study. (I)

Long fibres interact with the pleural macrophages producing cytokines that directly elicit an

inflammatory response. (II) Long fibres interact directly with mesothelial cells with the subsequent
factors released leading to granulocyte influx. (Ill) Long fibres interact with macrophages inducing the
release of cytokines which stimulate the mesothelial cells, amplifying the inflammatory response. As
initial results showed no response from the mesothelial cells to direct exposure to CNT, the effect of
factors released from CNT-exposed mesothelial cells on macrophages was not examined.

The cytotoxicity of the CNT panel to both mesothelial and macrophage cell lines was initially
assessed and determined to occur only at doses above 20 pg/cm2. Recent concerns have been

expressed in the literature as to the ability ofCNT to interfere with common cytotoxicity assays (Kroll
et al., 2009; Monteiro-Riviere and Inman, 2006). In particular the large surface area of CNT has been
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shown to adsorb critical components of the assays thereby altering the output measured. Here we

validated the use of the LDH assay as an accurate measure of cell membrane integrity by

demonstrating the lack of effect of the CNT in measurement of the end product of the assay (Worle-
Knirsch et al., 2006). The trypan blue exclusion assay was also used to measure cell death in the
mesothelial cell line, where the results supported that of the LDH assay. However the trypan blue
exclusion assay could not be carried out on THP-1 cells exposed to CNT as macrophages clumped

together during the treatments making accurate assessment of the cellular viability by this method

impossible.

Mesothelial cells are reported to be uniquely sensitive to asbestos fibres with direct exposure in vitro

inducing death (Yang et al., 2010; Broaddus et al., 1996), inflammatory mediator production (Yang et

al., 2010), oxidative stress (Swain WA and Faux SP, 2002) and genotoxicity (Xu et al., 1999; Lechner
et al., 1985). Although the potential pathogenicity ofCNT has been tested in a variety of lung-derived
cell types with responses including inflammation (Ye et al., 2010) and oxidative stress (Pulskamp et

al., 2007) reported, there is a paucity of data concerning the direct effects of CNT on mesothelial
cells. A study earned out by Tabet et al reported a significant loss of cell viability for Met5A cells
incubated for 48 hours with 100 pg/ml MWCNT (Tabet et al., 2009). However this study employed
the MTT assay as a measure of cytotoxicity, an assay which is widely regarded as unsuitable for use
with CNT treated cells as the as it has been shown to be subject to CNT interference resulting in false

positive readings (Worle-Knirsch et al., 2006). Pacurari et al examined the direct effects of SWCNT
and MWCNT on normal and malignant mesothelial cells and reported a decrease in cell viability,
activation of pro-inflammatory transcription factors and pro-inflammatory MAPK pathway activation

(Pacurari et al., 2008b; Pacurari et al., 2008a). However these effects were very modest and seen at 5-
10 times the dose used in the present paper. There was also ongoing PARP activation suggesting that
the cells were also undergoing apoptosis, making this data difficult to interpret as to the true role of
direct pro-inflammatory effects ofCNT on mesothelial cells at plausible doses. In contrast, within the

present study we found mesothelial cell cytotoxicity only at the highest exposures used in preliminary
studies but no evidence of pro-inflammatory responses after exposure of mesothelial cells to a low
sub-lethal dose (5pg/cm2) of the panel of CNT. Nagai et al demonstrated that different types of
MWCNT induced different levels of cytotoxicity in mesothelial cells and reported that the degree of

cytotoxicity was inversely correlated with the mean diameter of dispersed MWCNT possibly due to

the ability of the thinnest MWCNT to pierce the mesothelial cells membrane (Nagai et al., 2011).

Interestingly Nagai et al showed that although all the MWCNT samples induced a pro-inflammatory

response from macrophages in vitro, only the thin MWCNT induced a fibrotic inflammatory response

and tumour development in the peritoneal cavity (Nagai et al., 2011). This suggests a role for CNT-
mediated direct damage of the mesothelial cells in the pathogenesis of disease.
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In contrast to the findings with mesothelial cells, exposure of macrophages to the CNT panel resulted
in the induction of modest length-dependent pro-inflammatory responses. This was evident when only
the long fibre-containing samples (NTiongi and NT|0ng2) induced the production of the acute phase

cytokines, IL-1 (3 and IL-6. The lack of response to the short CNT samples and particulate graphene in
the form of NPCB suggest that the pro-inflammatory response to CNT in the pleural space is solely

dependent on length. Firstly, length is a controlling factor in the clearance of fibres from the pleura
where only long fibres are selectively retained for sufficient time to interact with macrophages at

stomatal openings. Furthermore exceeding a maximum length for macrophage uptake will lead to

frustrated phagocytosis, a state where the macrophages are unable to fully engulf long fibres resulting
in the release of oxidants and pro-inflammatory signals (Donaldson et al., 2010). Frustrated

phagocytosis has long been known to play an important role in asbestos effects (Mossman and Churg,
1998; Donaldson et ah, 2010) and has also been implicated more recently in the inflammatory

responses to long CNT elicited from macrophages in vitro (Brown et ah, 2007) and in vivo (Poland et

ah, 2008). Brown et al reported an increase in the production of TNFa and a concurrent increase of
ROS by macrophages in response to CNT and showed that this response was specifically related to

the length of the CNT fibres (Brown et ah, 2007). The presence ofmacrophages undergoing frustrated

phagocytosis in the peritoneal lavage fluid of mice exposed to long CNT was noted by Poland et al
who suggested that this macrophage-mediated response may be playing a role in the inflammation

(Poland et ah, 2008). Here, using a panel of CNT similarly defined by length we showed the length-

dependent release of a number of pro-inflammatory cytokines from macrophages exposed to the long
fibre CNT samples only. We related the pro-inflammatory effects of the long CNT to frustrated

phagocytosis by inhibiting the uptake of CNT fibres by the macrophages using a known inhibitor of

phagocytosis (DeFife et ah, 1999). Treatment of macrophages with cytochalasin D, which impairs

phagocytosis by inhibiting actin filament assembly (DeFife et ah, 1999), concomitantly with either of
the two long CNT samples resulted in the abrogation of IL-ip release seen after treatment with the
CNT samples alone. The macrophage response to LPS, which does not require active uptake into cells

by phagocytosis, was not attenuated by the addition of cytochalasin D highlighting the necessity of

particle uptake and the role of frustrated phagocytosis in the pro-inflammatory reaction produced in

response to CNT exposure.

We briefly examined the activation of the NALP3 inflammasome which has been recently
demonstrated in a comprehensive study carried out by Palomaki et al to be induced by long needle -
like CNT fibres (Palomaki et al., 2011). The activation of the NALP3 inflammasome has been shown
to play a key role in the initiation of an inflammatory response during the phagocytosis of a variety of

large or toxic particles and long fibres, including asbestos (Dostert et al., 2008), silica (Dostert et al.,

2008; Hornung et al., 2008), monosodium urate crystals (MSU) (Hornung et al., 2008) and nanofibre
titanium dioxide (Hamilton et al., 2009). The NALP3 inflammasome controls the maturation and
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release of IL-1J3 from activated cells by binding caspase-1 via an associated protein linker known as

ASC (apoptosis-associated speck-like protein containing a carboxy-terminal CARD) which

subsequently cleaves pro-IL-1 (1 to produce the mature form which is then secreted (Tschopp and

Schroder, 2010). The activation of the NALP3 inflammasome is reported to be a 2-hit process where
an initial stimulation of the macrophages causes an up-regulation of pro-IL-ip production in the cells
and a subsequent stimulus leads to activation of the inflammasome pathway and release of the mature

form of IL-ip. This is often mimicked in vitro in freshly isolated macrophages by priming the cells
with low doses of LPS (25 pg/ml) prior to treatment. This step was omitted here however as

differentiation of the THP-1 monocytes into mature macrophages is reported to cause sufficient

priming and pro-IL-ip accumulation (Hornung et al., 2008). Higher doses of LPS treatment alone
have also been shown to cause full activation of the inflammasome and release of mature IL-ip

(Yamamoto et al., 2004) which supports the use of LPS as a control in the experiments earned out

here, however a more appropriate control may have been to use a particle known to cause NALP3

activation, for example quartz. Additionaly examiniation of the cell supemantant by Western Blotting

using antibodies specific to both the pro- and mature forms of IL-ip could conclusively identify
whether the increase in IL-1 p measured by ELISA was indeed an increase in the mature cleaved form.

The activity of all known NALP3 activators, regardless of their structure or composition is blocked by

inhibiting efflux of potassium ions (K+) from the cell (Petrilli et al., 2007b). The exact role of

potassium efflux in the induction of the inflammasome is unknown, however it has been hypothesized
that the various stresses lead to a change in the intracellular ionic milieu which induces a

conformational change in one or more of the inflammasome components (Petrilli et al., 2007a).
Indeed it has been shown by Petrilli et al that intracellular concentrations ofK+ below 70mM promote

the recruitment of caspase-1 to ASC (Petrilli et al., 2007b). By stimulating macrophages with long
fibre CNT in the presence of high extracellular potassium we prevented the efflux of potassium from
the cells and saw a subsequent reduction in the levels of IL-ip release supporting the contention that
the activation of the NALP3 inflammasome is the pathway by which long CNT cause IL-ip release.

The generation of ROS has also been proposed to play a role in the activation of the NALP3
inflammasome (Tschopp and Schroder, 2010). An increase in cellular ROS concentrations has been
shown to cause thioredoxin-interacting protein to dissociate from thioredoxin, to which it is

constitutively bound in the phagocyte resting state, and bind to NALP3 leading to activation (Zhou et

al., 2010). NADPH oxidases have been shown to be a source ofROS in macrophage cells exposed to

CNT (Ye et al., 2011). In the resting phagocyte, components of the NADPH oxidase are spatially

segregated with components in the membrane and cytosol. Upon stimulation, the cytosolic

components translocate to the membrane and assemble into a functioning enzyme complex,

generating extracellular or phagosomal superoxide anion (Nauseef, 2004). Frustrated phagocytosis is

likely to ultimately result in chronic activation ofNADPH oxidase and excessive ROS production. IL-
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1(3 production in response to long CNT was attenuated in the presence of the NADPH oxidase
inhibitor, DPI. The impairment of the long CNT-induced production of IL-1 (3 by both inhibition of

particle uptake and also inhibition of two key effectors ofNALP3 activation (K+ efflux and NADPH

oxidase), suggests that attempted uptake of long CNT by macrophages and subsequent frustrated

phagocytosis activate the NALP3 inflammasome leading to the production of IL-1(3. To conclusively
demonstrate that the NALP3 inflammasome plays a crucial role in the pro-inflammatory responses of
the THP-1 macrophages to the long CNT examined here the activation or stimulation of specific

molecular components of the pathway (e.g. Caspase-1) need to be further studied. However the
induction ofNALP3 via frustrated phagocytosis of long CNT is in keeping with studies examining the

inflammatory response to asbestos and other fibrous particles which have demonstrated the

importance of the NALP3-mediated inflammatory response to particles and fibres in vivo. Inhibition
or knock-out studies of key components of the NALP3 inflammasome prior to administration of
asbestos fibres (Dostert et al., 2008), silica (Dostert et ah, 2008; Homung et ah, 2008; Cassel et ah,

2008) or MSU (Hornung et ah, 2008) crystals into the lungs of mice have all shown an attenuated

inflammatory response compared to wild-type controls. The essential role for NALP3 in the activation
of an inflammatory response suggests that direct interaction between macrophages and long fibres is
the initiating mechanism for the development of fibre-related inflammation and subsequent disease

arising from chronic inflammation.

Mesothelial cells are well equipped to participate in the initiation and resolution of inflammation.
Secretion of chemokines by stimulated mesothelial cells promotes directed migration of granulocytes
which can lead to influx of inflammatory cells from the vasculature into the serosal space (Visser et

ah, 1995b). Mesothelial cells have been shown to be directly stimulated to produce a range of pro¬

inflammatory mediators including cytokines, chemokines, growth factors and oxidants in response to

bacterial endotoxin and asbestos but have also been shown to be highly responsive to factors secreted

by macrophages (Mutsaers, 2002). Previous studies with PM10 and diesel soot have also shown that
fixed cells- epithelial cells and endothelial cells respectively, show much greater responses to

particle-free conditioned media from macrophages treated with particles than to direct treatment with
the particles (Jimenez et al., 2002; Shaw et ah, 2011). Similarly, in the present study a greatly

amplified mesothelial pro-inflammatory response was conferred by the particle-free conditioned
medium of long CNT-exposed macrophages. The role of cross-talk between macrophages and
mesothelial cells in amplifying inflammation has been demonstrated previously by Betjes et al when

peritoneal mesothelial cells were shown to produce high levels of IL-8 in response to conditioned
media from macrophages treated with the bacteria Staphylococcus epidermidis, but not to the bacteria
themselves (Betjes et ah, 1993). IL-ip and TNFa also mimicked induction of the mesothelial IL-8

response and the response to the conditioned media was blocked by the addition of anti-IL-l(3 and
anti-TNFa antibodies (Betjes et al., 1993). The pro-inflammatory effect of the supernatant from
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macrophages exposed to the long CNT samples described here was similarly attenuated by inhibiting
release of IL-ip and other unknown factors by blocking phagocytosis with cytochalasin D

highlighting the importance of phagocytosis in eliciting secretion of cytokines that drive the pro¬

inflammatory effects on the mesothelial cells.

The cross-talk between macrophages and mesothelial cells is known to be important in the normal

inflammatory processes in the serosal cavities but, if disregulated, may also help to promote the

development of mesothelioma. The precise mechanism that leads to mesothelioma development in the

presence of fibres is unknown but a role for chronic inflammation in response to retained biopersi stent
fibres has been postulated (Okada and Fujii, 2006). Exposure of normal human mesothelial cells to

asbestos fibres in vitro has not been shown to lead to cell transformation even though phenotypic

changes such as chromosomal changes and extended lifespan were observed (Lechner et al., 1985; Xu
et al., 1999). However Wang et al (Wang et al., 2004) earned out a study examining the effect on
mesothelial cells of erionite, a naturally occurring long biopersistent fibre which causes mesothelioma
in man and rodents following inhalation (Wagner et al., 1985; Maltoni et al., 1982; Dikensoy, 2008).
In this study, treatment of mesothelial cells with erionite in combination with pro-inflammatory

cytokines highlighted a potential role for an inflammatory environment in the transformation of
mesothelial cells (Wang et al., 2004). While erionite alone had no effect on cell transformation, both

IL-ip and TNFa could stimulate formation of transformed cells as identified by their anchorage-

independent growth in soft agar. While the cytokines could induce the formation of tumorigenic
colonies alone the effect was more potent in the presence of the erionite fibres (Wang et al., 2004).
TNFa has also been shown by Yang et al to inhibit asbestos-induced cell death by activating the NF-
kB signalling pathway in mesothelial cells (Yang et al., 2006). The TNFa-mediated resistance to the

cytotoxicity may promote tumour formation by increasing the pool of mesothelial cells with fibre-
mediated genetic damage in the inflammogenic environment which evade nonnal cell death. This

suggests that inflammation and inflammatory cytokines may play an important role in mesothelioma.
Here we showed that mesothelial cells exposed to a cocktail of cytokines and other mediators

produced by macrophages treated with long CNT amplify and stimulate the inflammatory response

thereby likely contributing to disease development in the pleural space.

In summary, the data presented in this study describe a mechanism for the initiation of a long fibre
mediated inflammatory response in the pleural space via frustrated phagocytosis. A stepwise model
for the initiation of fibre-mediated inflammation in the pleural cavity can be put forward where first
the fibres are retained due to size-restricted stomatal clearance (Chapter 3) which is followed by

attempted uptake and frustrated phagocytosis of the pleural macrophages. This model is supportred by
the lack of response to small pro-inflammatory particles (quartz and coal mine dust) demonstrated in

Chapter 3 as although a proportion of the instilled dose of small particles would be taken up by the
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pleural macrophages there was no inflammatory response. This suggests that retention in pleural

space is a key step faciliatating the development of fibre-mediated pleural inflammation.

We also demonstrated that the supernatant from macrophages exposed to long fibres produces a

much-amplified pro-inflammatory response in mesothelial cells. The amplified mesothelial cell

response to macrophage products was attenuated by inhibition of macrophage phagocytosis,

confirming a role for frustrated phagocytosis. Inhibiting the activation of the NALP3 inflammasome

during macrophage/CNT interaction also prevented the macrophages from releasing the pro¬

inflammatory factors into the supernatant, demonstrating the involvement of the NALP3
inflammasome. This study furthers our understanding of the role of macrophage/mesothelial cross¬
talk as a mechanism underlying the generation of a length-dependent inflammatory response to CNT
in the pleural space. In addition, this in vitro model may prove useful for in vitro toxicity screening of
the large number of new high aspect ratio nanofibres currently being developed, thereby reducing the
need for animal testing. The fact that long fibres pose a problem to drainage from the pleural space
and also macrophage uptake posing two mechanisms by which the length will affect fibre clearance
from this sensitive tissue suggests that determining the structure alone may suffice when considering
the potential hazard of a fibre.
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Chapter 6: Surface functionalisation of carbon nanotubes

6.1 Acknowledgements

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 NT|0ng. This
sample was created using the same equipment and methodology as that used to create the NT|0ng2
sample. The NTlong sample was functionalised in two separate ways by Amanda Higginbotham and
Ashley Leonard in the laboratory of Prof. James Tour at Rice University, Houston, Texas.

6.2 Aims and Hypothesis

The mechanical properties and high aspect ratio of CNT has stimulated interest in the use of CNT as

reinforcing fillers in nanocomposites where stiffness, strength and light weight are important
considerations (Vaia and Wagner, 2004). For the optimal exploitation of the properties of CNT in the
manufacture of high tensile strength composites the CNT must be present as individual fibres

dispersed throughout the material rather than large aggregates (Vaia and Wagner, 2004). However,
due to van der Waals forces, CNT are difficult to disperse homogeneously. Solutions to this problem

may lie in altering the CNT surface chemistry which can be achieved by a number of methods

including sidewall functionalisation, oxidative treatment and polymer wrapping (Tasis et al., 2006).
The benefit of surface modification in the exploitation of the properties of CNT suggests that the use

of functionalised CNT could become widespread and therefore pose a real risk of occupational

exposure. Utilising two forms of long CNT functionalised by non-destructive radical addition we aim
to examine whether the inflammatory response elicited by long CNT in the pleural cavity can be
affected by alteration of the CNT surface. We hypothesise that unless the surface functionalisation
affects the critical requirements for a fibre to be pathogenic as set out in the fibre pathogenicity

paradigm (fibre dimensions and biopersistence), we will see no difference in the pathogenic response

to these fibres compared to the pristine form.

6.3 Results

6.3.1 CNT Functionalisation

The surface of the CNT was functionalised using the Billups reaction protocol which involved the
covalent linkage of either aryl iodide or alkyl iodide groups onto the sidewall of the CNT under

reducing conditions (Stephenson et al., 2006). Figure 6.1 is a schematic diagram showing the reaction

procedure where the CNT are functionalised after an electron transfer from the lithium to the sidewall
of the nanotube. This reaction causes the CNT to disperse in the liquid ammonia solution, allowing a
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high degree of coverage of functional groups through radical addition. Incubation of the pristine
nanotubes with aryl iodide isophthalic acid under these conditions produced CNT bound with

isophthalic acid side side groups (C6H4(COOH)2l herein referred to NTi0„g-AR) whereas incubation
with alkyl iodide produced an alkylated NT sample bound with long chains of carbon atoms (herein
referred to as NT|0ng.AL) (Stephenson et al., 2006). The CNT functionalised by this method showed
high disorder bands in Raman spectra compared to the pristine material which indicates a high degree
of functionalisation (Stephenson et al., 2006). The addition of aryl groups onto the side wall of the
CNT will affect the physical properties of the CNT including hydrophobicity. CNT in their pristine
form are non-polar and hydrophobic, however the covalent attachment of polar aryl groups allows the

NTiong-AR sample to become more hydrophilic. The NTIong.AL sample has no reduction in
hydrophobicity as no polar head groups have been attached to the non-polar pristine NT.
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1. Reduction 2. Functionalization

Figure 6.1: A schematic diagram of the functionalisation of CNT. Reduction of the CNT allows the

dispersion of the CNT in ammonia and the covalent linkage of aryl groups (I) or alkyl chains (II) to the
sidewall of the CNT.
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6.3.2 CNT lengths

The size distribution of the pristine NT|0ng sample was measured and compared to that of the two
functionalised samples. Light micrographs show the pristine NT|0ng and the functionalised NT|0ng.AR
and NTiong.AL were heterogeneous samples containing fibres ranging from 1-30 microns in length
(Figure 6.2 I-III). The size distributions were similar for each on the NT samples; regardless of

functionalisation, for example the percentage of fibres greater than 10 pm (chosen as an arbitrary cut¬

off) for NTiong, NT|0ng.AR and NT|0ng-AL were 35%, 35% and 40%, respectively (Figure 6.2 IV). This
demonstrates that this method of functionalisation was non-destructive and did not cause significant

shortening of the CNT.

IV

Fibre length (pm)

Figure 6.2: Size distribution of the pristine and functionalised CNT. Light micrographs of the NT,ong (I),
NTiong.AR (II) and the NTiong-AL (HI) CNT samples. Scale bar= 10 pm. (IV) Size distributions of the CNT
samples expressed as % fibre greater than (n-300 fibres measured). Fibre lengths and diameters
were measured from high magnification SEM images of CNT samples deposited on filter paper. Only
fibres where both ends were visible were included.
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6.3.3 Pleural inflammatory response

The inflammatory response in the pleural cavity to the functionalised CNT was assessed 24 hours

after direct injection into the pleural space and compared with the response to the NT|ong sample. As

expected the NTjong sample elicited a significant inflammatory response in the pleural space, as

measured by a significant increase in total cell number and a significant increase in the number of

granulocytes in the pleural lavage fluid over the vehicle control treated mice. Both functionalised
CNT samples also elicited an increase in total cells and influx of granulocytes into the pleural cavity
as was seen in response to NT|0ng (Figure 6.3 I, II), indicating the acute inflammatory response to the
long fibres had not been modulated by the surface functionalisation.
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figure 6.3: Acute inflammogenicity of the pristine and functionalised CNT samples. Inflammatory
Potential of the pristine and functionalised CNT in the pleural space was examined by measuring the
total number of cells and the number of granulocytes in the pleural lavage fluid at 24 hours (I, II), 1
Week (III, IV) and up to 4 weeks (V, VI) after direct injection of the CNT samples into the pleural cavity
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(5 yg/mouse). The total cell number (V) and total granulocytes (VI) from each timepoint were plotted
on the single graphs to show the relative change in cell populations over time. Data represents mean
± s.e.m. (n=3). Significance versus vehicle control ** indicates p<0.001, *** indicates p<0.0001,

significance between CNT treatment groups ## indicates p<0.001.

The inflammatory response was also measured at 7 days and 4 weeks after exposure to the NT

samples. At 7 days we measured a significant increase in the total cells and granulocytes in response

to the NT long sample only (Figure 6.3 III, IV). The number of total cells and granulocytes in the
pleural lavage fluid of mice treated with both NT|0ng-AR and NT|0ng.AL was significantly less than the

NTiong sample and more on par with the vehicle control treated mice. By four weeks post injection the
number of granulocytes in the lavage fluid had waned towards vehicle control levels in all three NT -

treated mice (Figure 6.3 V, VI).

6.3.4 Pleural lesion development

To investigate the development of inflammatory lesions on the parietal pleura in response to the

pristine and functionalised NT, sections of the chest wall and diaphragm were examined by light

microscopy at four weeks post injection. At this timepoint contiguous lesions composed of cell

aggregates and collagen were identified along the chest wall and diaphragm of mice treated with

NTiong (Figure 6.4 I, II). The extent of lesion formation in the mice treated with both NT|ong-AR and

NTi0ng-AL had been significantly attenuated compared to the NTiong (Figure 6.4 I, II). Differences in the
nature of the lesions, where present, were also evident. The lesions forming in response to the NT|0ng
were highly cellular with fine layers of collagen separating the cellular aggregates. In contrast to this
the lesions present in the mice treated with NTiong-AR or NTiong.AL appeared to be collagenous but with
fewer cells present (Figure 6.4 III). The collagen content of the lesions was not determined

biochemically, for example by measuring the hydroxyproline content; therefore it is difficult to

conclude whether the functionalisation of the CNT lead to changes in the fibrotic response as well as
the inflammatory response.
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Figure 6.4: Lesion development along the parietal pleura. Parietal pleura along the chest wall (I) and

diaphragm (II) ofmice treated with the CNT samples (5 pg/mouse) were examined 4 weeks after
injection (n=3). Lesion area was quantified and expressed as area per length of chest wall section

(mm2/mm) (I) and area per length of diaphragm section (mm2/mm), respectively. Data represents
mean ± s.e.m. (n-3). Significance versus vehicle control *** indicates p<0.0001, significance between
CNT treatment groups it# indicates p<0.001, ### indicates p<0.0001. Representative images of the
chest wait sections stained with H&E for gross morphology and Picosirius red for collagen content are
shown in (III), M indicates the underlying muscle of the chest wall, L indicates inflammatory lesions.
Scale bar= 50 pm.

Scanning electron microscopy was also used to examine the surface of the chest wall at 1 week and 4
weeks post injection (Figure 6.5). Extensive lesions overlaying the surface of the chest wall were
evident at both 1 week and 4 weeks post exposure of the NTiong sample. Small areas of inflammatory
lesion were identified in mice treated with NTiong-AR and NTiong-AL at 1 week post injection however the

inflammatory response appeared all but completely resolved by 4 weeks in response to both
functionalised NT samples.
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1 week

NT long-AR

NT long-AL
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Figure 6.5: Scanning electron microscopy of the chest wall. The surface of the parietal pleural of the
chest wall was examined by scanning electron microscopy at 1 and 4 weeks after direct injection of
NTlong, NTf0ng_AR and NT,ong.AL (5 pg/mouse) into the pleural space. M indicates areas of normal
mesothelium, L indicates the inflammatory lesions (also outlined in red). Scale bar= 1 mm.
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6.3.5 CNT durability

Although the surface functionalisation method employed here was non-destructive and did not cause

any immediate shortening of the NT sample, the potential effect on the biopersistence of the fibres;
another crucial characteristic of fibre pathogenicity, is unknown. As an alternative to an expensive
and time-consuming in vivo biopersistence study we examined the durability of the functionalised NT
in vitro using a low pH solution (pH 4.5) to mimic the conditions inside a lysosome. 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.

After 4 weeks incubation in the low pH solution the pristine and fanctionalised NT were visualised by

light microscopy. When compared to samples incubated for the same length of time in a neutral
solution (pH 7.4) of 0.5% BSA/saline both the NTiong.AR and NT|0ng.AL samples, but not the NTiong,
appeared to have been shortened to some degree (Figure 6.6).

NF|0ng NTong-AR ^Tong-AL

(D
C

«
W

<
W
m

c
0
£
□

0
w
</)
<D

S
E
(Z

0

1

-

-

j

y

'<<?' y
1) a, y ■

-'if '

kT -1
'

A... . •

#
.

—;' V

£ ^ at
)

, J * .-fii

'"..(.A ;

/ i t 1
y A"

If ' ^ v1 ^ 1 *"

Figure 6.6: CNT samples after incubation in neutral pH BSA/saline or low pH Gamble's solutions.

Lightmicrographs of the NTiong, NTiong.ARand NTiong.AL samples after 4 weeks incubation in the neutral
pH BSA/sa/ine solution (pH 7.4) or the low pH Gambles solution (pH 4.5). Scale bar= 10 pm.

In order to more accurately measure the size distribution of the functionalised NT samples after
incubation in the Gambles the NT samples were visualised by scanning electron microscope. There

149



was no discernible difference in the size distribution of the NT,ong samples incubated in the neutral pH
BSA/saline solution compared to samples incubated in the low pH Gambles solution, however a

reduction in the area under the curve of both the functionalised NT samples incubated in the Gambles

compared to BSA/saline was evident when the size distribution is plotted as the percent fibres greater

than length (Figure 6.7). The percent fibre greater than 10 pm for NTiong.AR was reduced from 35% to
7% after incubation with the Gambles, similarly the percent fibres greater than 10 pm in the NTiong-AL

sample was reduced from 40% to 10%. A reduction in the area under the curve (Table 1) also
indicates that the fibres have been shortened by their incubation in the low pH solution.
Measurements of the fibre diameters showed no reduction between incubation in Gambles or

BSA/saline for the three CNT samples.
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Figure 6.7: Size distributions ofpristine CNT end functionelised CNT efter incubetion in BSA/seline or
Gambles solutions. Fibre lengths end diemeters were meesured from high megnificetion SEM imeges
of CNT semples deposited on filter peper end expressed es percentege fibres greeter then (n-300
fibres meesured). Only fibres where both ends were visible were included.
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Table 6.1: Area under the curve ofpristine and functionalised CNT size distributions expressed as

percentage fibres greater than length or diameter. (Expressed as units of the X-axis times units of the

Y-axis).

Fibre Length Fibre Diameter

BSA/saline Gambles BSA/saline Gambles

NT|ong 662 670 8262 7942

NT"long-AR 642 380 10785 12755

NTlong-AL 828 456 13950 12991

6.4 Discussion

We demonstrated that the pathogenicity of CNT in the pleural space is due to the length-dependent
retention of fibres at the pleural stomata and the induction of inflammation as a consequence of
frustrated phagocytosis in macrophages and therefore proposed a mechanism of toxicity that is reliant
on fibre length (Donaldson et ah, 2010). Here we investigated whether modification of the surface

chemistry of the CNT alters the pathogenicity of a fonn of CNT morphologically similar to that of a

sample previously shown to be highly pathogenic in the peritoneal (Poland et ah, 2008) and pleural
cavities (Chapter 3).

A technique commonly used to functionalise the surface of CNT, acid functionalisation has been
shown to increase the pathogenic potential of some SWCNT (Saxena et ah, 2007; Tong et ah, 2009).
The process of acid functionalisation typically involves heating the CNT in mixtures of strong acids
such as nitric and sulphuric acid to induce the opening of the CNT ends and also break carbon-carbon
bonds in the CNT sidewall. The final products are nanotube fragments with lengths below 1 pm,

whose ends and sidewalls are decorated by oxygenated functionalities such as carboxyl groups to

which various functional moieties can be attached (Tasis et ah, 2006). The destructive nature of acid
functionalisation which invariably shortens the CNT suggests that CNT functionaliscd in this manner

would not be pathogenic in our model of mesothelial exposure regardless of their surface reactivity as

they would not be retained to elicit a response. The aim of this study was to functionalise the surface
of CNT using non-destructive methods that maintain the length of the CNT to allow a critical
evaluation of the role of surface in the toxicity of a fibre in the pleural cavity. The method we

employed was to attach aryl or alkyl groups to the sidewall of the CNT by radical addition which

according to our size distribution measurements did not lead to an alteration in fibre length.
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The inflammatory response to the functionalised CNT was initially assessed at 24 hours post -

injection where our results showed a minor decrease in the total number of cells retrieved from the

pleural space of mice treated with both functionalised CNT samples but no difference in the number
of inflammatory granulocytes. The acute inflammatory response to the long functionalised CNT

samples suggests the altered surface properties of the CNT do not affect the acute inflammatory

response to long CNT in the pleural cavity. However it is feasible that subtle differences in the acute

toxicity of the functionalised CNT may be initially obscured due to the administration of a bolus dose
into the pleural space. This is supported by the striking difference between the pleural responses to the
different forms of long CNT samples evident as early as 7 days post injection. A significant
attenuation of the number of pleural granulocytes was detected in response to both functionalised
CNT samples compared to the pristine CNT at 7 days post injection, which was accompanied by

significantly reduced lesion development along the parietal pleura by 4 weeks.

The pathogenicity of the functionalised CNT samples examined here is consistent with the fibre

pathogenicity paradigm with regard to their length and ability to induce an acute inflammatory

response at 24 hours post injection, however due to the lack of sustained inflammatory response we

hypothesised that these functionalised CNT diverge from the FPP because of their lack of

biopersistence. CNT belong to the family of grapheme carbon materials composed primarily of
carbon in sp2-hybridised bonding states which are generally considered stable. Indeed a number of
studies have observed SWCNT and MWCNT in the tissue of animals, months after the initial

exposure (Muller et al., 2005; Ma-Hock et al., 2009; Murphy et al., 2011) although there is a lack of
studies specifically designed to assess the biopersistence of CNT. To fully examine the biopersistence
of a fibre requires lengthy in vivo experiments however fibre durability, the chemical mimicking of
fibre dissolution is more readily determined. Searl et al assessed the relative biopersistence of nine
mineral fibre types in the lung up to one year after intratracheal instillation and also measured the

ability of the test materials to resist dissolution in a parallel series of simple in vitro acellular

experiments (Searl et al., 1999). Comparison between the in vivo and in vitro results showed that
differences in persistence of long fibres in the lung were correlated with measured rates of dissolution
in vitro (Searl et al., 1999). Here we carried out a short term durability study to assess whether
incubation of the CNT in a low pH salt solution, mimicking the phagolysosome environment, could
affect the durability of the pristine and functionalised CNT. After 4 weeks incubation in the low pH
Gamble's solution both functionalised CNT samples showed some degree of fibre shortening

compared to samples that had been incubated in a neutral pH solution. In light of the apparent lack of

durability of the functionalised CNT, Figure 6.8 depicts a potential mechanism proposed to explain
the unusual attenuated pleural response to the long functionalised CNT samples characterised by an

acute inflammatory response followed by loss of pathogenicity. CNT may be pathogenic in their

pristine form but if they have defects as a consequence of their functionalisation they are vulnerable to
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degradation in the acid lysosomal milieu over time and may shorten and are cleared and so do not

cause a sustained response.

II
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Figure 6.8: Diagrammatic representation of the importance of biopersistence in the sustained

inflammatory response to long fibres. (I) Pristine, long CNT fibres in the pleural space are taken up by

macrophages but due to their length stimulate a state of frustrated phagocytosis which leads to acute
inflammation (Inflammatory mediators indicated by stars). The biopersistent nature of the pristine CNT
means the CNT will not be broken down and cleared but will lead to continued recruitment of

macrophages and a sustained response culminating in granuloma formation and fibrosis. (II) Non-

biopersistent fibres, as we suppose the functionalised CNT to be, may elicit an acute inflammatory

response due to their length but as the macrophages break down the long fibres they can be fully

engulfed and successfully cleared.

A comprehensive study assessing the durability of a number of pristine CNT samples was carried out

by our group in collaboration with the CSIRO, Australia (Osmond-McLeod et al., 2011). Following
the incubation of the panel of CNT samples in Gamble's solution we assessed both the loss of mass
and fibre shortening as a measure of durability and also assessed the impact of durability on CNT
fibre-induced pathogenicity by examining the inflammatory response in the peritoneal cavity of a
subset of the CNT panel after incubation in the Gamble's solution. The results showed that among this
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panel only one CNT sample displayed a modest loss ofmass over time. The percentage of long fibres
in this sample also progressively decreased from the 0 to 3 to 10 weeks incubation. These changes in

morphology were accompanied by a mitigation of the strong inflammatory and fibrotic response

induced by fibres incubated for 0 weeks, consistent with the now shortened fibres being efficiently
cleared from the peritoneal cavity (Osmond-McLeod et al., 2011). This demonstrates a loss of

pathogenicity in vivo due to susceptibility to shortening caused by the acid treatment in vitro. The
attenuated pathogenic response to the functionalised CNT described in the present study may

similarly be a result of a loss of biopersistence in the functionalised CNT samples.

The influence of surface chemistry on the durability ofCNT has recently been examined by Liu et al
who incubated a number of SWCNT samples, with surfaces modified by various functionalisation

methods, in a low pH solution to which H202 was added to create a mild oxidising environment (Liu
et al., 2010). The carboxylated SWCNT sample underwent extensive degradation and fibre shortening
whereas the other types of SWCNT; pristine, ozone treated and aryl-sulfonated, did not degrade under
these conditions. The authors proposed that the 'collateral damage to the tubular grapheme backbone'
i.e. defects, caused by the process of carboxylation promotes the degradation of carboxylated CNT

(Liu et al., 2010). Carboxylation requires the breakage of two backbone C-C bonds in the graphene

crystal leaving two active sites adjacent to the COOH group, which can be the sites for further
oxidative attack (Balasubramanian and Burghard, 2005). Indeed carboxylation has also been shown to

provide points of weakness which make CNT susceptible to enzymatic degradation in vitro and in

vivo (Allen et al., 2008; Kagan et al., 2010). Radical addition, the process of functionalisation carried
out here, is non-destructive as although it forms one bond attached to a backbone carbon atom, which

disrupts the pi-conjugation at that site, the three bonds to the neighbouring carbon atoms in the
backbone remain intact (Balasubramanian and Burghard, 2005). Therefore the mechanism by which
this method of functionalisation results in increased vulnerability of the CNT samples to

biodegradation remains unknown. Failure to explain the potential mechanism by which this method of
functionalisation leads to a loss ofCNT biopersistence suggests that a more robust examination of the

durability of these functionalised CNT samples is required. The improved dispersibility of the
functionalised CNT itself may have lead to systematic flaws in the fibre sizing method as

measurements could potentially be skewed by an increase in shorter fibres released from CNT ropes,

bundles or aggregates that would not have been dispersed in the pristine sample. If this was a

significant problem, however differences in the fibre sizing of the three NT groups before incubation
in the low pH solution would also be expected, which was not the case (Figure 6.2 IV). Raman

microscopy would be a useful tool to specifically detect disruption of the carbon bonds of the CNT
backbone which may lead to fibre shortening (Kagan et al., 2010).

Differences in the proteins and biomolecules that associate with the CNT surface, the so called

corona, may provide an alternative explanation for the loss of a sustained pathogenic response to the
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functionalised CNT sample. The interaction between particles and cells is influenced by the
biomolecules which associate with the particle surface and the adsorption of these biomolecules is in
turn influenced by the physiochemical properties of the material (Nel et al., 2009). The arylation and

alkylation of the CNT alters the hydrophobicity of pristine CNT samples which affect how

biomolecules, and subsequently cells, interact with particles. Hydrophilic surfaces present a

substantial energy barrier to protein adsoiption due to the requirement to displace water molecules
and therefore have a repulsive effect compared to hydrophobic surfaces to which proteins will more

readily associate (Wilson et al., 2005). The attenuation of the sustained inflammation and lesion
formation in response to both hydrophilic and hydrophobic functionalised CNT samples however

suggests that alterations in the protein corona are not specific to changes in hydrophobicity.

Alternatively the addition of aryl groups or alkyl side-chains may prevent certain protein binding via
steric hindrance. Gasser et al compared the protein binding profiles of pristine MWCNT with

negatively and positively charged MWCNT and reported more pronounced differences between

pristine and functionalised MWCNT whereas among functionalised MWCNT less variability was

found (Gasser et al., 2010). The authors hypothesized that the surface charge played only a minor role
in protein binding in contrast to steric hindrance which prevented the binding of larger proteins to

either of the functionalised CNT (Gasser et al., 2010). The differences in protein binding and their

potential role in CNT pathogenicity was not addressed here, but would be an interesting subject for
future studies.

Our overall conclusion from this study is that the pathogenicity of CNT in the pleural cavity is
attenuated by the radical addition of aryl and alkyl groups to the sidewall of long CNT however the
mechanism for the loss of pathogenicity has not been elucidated. A loss of CNT durability leading to

the breakdown and clearance of long fibres from the pleural space provides an explanation for the

mitigation of the pathogenic response to the long functionalised CNT seen here, that falls within the
current understanding of fibre pathogenicity. The alternative explanation discussed above suggesting
that it is the alteration of the surface that prevents the development of a sustained response would

require a re-evaluation of the FPP which presently does not take into account the chemical

composition or surface properties of a fibre. Although the reasons for the loss of pathogenicity are

unclear non-destructive functionalisation of CNT by radical addition may represent a desirable
method ofmanufacturing CNT that have the required characteristics for optimal use, e.g. length and

dispersibility but also a lower hazard to exposed workers. It is therefore important to establish the
cause of the reduction in toxicity so that this may be fully understood and perhaps applied in the
manufacture ofCNT with the aim of producing CNT that are safe by design.
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Chapter 7: Pulmonary and pleural response to CNT
administered into the lungs.

7.1 Acknowledgements

Determination of a human equivalent dose was earned out with the assistance ofDr. Craig A. Poland,
Institute ofOccupational Medicine, Edinburgh.

7.2 Aims and Hypothesis

Despite the well characterised role of fibre length in asbestos-related diseases of the lung, including
asbestosis and the development of lung tumours, only a small number of studies to date have

questioned the role fibre length in the potential pulmonary toxicity of CNT. The aim of this study was
to address the role of fibre length in the adverse effects of CNT in the lung by comparing the

inflammatory responses to three structurally diverse CNT samples after aspiration exposure. Based on

the propensity of the long CNT sample only to induce frustrated phagocytosis in macrophages, as

described in Chapter 5, we hypothesise that the CNT-mediated effects in the lungs are similarly

length-dependent.

The data presented in Chapter 3 strongly supports the contention that long CNT can cause asbestos-
like pathogenic effects in the pleural space, however exposure to CNT by intrapleural injection is not

physiologically relevant as it by-passes the clearance mechanisms of the lung. As such, our aim here
is to ascertain whether CNT, previously shown to be inflammogenic in the pleural cavity after direct

exposure, would elicit a similar pleural response after administration via the lung.

7.3 Results

7.3.1 Length-dependent inflammatory response of CNT in the lung at 1 and 6 weeks

The inflammatory response produced by aspiration of the 3 CNT samples (NTsi10rt, NTtangi, NT|ong2)
into the lungs at a dose of 50 ug/'inouse was measured at 1 week post exposure by lavaging the lungs
and measuring the cell types present. A significant increase in the number of inflammatory

granulocytes in the BAL fluid was measured in response to the NT|0ng2 sample only (Figure 7.1 I, II).
CNT-induced lung damage was assessed by measuring acellular BAL fluid LDH activities as a

measure of cytotoxicity, and protein concentrations as a measure of the integrity of the alveolar-blood
barrier. This length-dependent pattern was reflected in the LDH measurements with a significant
increase in LDH activity detected in mice treated with NTiong2 at 1 week. No change was seen in the
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protein concentration of the lavage fluid (Figure 7.1 III, IV). By 6 weeks the inflammatory response to

NT|0ng2 as measured by differential cell count and LDFI levels had returned to vehicle control levels.
No inflammatory response to NTsi,ort or NTtangi was detected at either 1 or 6 weeks in any of the

assays.
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Figure 7.1: Inflammatory response to CNT in the lungs at 1 week and 6 weeks. C57/BI6 mice were

exposed to the 3 CNT samples (NTshort, NTtang1, NTiong2) by pharyngeal aspiration (50 pg/mouse). At 1
and 6 weeks post exposure the lungs were lavaged and total cell number (I), total granulocyte number

(II), LDH levels (III) and protein concentration (IV) were measured. Significance indicated compares
treatment groups to vehicle control from the same timepoint, * indicates p<0.05, ** indicates p<0.001,
*** indicates p<0.0001.

7.3.2 Fibrotic response to CNT in lung at 6 weeks

The pathology of the lungs exposed to the CNT panel was examined at 6 weeks after aspiration.
Overall the lungs exposed to NTSh0rt and NTtangi appeared similar to vehicle control (Figure 7.2 7.3,

7.4). NTtangi caused small, localised granuloma and minor lymphocyte infdtration but the majority of
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the lung appeared normal (Figure 7.4). Individual macrophages could also be identified containing

aggregates of the tangled CNT sample although these were few in number. Responses were minor and
more likely due to the effect of instilling a bolus dose of particles into the lung rather than specific
CNT effects. The NT|011g2 sample however produced a strong response characterised by extensive
interstitial thickening and remodelling of the alveolar spaces (Figure 7.5). Within the interstitum there

is evidence of collagen deposition. Lymphocyte infiltrates were also identified surrounding the blood
vessels in a number of cases. The effects of the NT|0ng2 sample extend to the peripheral airways
although are more severe in the central lung and are associated with large deposits of the NT|0ng2
fibres, consistent with the pattern of deposition after aspiration exposure (Rao et al., 2003). A number

ofNTiong2 fibres are also identified deposited in the sub-pleural regions of the lung (Figure 5).
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Figure 7.2; Lung pathology 6 weeks post aspiration of vehicle control. Images of lung sections,
stained with H & E were realigned to show the gross morphology of the lungs 6 weeks post aspiration
with vehicle control (0.5% BSA/saline). Call-outs stained with H & E and Pico Sirius Red (PSR), for
collagen, show the normal delicate structure of the alveolar septa. Scale bar indicated 50 pm.
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Figure 7.3: Lung pathology 6 weeks post aspiration of NTshort. Images of lung sections, stained with H
& E were realigned to show the gross morphology of the lungs 6 weeks post aspiration with NTShort (50
kg/mouse). Small accumulations of cells and CNT aggregates (white arrows) are indentified in mice
treated with NTshort but for the most part the lung resembled the vehicle control treated lungs. Scale
bar indicated 50 pm.
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Figure 7.4: Lung pathology 6 weeks post aspiration of NTtang1. Images of lung sections, stained with H
& E were realigned to show the gross morphology of the lungs 6 weeks post aspiration with NTtang1
(50 pg/mouse). Small accumulations of cells and CNT aggregates are indentified in mice treated with

NTtang1 but for the most part the lung resembled the vehicle control treated lungs. No deposition of
collagen is evident in the PSR stained sections. Scale bar indicated 50 pm.
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Figure 7.5: Lung pathology 6 weeks post aspiration of NTiong2. Images of lung sections, stained with H
& E were realigned to show the gross morphology of the lungs 6 weeks post aspiration with NTiong2
(50 pg/mouse). Callouts show lymphocyte infiltrates, extreme interstitial thickening and collagen
deposition associated with interdispersed long CNT. Long CNT are indentified in the sub-pleural
regions white arrows. Scale bar indicated 50 pm.
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7.3.3 Pleural response to pulmonary exposure

The inflammatory response in the pleural space was also examined at 1 week and 6 weeks after the
CNT panel were introduced into the lung by pharyngeal aspiration. At one week there was no change
in total cell number between the vehicle control mice and the three CNT treatment groups; there was

however a small but significant increase in the number of granulocytes identified in the pleural lavage
fluid of the mice treated with NT|0ng2 (Figure 7.6 I, II). By 6 weeks there was a significant increase in
the total number of cells in the mice treated with NT]0ng2 only - around 10 million cells compared to
around 2 million in the controls. The majority of this increase was due to an increase in pleural

macrophages however, there was also a significant increase in the number of granulocytes present

(Figure 7.6 II). Foreign body giant cells (FBGC), which are indicative of a foreign body response,

were also identified at the 6 week timepoint in the pleural lavage fluid of mice treated with the long
CNT sample only. No FBGC cells were identified in the lavage fluid of mice treated with the vehicle

control, NTshort or NTtangi samples (Figure 7.6 III, IV). In addition to cytological changes, mice treated
with NTiong2 had alterations in biochemical profile of the pleural lavage fluid indicative of
inflammation, including significant increases in LDH levels and protein concentration by 6 weeks

post aspiration (Figure 7.6 V, VI). No change in the LDH levels or protein concentration was detected
in the pleural lavage fluid of mice treated with vehicle control, NTsi,ori or NTtangi at 1 or 6 weeks post

exposure (Figure 7.6).
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Figure 7.6: Inflammatory response in the pleural cavity after pulmonary exposure to CNT. The

inflammatory response in the pleural cavity after the CNT were delivered by pharyngeal aspiration (50

kg/mouse) was examined. At 1 and 6 weeks post exposure the pleural cavity was lavaged and total
cell number (I), total granulocyte number (II), LDH levels (V) and protein concentration (VI) were
measured. Foreign body giant cells (III, IV) were quantified at 6 weeks post exposure. Scale bar
indicates 20 pm. Significance indicated compares treatment groups to vehicle control from the same

Hmepoint, * indicates p<0.05, ** indicates p<0.001, *** indicates p<0.0001.
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7.3.4 Response along the parietal pleural of the chest wall and diaphragm

Due to the significant changes in the pleural cell populations after exposure to the NT|0ng2 sample the
surface appearance of the parietal pleural of the chest wall was examined by scanning electron

microscopy at 6 weeks post exposure for evidence of a fibre-mediated inflammatory response (Figure

7.7). The vehicle control, NTshort and NTtangi treated mice displayed a continuous flat mesothelium in
every sample examined (n=3). In contrast, in NTiong2-treated mice we identified areas of cellular
aggregates overlaying the mesothelium. These aggregates were present on both the left and right chest
wall of each of the mice examined (n=3).
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Figure 7.7; Lesion formation along the chest wall after pulmonary exposure to CNT. The chest wall
was examined by scanning electron microscopy 6 weeks after the mice were exposed to the CNT
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panel by aspiration (50 pg/mouse). Vehicle control, NTshort, NT,ang1 treated mice had normal
mesothelium. Aggregates of cells were identified overlaying the mesothelium in the mice treated with
the NTiong2 sample. Scale bar indicates 1 mm. The area of cell aggregates was quantified.
Significance indicated compares treatment groups to vehicle control *** indicates p<0.0001.

Cellular aggregates were also identified in histological sections through the diaphragm. The

aggregates appeared to be composed of loosely bound leukocytes with a small number of

granulocytes and FBGC (Figure 7.8 IV). The area of cellular aggregates detected in NTiong2 treated
mice was significantly greater than any cell aggregates identified in vehicle control treated mice.
Sections through the diaphragm of vehicle control, NTsilort and NT,angi treated mice supported the view
seen by SEM of a single layer ofmesothelial cells (Figure 7.8 I-III).
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Figure 7.8: Lesion formation along the diaphragm afterpulmonary exposure to CNT (50 pg/mouse) at
6 weeks post aspiration. Histological sections through the diaphragm show the aggregation of
inflammatory cells along the mesothelium in the mice treated with the NT,ong2 sample only. This lesion
development was quantified. Scale bar indicates 50 gm. Significance indicated compares treatment
groups to vehicle control *** indicates p<0.0001.
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Pico Sirius Red was used to stain the collagen in the sections of the diaphragm (Figure 7.9). The
basement membrane underlying the mesothelium stained positively in the vehicle control, NTshor, and

NT,angi treated mice. Further collagen deposition was identified in the lesions along the mesothelium
of the mice treated with the NT|0ng2 sample. The collagen extended from the basement membrane and
formed a fine reticulated mesh between the aggregates of cells.

Figure 7.9: Collagen deposition along the diaphragm after pulmonary exposure to CNT (50 pg/mouse)
at 6 weeks post aspiration. Sections were stained with Pico Sirius Red. Scale bar = 50 pm.

During the examination of the histological sections of the diaphragm of the mice treated with the

NTiong2 sample a number of CNT fibres were identified, confirming translocation of CNT from the
lung into the pleural space (Figure 7.10). The CNT were most often associated with leukocytes or

protruding from the mesothelial surface. No CNT were identified along the diaphragm in the mice
treated with the NTsh0rt or NTtangi treated mice.
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Figure 7.10: CNT retained at the diaphragm after pulmonary exposure to CNT (50 pg/mouse) at 6
weeks post aspiration. Long CNT were identified along the diaphragm of the mice treated with the

NTlong2 sample. Scale bar = 20 pm.

7.3.5 Derivation of a human equivalent dose

In order to extend the relevance of these findings to human exposure a human equivalent dose to the

aspirated dose used in mice was calculated for the NT|0ng sample (Figure 7.11 I). Assuming a mouse

alveolar surface area of 0.05 m2 (Stone, 1992), the 50 pg dose used here would result in a normalised
dose of 1000 pg/m2. This would be an equivalent retained dose of 102,200 pg in a human taking into
consideration the increase in alveolar surface area (102.2 m2, Stone, 1992). The external dose which
would generate the calculated retained dose was derived by first calculating the deposited dose which
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would result in a retained dose of the derived value based on the clearance rate of a typical human.
The clearance half time (tl/2) for insoluble compact particles in humans is suggested to be

approximately 1 year (Pauluhn, 2010) and the clearance rate is calculated by the following equation:

£=ln(2)/tl/2

A=ln(2)/365= 0.0019
This equation (Tran et al. 2012) describes the rate (k) constant per day of clearance from the alveolar

region during the steady state equilibrium between incoming deposited dose and outgoing cleared
dose and allows the calculation of the reservoir of particle dose in the lung termed the retained dose.
In terms of rate kinetics, this represents the simplest part of the dose curve and only occurs with
chronic repeated exposure to a particulate. The retained dose was multiplied by the clearance rate to

give the deposited dose rate of 194.08 pg/day. The inhaled dose rate was then calculated taking into
account the proportion of the inhaled dose that would deposit in the alveolar regions of the lung using
the Multiple-Path Particle Dosimetry Model (MPPD). The particle physical attributes- aerodynamic
diameter and density, which are required for the MPPD calculation were not known for the NT|0ng2
sample and therefore estimated based on published data of morphologically similar fibrous CNT

(McKinney, 2009) (Figure 7.11 II). The alveolar deposition fraction for fibrous CNT was calculated
to be 12.9% (Figure 7.11 III). The inhaled dose rate that would result in a deposited dose rate of
194.08 pg/day in the alveolar regions of the lung was then calculated to be 1505 pg/day. The human

equivalent external exposure level based on this inhaled dose rate was derived by taking into account

the respiration minute volume (RMV) of a typical human (0.01534 m3/min, Bide et al 2000) and the

exposure duration over a period of a working day (480 minutes) and was calculated to be 0.2 mg/m3
(Figure 7.11 I).
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Figure 7.11: Determination of a human equivalent dose. Schematic diagram of the process for

deriving a human equivalent exposure for the NTiong sample based on the aspirated mouse dose of 50
jjg (I). (II) The particle properties required for the Multiple-Path Particle Dosimetry Model (MPPD)
taken from McKinney et al (28) measurements of a morphologically-similar, fibrous CNT sample. (Ill)
Results from the MPPD computationalmodel describing the predicted deposition fraction for the
entire lung. TB~ trachobronchial, P= pulmonary.

7.4 Discussion

Our objectives within this study were to examine the role of fibre length in the inflammatory response

to CNT in the lung and also to ascertain whether CNT, previously shown to be inflammogenic in the

pleural cavity after direct exposure (Chapter 3), would elicit a similar pleural response after
administration via the lung. Three CNT samples, representing short (NTshort), tangled (NTta„gi) and
long (NT|0ng2) CNT were selected from the panel and administered to mice via pharyngeal aspiration.
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The inflammatory responses in the lung reported here was length-dependent as only the CNT sample

containing long fibres caused acute neutrophilic inflammation followed by interstitial thickening and

collagen deposition whereas the short or tangled CNT did not elicit a response. Aspiration into the

airspaces was canned out with the same mass dose of short or long CNT and so more short fibres were
delivered which emphasises the much greater activity of the long fibres as determined by the

'inflammogenic potency per fibre'. The responses to the long CNT reported here are consistent with

experimental studies demonstrating a role for length in the pathogenicity of asbestos fibres (Mossman
and Churg, 1998; Miller et al., 1999; Davis et al., 1986b) and therefore consistent with the FPP.

A comprehensive study carried out by Porter et al who examined the pathogenic effects in the lungs to
a number of doses ofMWCNT over time similarly reported acute inflammation (peaking at 7 days),

granuloma formation and also alveolar type-2 cell hyperplasia which persisted from 7 days to the end
of the experiment (128 days) (Porter et al., 2010). Interstitial thickening and collagen deposition were

also described by Mercer et al in response to aspiration exposure of the same MWCNT sample

(Mercer et al., 2011). The median length of the CNT fibres used in these studies was reported to the
3.9 pm however, similar to the long fibre sample used here, the CNT had a large size distribution
which ranged from 1 pm to > 20 pm (Porter et al., 2010; Mercer et al., 2011). The heterogeneity of
CNT fibre lengths may obfuscate the effects of fibre length in the response to CNT; however a clear

length-dependent pathogenicity in the lungs has been demonstrated in response to alternative high

aspect ratio nanomaterials. Nickel nanowires (NiNW), which are manufactured in tight size categories
have shown a similar length-dependent pathogenicity in the lungs with the long NiNW (20 pm in

length) eliciting an acute inflammatory response at 24 hours followed by interstitial thickening of the
alveolar septa where the shorter 4 pm NiNW did not (Poland et al., 2011). The association of long
CNT with areas of granuloma formation and collagen deposition observed here suggests that the

inability of the alveolar macrophages to remove the fibres is leading to chronic activation and

persistent inflammation. Therefore the length-dependent mode of action in initiating an inflammatory

response is believed to be mediated via frustrated phagocytosis of the alveolar macrophages

attempting to engulf the long CNT.

A recent collaborative study involving the members of the ELEGI lab, University of Edinburgh and
researchers at the University of Bern examined the acute inflammatory response and the development
of pathological lesions in the gas-exchange regions of the lung after aspiration exposure of a long

straight CNT sample (NT|0ngi, from the panel described in Chapter 3) or a tangled CNT sample
(NTtangi) (Muhlfeld et al., 2011). To minimise the effects of a bolus dose and to elucidate more subtle
CNT-mediated effects the dose employed in this study (10 pg/mouse) was 5 times less than the dose

employed here. Surprisingly results showed a greater acute inflammatory response to the short/tangled
fibres 24 hours post aspiration and a significant increase in the thickness of the interstitial connective
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tissue by 28 days post-exposure. Conversely 28 days after aspiration exposure to the long CNT

sample resulted in positive immunostaining of TNFa in alveolar macrophages and significant

hypertrophy of type-II epithelial cells (Muhlfeld et al., 2011). The differences in responses reported
indicate that long and short CNT may mediate effects on the lung via distinct mechanisms. The
authors proposed that the long MWCNT were less easily interstitialised than the short ones because of
their bulk, whereas the short MWCNT readily enter the interstitium as previously described by
Shvedova et al (Shvedova et al., 2005) and by Ryman-Rasmussen et al (Ryman-Rasmussen et al.,

2009) thus evading clearance by alveolar macrophages. The positive staining of alveolar macrophages
for TNFa in response to the long CNT sample only suggest that, as we see in the study presented here,
the long fibre effects are mediated by stimulation of the alveolar macrophages. Examination of the
ultrastructure of the interstitial connective tissue, which may have illuminated more subtle effects of
the short CNT samples as described by Muhlfeld et al (Muhlfeld et al., 2011), was not carried out

here. Additionally, the problems of sampling for electron microscopy studies should not be
underestimated. Given the very focal nature of particle deposition and subsequent response, there is
real potential for tissue samples to be taken from regions away from the responding foci resulting in

misleading data.

Here for the first time we demonstrate a length-dependent hazard of CNT to both the lungs and the

pleural space following the introduction of long, but not short, CNT into the airspaces of the lungs.
The deposition of CNT in the distal regions of the lungs and the concomitant development of a

pathogenic response in both the subpleural region of the lungs and the visceral pleural covering the
surface of the lungs have previously been reported. In the study of Ryman-Rasmussen et al (Ryman-
Rasmussen et al., 2009) mononuclear cell aggregates were identified on the surface of the visceral

pleural which increased in size and number over time in response to inhalation exposure of CNT but
not carbon black nanoparticles (Ryman-Rasmussen et al., 2009). Asbestos fibres deposited in the

lungs have also been shown to stimulate proliferation of mesothelial cells along the visceral pleura as

early as one week post exposure (Adamson et al., 1993). However the initiation of mesothelioma

along the parietal pleural suggest the key fibre effects leading to mesothelioma development will take

place at this site rather than the visceral pleural surrounding the lungs which only becomes involved
on progression of the disease. Subsequently the relevance of assessing fibre-mediated inflammation
or mesothelial cell proliferation in the sub-pleural regions of the lungs or along the visceral pleura
when addressing early responses related to the potential mesothelioma hazard of a fibre is

questionable. Therefore we examined the parietal pleural response to CNT focussing on lesion

development along the parietal pleura and the inflammatory response in pleural space itself.

The pleural cellular changes in response to aspiration exposure of the long CNT were characterised by
an increase in the number of macrophages and granulocytes in the pleural cavity with concomitant
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increases in LDH and protein levels in the pleural fluid. This response is consistent with the increase
in inflammatory leukocytes observed in the pleural space in rats after pulmonary exposure to long
asbestos fibres by both intratracheal instillation (Oberdoerster et al., 1983) and inhalation (Choe et al.,

1997). However in light of the paracrine responses of mesothelial cells to macrophage conditioned

media described in Chapter 5 we considered whether the pleural inflammatory response is a reaction
to inflammatory mediators originating in the lungs. Li et al have previously demonstrated the

development of a reactive inflammatory response in the pleural cavity to the instillation of the

bacterium, Corynebacterium parvum, into the airspaces of the lungs (Li et al., 1993). Intratracheal
instillation of C. parvum was shown to cause a transient appearance of neutrophils in the pleural space
and an increase in the number of pleural macrophages up to 5 days post pulmonary exposure. The
similar pattern of inflammatory cell influx into both the alveolar and pleural spaces, with no

detectable translocation of the bacterium to the pleural space, suggested that there may be some

communication of diffusible factors between the lungs and the pleural space which stimulates an

inflammatory response (Li et al., 1993). However the likelihood that the pleural response reported
here was solely due to inflammation in the lungs was discounted as the tempo of inflammation differs
in the two compartments. The inflammatory response in the pleural cavity is not evident until 6 weeks
after the CNT have been introduced into the lungs by which time the acute inflammatory response in
the lungs has substantially diminished. This suggests the influx of macrophages and granulocytes into
the pleural space 6 weeks post exposure is not mediated by chemotactic factors released from the

lungs but is specific to the pleural cavity itself.

Examination of the parietal pleura identified cellular aggregates along the chest wall and diaphragm
of the mice exposed to the long fibre- containing CNT sample only. Similar to the early stage lesions
identified after direct injection of long CNT into the pleural space (Chapter 3) the lesions identified
here appear to be primarily composed of mononuclear leukocytes with a small number of

granulocytes and FBGC, and collagenous. Long CNT were also identified associated with

macrophages or protruding from the mesothelium in histological sections of the diaphragm. Recently,
inhalation of amosite asbestos fibres was shown to produce similar inflammatory lesions along the

parietal pleura with the presence of amosite asbestos fibres on the diaphragm 7 days after the end of
inhalation exposure (Bernstein et al., 2010a).

To our knowledge this is the first time a pleural response has been described following deposition of
CNT into the lungs. The evidence of fibre translocation supports our contention that the inflammatory

response detected in the pleural space was a foreign body response. Furthermore the identification of
fibres in the mice treated with the long CNT sample only and the apparent length of these fibres (5-20

pm) supports the mechanistic hypothesis proposed in Chapter 4 stating that long fibres which
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translocate to the pleural space will deposit on the parietal pleura and be retained due to the small
calibre of the stomatal openings. Once retained, the fibres may generate an inflammatory and fibrotic

response which could lead eventually to the formation of mesothelioma (Donaldson et ah, 2010). As
the identification of retained CNT in this study was qualitative it is not possible to determine the dose
of long CNT required to elicit an inflammatory response in the pleural cavity. Indeed the kinetics of
CNT fibre translocation from the lungs into the pleural space remains largely unknown and most

likely will depend on a myriad of factors including physicochemical attributes of the fibres
themselves and the biological responses in the lungs. Inflammation within the lung and a subsequent
increase in permeability has been proposed to alter the kinetics of particle translocation. Studies by
Davis and colleagues showed that co-exposure of rats to amosite asbestos and to quartz increased the
incidence of pleural mesothelioma, which the authors purported was due to increased transport

through the visceral pleural and therefore an elevation in parietal pleura fibre dosimetry (Davis et ah,

1991). Therefore the inflammatory response in the lungs of the mice exposed to the long CNT sample

may have similarly increased the rate of CNT translocation into the pleural space which in itselfmay
account for the presence of CNT at the parietal pleural in the long CNT-treated mice only. The
clearance mechanisms of the pleural cavity will however preclude the quantification of short CNT
which have translocated from the lungs as they will not be retained. Particle clearance from the distal

regions of the lung is dependent on uptake by alveolar macrophages. Failure to clear long CNT which
will not be efficiently phagocytosed, as a consequence of frustrated phagocytosis, from the distal

regions of the lung may provide greater opportunity for long CNT to translocate to the pleural space.

In order to assess whether the dose of NTiong that caused pathogenic effects in the mouse lung and

pleural cavity were relevant for potential human exposures a human equivalent dose was established
for the NT|0ng sample. An exposure level of 0.2 mg/m3 was determined to result in the equivalent
retained dose in the human lungs to the 50 pg dose mice were exposed to by aspiration in this study.
Such a retained dose occurs as a result of the equilibrium between the incoming deposited dose rate

and the outgoing clearance rate and therefore the external exposure level expressed here reflects a

chronic exposure where workers may be exposed to a particle-rich environment over a number of

years. Han et al measured the airborne dust levels in a research laboratory and reported a peak CNT-

containing airborne dust level of approximately 0.4 mg/m3. Thus the estimates for a human equivalent
dose reported here suggest that the CNT dose tested in mice in this study approximate reasonable,
realistic human occupational exposures.

The calculated human equivalent exposure concentration shown here is purely indicative as to reach
this results several assumptions have been made. Firstly extrapolation from a mouse study where the
fibres were administered in a bolus dose by aspiration assumes that the initial concentration given is

equal to the actual dose within the alveolar region of the mice. The aspiration technique has been

177



validated for the administration of particles by Rao et al who using fluorescent beads and beryllium
oxide particles demonstrated the similarities between deposition pattern of particles administered by

aspiration and inhalation where the beads were widely disseminated into the distal regions of the lung
with a bronchiolocentric pattern. Although Rao et al reported a linear correlation between the dose
administered and the amount deposited in the lung, the amount retrieved after aspiration was reported
to be between 77 and 88% of the dose administered. This suggests a proportion of particles
administered by aspiration may be lost, presumably in the upper airways/ nasopharynx. Secondly, it
is also worth considering that the rate of clearance from the human lungs cited is based upon an

insoluble, compact (roughly spherical) particle (Pauluhn, 2010a). Fibre length has been shown to

affect the rate of clearance from the lung with the clearance of long fibres demonstrated to be much
slower than for compact particles most likely due to hindrance of alveolar macrophages (Holmes and

Morgan, 1980; Morgan et al., 1982). The net result of slower clearance is that lower levels of

exposure are required to culminate in the same retained dose. Finally for the extrapolation of a dose
that will lead to similar pathological changes in the pleural space the anatomical differences between
mice and humans such as in visceral pleural thickness (Tyler, 1983) may need to be taken into
account when comparing across animal species and when extrapolating from animals to humans.

In conclusion we have shown that CNT elicit a length-dependent inflammatory response in the lungs
after pharyngeal aspiration which is in accordance with the FPP. The length-dependent pathogenicity
of CNT and other forms of HARN in the lungs highlights the relevance of the FPP when considering
the hazard of new fibre-like nanomaterials and suggests that the role of fibre dimensions should be
assessed when considering the inhalation toxicity of any new HARN. Furthermore the translocation
and selective retention of long fibres in the pleural cavity leading to an inflammatory response

suggests that CNT may also pose an asbestos-like mesothelioma hazard. The results of this small-

scale, mouse-model study are not sufficient to extrapolate the potential risks of CNT exposures in the

workplace which would require long-tenn inhalation studies utilizing realistic CNT exposures. This

study does however contribute greatly to the burgeoning evidence that certain types of CNT can pose

an asbestos-like hazard and therefore require appropriate risk assessment.
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Chapter 8: Concluding remarks

The purpose of this study was to examine the pathogenicity of CNT in relation to the fibre

pathogenicity paradigm (FPP) by examining the effect of CNT in the pleural space, a target tissue for
asbestos-related disease. Direct instillation of long and short CNT into the pleural cavity produced

length-dependent inflammatory responses in which both the size-restricted clearance mechanisms
from the pleural cavity and frustrated phagocytosis of pleural macrophages played a critical role. The

pathogenic response to the long CNT sample was persistent and resulted in the development of
fibrotic lesions along the parietal pleura that steadily increased in size over time. Aspiration of the
CNT into the lung resulted in pathogenic responses in both the lung and pleural cavity that were

similarly dependent on length. Figure 8.1 summarises the results obtained in this study incorporated
into a model which suggests the potential sequence of pathobiological events that may take place in

response to pulmonary exposure to short or long CNT.

Figure 8.1: Sequence of events following deposition ofshort/tangled or long fibrous CNT in the lungs. MCE =

mucociliary escalator.

The direct role for fibre length and biopersistence in the adverse pleural responses to the CNT

samples demonstrate that CNT adhere to the FPP. Therefore long CNT samples may pose an

asbestos-like inhalation hazard. Further testing using more physiologically relevant routes of exposure

(e.g. inhalation) must be carried out to confirm or refute the findings of a length-dependent
mesothelial hazard presented here and to allow for appropriate risk assessment. These should ideally
be whole of life in nature to ascertain the potential carcinogenicity of the CNT in the animal model
and also use a panel of CNT to critically test the paradigms of toxicology rather than focus on the

analysis of single material type as has been the approach of inhalation studies on CNT to date (Ma-
Hock et al., 2009; Pauluhn, 2010b).
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Compliance with the FPP suggests that the biologically effective dose (BED) for CNT is the

proportion of a CNT sample composed of long biopersistent fibres. Hazard assessment based on SAR,
such as the study described here, can be integrated with exposure data to allow for appropriate risk
assessment based on the biologically active component of an exposure dose. Full characterisation of
the physiochemical properties of the CNT that become airborne during the manufacture and

processing ofCNT and CNT containing products is therefore critical for the risk assessment based on

the BED. Of course, other studies have demonstrated alternative properties of CNT distinct from their
fibrous structure which imbue the samples with pathogenicity, for example surface defects (Muller et

al., 2008) which must also be taken into account when determining the BED of a CNT sample and the

subsequent regulatory approach to be employed.

The length-dependent inflammatory response to an alternative HARN, NiNW, as reported in Chapter
4 suggests that the FPP will be applicable to the wide variety of new high aspect ratio nanomaterials

currently being developed. Therefore a cautionary approach should be taken to safe working practices
with all forms of nanofibres that meet the criteria for a pathogenic fibre as set out in the FPP.

When considering the vast number of new HARN currently being developed the advantages of a
tiered toxicity testing process are clear. From the data presented here we contend that the FPP may be
a useful initial screen to identify HARN that may pose a hazard to the mesothelium. Using this

approach, only HARN samples that meet the criteria of length, thinness and biopersistence, as set out

in the FPP, could be subsequently put forward for in vitro and in vivo studies designed to further
assess the mesothelial hazard which would not be relevant for short or non-biopersistent fibre

samples. Such an approach based on a tiered screening system could dramatically reduce the time and
cost needed to individually test each material and also allay ethical concerns over the use of large
numbers of animals for in vivo testing. Further work to fine tune the criteria that make up the FPP, for

example the identification of cut-off lengths below which a fibre sample will not be retained

(Schinwald et al., 2012a), will allow for more precise in silico hazard characterisation and again
reduce the numbers of test samples requiring further in vitro or in vivo testing.

Understanding the properties that contribute to toxicity leads to the potential for engineering solutions
to reduce the inherent toxicity of a fibre, therefore identification of the link between the FPP and

toxicity ofHARN can be exploited to design HARN that are safe. The safe design ofHARN from the

point of view of the paradigm is relatively straightforward as making HARN short, thick or non-

biopersistent will reduce their hazard. If this were achieved UK industry could avoid the

consequences of tight regulation of workplace hygiene that may be costly and even terminal for some

aspects of the nanotechnology industry. There may however be a contradiction in the production of
safe HARN if safety stipulates short, biodegradable fibres which conflict with the technical
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requirements of those new materials in which case management of the risks from these materials by
safe handling to minimise exposure needs to be mandatory.

Although here inflammation in the pleural cavity was primarily used as a short-term endpoint to
determine hazard we contend that, due to the links between asbestos-mediated chronic inflammation

and carcinogenesis as discussed in Chapter 1, this model may be useful for illuminating the events

leading to pleural mesothelioma. Further examination of the signalling pathways chronically activated
in the progressively developing inflammatory lesion in vivo may provide an insight into fibre-
mediated carcinogenesis and may lead to the identification of potential therapeutic targets.

Furthermore our demonstration of length -sensitive in vitro tests using macrophages and mesothelial
cells suggest combined culture system could be used as a means of looking at mechanism without the
use of animals, another key policy point in UK government approach to nanotoxicology.
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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

PARTICLE AND
FIBRE TOXICOLOGY

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 PIARN 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

* Correspondence: ken.donaldson@ed.ac.uk
University of Edinburgh, Centre for Inflammation Research, Queens Medical
Research Institute, 47 Little France Crescent, Edinburgh, EH16 4TJ, UK

BisMed Central

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

© 2010 Donaldson et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (httpy/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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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 I<.
T., Duffin, R., Nunes, A., Herrero, M-A., Mather, S. J.,
Bianco, A., Prato, M., Kostarelos, Donaldson, I<. 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. PMio 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

Thin ft
Small aerodynamic
diameter enables

deposition beyond the
ciliated airways

Long
Not completely enclosed by macrophages
producing frustrated phagocytosis; cannot be
effectively cleared

Biopersistent
Retains fibrous shape during residence in the
lungs and so long fibre dose accumulates

Figure 1 Diagram illustrating a pathogenic fibre according to the pathogenicity paradigm and the role of particle characteristics



Donaldson et al. Particle and Fibre Toxicology 2010, 7:5
http://www.particleandfibretoxicology.eom/content/7/1/5

Page 3 of 17

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 pm) 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 pm. 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
ofpro-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
pm) 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 pm [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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Asbestos Carbon nanotubes

Clearance Inflammation Clearance Inflammation
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.

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 pm 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
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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 pg 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 x1000 magnification.

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

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],

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 pg
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 baslcetwork -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).
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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 xlOO).

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,
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Short Compact Carbon Nanotubes Long Thin Fibrous Carbon Nanotubes

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 pig 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 x100 magnification bar = 100 pm.

variable space, that is up to 20 pm 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 pm 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



1

Donaldson et at. Particle and Fibre Toxicology 2010, 7:5 Page 8 of 17
http://www.particleandfibretoxicology.eom/contenty7/1/5

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",

I

Alveolus

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 (Ic, 5) to enter the lymph flow to the lymph nodes in the mediastinum and
central lung.

PM

6
Pleural fluid, lymph

and particle clearance
to mediastinum and
central lung lymph

nodes
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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 pm in diameter.
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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
dearly 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
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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

I 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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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.

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?'
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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 pm, 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
nanopartides (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.
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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.
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NT Tang

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 pm.
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Particles and short fibres pass out through the stomata and
into the lymph: some particles enter the interstitium around
the mouths of the stomata to form black spots

Long fibres and long nanotubes cannot negotiate the stomatal
openings and are retained initiating inflammation and pleural
pathology

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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j|-| Identifying the pulmonary hazard ofhigh aspect
fyf- ratio nanoparticles to enable their safety-by-design
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 similartoxicological
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.

KEYWORDS: carbon nanotubes
nanotoxicology

fibers high aspect ratio mesothelioma

High aspect ratio nanoparticles:
definitions & volume of production
Owing to the unique properties ofmatter 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. ID 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 nanoparticles, which are
nanoscale in all three dimensions.
This article focuses on nanomaterials, 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

consequence of which there is increasing
potential for inhalation exposure;

■ Concern that, ifHARNs 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 aworldwide
epidemic of disease, although not all fibers
that can be breathed into the lungs are as

pathogenic as asbestos and the different forms
ofasbestos are not equally pathogenic. There¬
fore, ifwe 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
(Ficurei). 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
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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 [li].

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 pm, a minimum length of 5 pm
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 development
and optimization ofCNTs for a huge range of
applications, from use in electronics to struc¬
tural engineering, has been a feature of the
developing nanotechnologies 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 ofbone growth and targeting and
delivery of drugs [7-9]. Prina-Mello et ell. pro¬
duced ferromagnetic nickel nanowires with vari¬
ous ARs for manipulating, identification and
counting of living cells [to]. 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 ofHARNs has been produced using
the electrophoretic deposition method including
polycrystalline oxides such as ZnO, Ti02 and
Si02 [5]. Amongst these, ceramic nanoparticles
have drawn special attention in the fields ofdrug
delivery, imaging, sensing and thermotherapy
due to their biocompatibility, 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 l) [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

outstanding 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).

Nanomedicine (2011) 6(1) future science group
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Table 1. Estimated market for nanoparticles.
Market segment World market volume [M$]/base year

Past Present Future

CAGR

(%)

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.
CA0R: Compound annual growth rate; CNT: Carbon nanotube; MWCNT: Multiwalled carbon nanotube;
SWCNT: Single-walled carbon nanotube.
Data from [13,101],

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.
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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 associatedwith
the use of HARNs is inevitably viewed in the
context of the asbestos experience. Asbestos
comprises a number ofcrystalline 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 ofasbestos fibers
into a vast range of consumer products gave rise
to exposure ofworkers 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). Ofthese, 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 ofasbestos in 2007.
There is an important distinction to be made

between chrysotile and the amphibole asbestos
types in terms ofchemical 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 structureitoxicity
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 [is].
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 duringmining) 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 (Ficure3).
These factors are width, length and bio-

persistence (Figure 3). It should be noted that the
pathogenicity paradigm pertains only to the fiber
hazard ofHARNs. It does not describe the poten¬
tial hazard thatmight 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.

» 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 ) is the measure that defines wherev ac'

in the respiratory tree any fiber depositswith the
extra role of interception, which is a mode of
deposition specific to fibers that results from the
center ofgravity ofa fiber following the airstream
at a bifurcation while the tip makes contactwith
the surface of the lung causing immediate depo¬
sition. Da is determined predominantly by the
width of the fiber, the aerodynamic diameter
of any conventional fiber, composed of mate¬
rial ofaround 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 phagocytose or engulf the particles. The
particle or short fiber-loaded macrophages 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¬
larmacrophages [17]. However, Semmler Behnke
ttal. 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.

s 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 ofmacrophages
to phagocytose the fibers leads to inflamma¬
tion [20,21]. Long fibers (>—15 pm) cannot
be engulfed and effectively phagocytosed by
macrophages while short fibers are effectively
deared [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; amulti-
protein complex that modulates innate immune
function, and chronic stimulation of the cell
resulting in the macrophage releasing a range of
proinflammatory molecules [22].

Length
Determines whether frustrated

phagocytosis occurs

Figure 3. Important parameters governing
the pathogenicity of any respirable fiber.

■ Biopersistence
The property of retaining structural integ¬
rity during residence in lung tissue is known
a biopersistence. The concept of biopersistence
arises from the observation that different natu¬
ral and man-made fibers with the same length
distribution 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

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.

Composition
Major factor determining biopersistence

Width
Main factor in determining
aerodynamic diameter
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macrophage phagolysosomes 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 (Figures).
The influence ofcharacteristics, 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 ofbiop-
ersistence was more directly shown by Searl et al.
by comparing the length fraction ofbiopersistent
amosite asbestos against nonbiopersistent man-
made vitreous fiber (MMVF)-IO 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 ofminerals there are differences
in biopersistence. 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 chrysotile
miners by electron microscopy for levels of dif¬
ferent forms ofasbestos. 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.

■ 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
biosolubility would be seen in any SWCNTs
following any treatment 'that causes collateral
damage to the tubular grapheme 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

1 Short fiber
j (>~5 pm)

I Macrophage
j clearance

f Cleared

T
-f Deposition

j Nonbiopersistent fibers
I

I Dissolution1
1 '

r
^ Breakage [ Dissolves

Long fiber
(>~15 pm)

! Biopersistent fibers™

Effective dose of long
biopersistent fibers

~—I
| Cancer, fibrosis

Figure 5. The relationship between biopersistence, clearance and the biologically effective
dose of long fibers.
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Fibers

Indirect
Fibers provoke inflammation

Direct

Signaling pathways for Oxidative Interference Adsorbed
proliferation and stress with mitosis chemical

carcinogens

Proliferation, genotoxicity, ECM synthesis, cell injury, death

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].

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 ofunusual 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
e 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 ofasbestos 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 ofall
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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% ofa cohort of 150 urban dwellers exam¬
ined at autopsy [30], A greater accumulation of
black spots has been noted on the parietal pleural
surface ofminers 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 pm) chrysotile fibers were
predominantly translocated into the pleura in
the lungs ofex-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 ofparietal pleura, found a high
number of long fibers particularly associatedwith
the black spots, with 22% of all fibers found in
these areas greater than 5 pm 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
etal. [35] reported the deposition of inhaled short
CNTs throughout the lungs and directly adja¬
cent to the visceral pleura, wholly consistentwith
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 ofHARNs 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 ofparticles 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 ofpleural fluid
out of the pleural space where it joins the lym¬
phatic system [36]. Stomata or pores, approxi¬
mately 3-10 pm 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 pm, 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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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.

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
Manuscriptin 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 granulomas 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 ofclearance 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 HARNswith 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 ofvarious
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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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 mesothelium 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 physiological 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 pm) stomatal
openings [so] are retained causing an inflamma¬
tory and fibrotic response as demonstrated with
asbestos and CNTs [si].

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 ofmediating an
inflammatory response [50], the rodent peritoneal
assay is not without its critics. The main criti¬
cism relates to the lack ofphysiological 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 ofparticulates

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 translocation, 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 pg intraperitoneal injection ofCNTs
ofdiffering 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 pm) 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¬
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 pm that they found to he 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 ofMWCNTs, 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 pm and
so if singlet fibers were present then they very
likely were rapidly cleared leaving only large,
nonfibrous agglomerates.
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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 HARNswill 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 ofHARNs, including nano-
rods, nanowires and nanotubes of various com¬

positions. Such studies would entail examining a
wide range ofHARNs 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 ofmethodologies used to
make HARNs are such that the HARNs can be
manufactured in tight length distributions. By
making HARNs in 3-pm length categories (e.g.,
-9, -12, -15, -18 and -20 pm 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 nonbiopersistent
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 ofHARNs 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 ofwhich 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 ofvery 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 'Safe' value Rationale/comment
the FPP

Width >3 pm Too thick to be respirable/cut-off for respirability in humans is 5 pm
aerodynamic diameter; for fibers, the aerodynamics is approximately
three-times the actual diameter

Length <5 pm Too short to cause frustrated phagocytosis/the actual value is unknown,
but is somewhere between 10 and 20 pm

Biopersistent Undergoes rapid dissolution in Long fibers dissolve and break so are shortened and long fiber dose does
the lungs 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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lecutive summary

ijh 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.
'toe is a need to match the increases in research into the development and applications of HARNs versus HARN-related safety research.
cbestos & 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.
khanism 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.
Iterance from the pleural space
The development of pleural pathologies is a particle response unique to fibrous particles.
^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.
inclusion: 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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Length-Dependent Retention of Carbon Nanotubes
in the Pleural Space of Mice Initiates Sustained
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Parietal Pleura
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The fibrous shape of carbon nanotubes (CNTs) raises
concern that they may pose an asbestos-like inhala¬
tion hazard, leading to the development of diseases,
especially mesothelioma. Direct instillation of long
and short CNTs into the pleural cavity, the site of
mesothelioma development, produced asbestos-like
length-dependent responses. The response to long
CNTs and long asbestos was characterized by acute
inflammation, leading to progressive fibrosis on
the parietal pleura, where stomata of strictly defined

size limit the egress of long, but not short, fibers. This
was confirmed by demonstrating clearance of short,
but not long, CNT and nickel nanowires and by visu¬
alizing the migration of short CNTs from the pleural
space by single-photon emission computed tomo¬
graphic imaging. Our data confirm the hypothesis
that, although a proportion of all deposited particles
passes through the pleura, the pathogenicity of
long CNTs and other fibers arises as a result of
length-dependent retention at the stomata on the
parietal pleura. (Am J Pathol 2011, 178:2587-2600; DOI:
10.10l6/j.ajpath.2011.02.040)

Carbon nanotubes (CNTs) are high-aspect ratio nanopar-
ticles formed from a single graphene cylinder (single-
walled CNTs) or several graphene cylinders stacked in¬
side each other [multiwalled CNTs (MWCNTs)]. They are
typically up to tens of nanometers in diameter but can
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Table 1. Characteristics of the carbon nanotube panel

Variable NTshort NTtangi NTtang2 NT|0ngi NT|0ng2 NiNWshort NiNWlong
Source Nanostructured & NanoLab, NanoLab, Mitsui & Co. University of CRANN-Trinity CRANN-Trinity

Amorphous Inc. Inc. Manchester College College
Materials, Inc. (Drl.

Kinloch)
Dublin (Drs
F. Byrne
and A. Prina-
Mello)

Dublin (Drs
F. Byrne
and A.
Prina-Mello)

Diameter (nm)
Supplied by the 20-30 15 ± 5 15 ±5 40-50 20-100 4.3 ± 1.0 24.0 ± 7.0
manufacturer

Determined by 14.84 ± 0.05 10.40 ± 0.32 84.89 ± 1.9 165.02 ± 4.68 200 ± 10 200 ± 10
the authors

Length as 0.5-2 1-5 5-20 13 (mean) 56 (maximum) 1-5 24 (median)
supplied
by the
manufacturer

(/xm)
% of fibers
>15 fxm ND ND ND 24.04 84.26 ND 85
>20 /xm ND ND ND 11.54 76.85 ND 73

Data are given as mean ± SEM.
CRANN, Centre for Research on Adaptive Nanostructures and Nanodevices; NiNW, nickel nanowires; ND, not detected.

extend to millimeters in length.1 The structural and elec¬
trical properties of CNTs are advantageous for a range of
industrial applications,2 leading to CNTs becoming one
of the major products of the nanoscale technologies in
production volume terms. Their high-aspect ratio makes
CNTs a useful industrial material and is also the basis for
their similarity to asbestos, raising concern that the special
pathogenic properties of asbestos may be mimicked.1,3-5
Exposure arising from the mining, milling, and indus¬

trial use of asbestos in the 20th century led to a global
epidemic of cancer (eg, lung cancer and mesothelioma)
and noncancerous diseases (eg, asbestosis, pleural ef¬
fusions, and pleural plaques)6 A large body of toxicolog-
ical research produced a fiber pathogenicity paradigm
that describes the characteristics of asbestos and other
fibers that render them hazardous or nonhazardous. To
be hazardous, a fiber must be thinner than 3 /nm, longer
than 10 to 20 ju,m, and biopersistent in the lungs and
pleura, not dissolving or breaking into shorter fibers.7
Sufficient exposure needs to be experienced for the num¬
ber of long, thin, biopersistent fibers to reach a threshold
dose at the target tissue for disease to be initiated. When
these criteria are met and the threshold dose is ex¬

ceeded, there can be a cascade of pathobiological pro¬
cesses, including recruitment of inflammatory cells,
genotoxicity, mutation, and fibrosis in the target tis¬
sue,6,8"10 leading to the spectrum of disease previously
described.
Mesothelioma is almost exclusively found after as¬

bestos exposure and is a particle response unique to
fibrous particles.8 Therefore, the potential effect that a
new fiber-shaped particle like CNT may have on the
mesothelium is a major concern in particle toxicology
and occupational medicine. Previously, CNTs showed
length-dependent inflammogenicity to the peritoneal
mesothelium, similar to asbestos. After direct i.p. injec¬
tion of long CNTs, an inflammatory response with gran¬
uloma formation and fibrosis occurred, whereas there

was a negligible response to short and tangled
CNTs.11 As suggested in studies by Kane et al,12 we
concluded that long fibers are retained in the perito¬
neal cavity as a consequence of their inability to exit
through stomata in the diaphragm, through which short
fibers can egress. Herein, we developed a method to
deliver CNTs into the more relevant pleural space to
expose both the pleural mesothelial layers and as¬
sessed the inflammatory responses and the likely
mechanism by which length-dependent pathogenicity
might occur at this key site. The injection of long as¬
bestos into the pleural space causes mesothelioma in
rodents during a protracted period,13 thus validating
the intrapleural instillation model for studying preme-
sothelioma processes.
Key to the acceptance of this model of direct expo¬

sure of the pleural mesothelium is the recognition that
a proportion of all particles that deposit in the periph¬
eral lung transit through to the pleura and normally exit
through the stomata in the parietal pleura to the under¬
lying lymphatic system and thereby to the mediastinal
lymph nodes (LNs).14 The recognition of this process is
based on the presence of black spots (anthracotic
areas) around stomata on the parietal pleura of almost
all urban dwellers at autopsy,15 with similar more se¬
vere lesions seen in miners,16 reflecting their higher
dust exposure. We hypothesized that particles and
short CNTs that reach the pleural space would be
readily cleared from the pleural space in the lymphatic
flow through the stomata to the mediastinal LNs but
that long fibers cannot negotiate the stomata and are,
therefore, retained at the parietal pleura, initiating in¬
flammation and pleural pathological conditions, includ¬
ing mesothelioma,17 Therefore, the instillation of low
doses of respirable dusts and fibers into the pleural
space represents a credible approach to understand¬
ing the behavior of such particles in the pleura, where
they are deposited in the lungs by inhalation.
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Materials and Methods

Particle Panel

The panel of particles investigated consisted of five
different samples of MWCNTs and three control parti¬
cles that consisted of mixed-length amosite asbestos
enriched for long fibers (50.36% fibers >15 /urn and
35.25% fibers >20 /urn), hereafter referred to as long-
fiber asbestos (LFA); shortened amosite asbestos
(SFA; 4.46% fibers >15 (im and 0.99% fibers >20 p,m);
and nanoparticle carbon black. The MWCNT panel
comprised four commercially available CNTs and one
sample produced in an academic research laboratory
(University of Manchester, Manchester, UK) (Table 1).
The MWCNT samples were categorized as long (NT-
long1 and NTlong2), short and tangled (NTtang1 and NT-
,ang2). or short and straight (NTshort), based on the
manufacturer's description and physical characteris¬
tics observed using scanning electron microscopy
(SEM), transmission electron microscopy, and light mi¬
croscopy, as previously described by Poland et al.11
The NTlong1 sample (Mitsui & Co Ltd, Tokyo, Japan)
was produced by catalytic chemical vapor synthesis
using the floating reaction method. The NT,ong2 sample
was produced in an academic research laboratory
(University of Manchester, Manchester, UK) using a
catalytic vapor discharge method with a ferrocene-
toluene feedstock to grow nanotubes from iron cata¬
lysts held on a silica plate. 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 re¬
maining within the nanotubes. We also included one
commercially available NTshort and two curled and tan¬
gled nanotubes of different lengths (NTtang1, which was
cut to form predominantly short NT fibers; and NTtang2,
the original-length NT sample; NanoLab, Inc., Wal-
tham, MA). These nanotubes were produced by cata¬
lytic vapor discharge with an iron and ceramic oxide
(aluminosilicate) catalyst support that was removed
using HCI and hydrofluoric acid treatment. Trace met¬
als and endotoxin levels previously tested and re¬
ported by Poland et al were low and, thus, not consid¬
ered to play a role in these studies. Quartz particles
(DQ12), coal mine dust particles, and two samples of
commercially available polystyrene beads (10- and
3-/u,m beads; Polysciences, Warrington, PA) were also
used in this study. The mean particle diameters of
DQ12 quartz and coal mine dust were measured by
dynamic light scattering using a 90 plus Particle Size
Analyzer (Brookhaven Instruments Corp., Holtsville,
NY). Nickel nanowires (NiNWs) were fabricated by
electrochemical template synthesis using alumina
membranes (Anodisc 25; Whatman, Maidstone, UK),
with an average pore diameter of 200 nm.1819 Short
and long NiNWs with average lengths of 4.3 ± 1.0 /xm
and 24.0 ± 7.0 /xm (values are ± SEM) respectively,
were then examined by SEM (Carl Zeiss Ultra Plus,
Hertfordshire, UK).

Transmission Electron Microscopy
A drop of SFA, LFA, or CNT sample (0.5 mg/mL in
water) was placed on a grid with a support film of
Formvar-carbon, excess material was blotted off with
filter paper, and the material was examined under an
FEI CM120 BioTwin Transmission Electron Microscope
(Philips, Eindhoven, the Netherlands) using a Lab6
emitter. Images were captured using an AMT Digital
Camera (AMT, Woburn, MA).

Light Microscopy
The particle panel was suspended in 0.5% bovine serum
albumin (BSA; Sigma-Aldrich, Poole, UK) and saline at a
concentration of 50 /xg/mL and dispersed by sonication at
230 V, 50 Hz, and 350 W for 2 hours in an ultrasonic bath
(FB11002; Fisherbrand, Thermo Fisher Scientific, Inc., Wal-
tham, MA). The particle suspensions, 10 yxL, were placed
on glass slides. Glycerol, 10 /xL (Sigma-Aldrich), was
added to each slide and mixed with the particle suspension
to reduce the flow of particles and enable a clear picture to
be captured. A glass coverslip was placed over the sus¬
pensions and sealed. Images were captured at X40 mag¬
nification using QCapture Pro software (Media Cybernetics
Inc., Bethesda, MD).

Intrapleural Injection and Lavage

Samples were prepared for in vivo use by ultrasonication
in a sterile 0.5% BSA-saline solution and were injected
into the pleural cavity of female C57BI/6 mice (aged 8
weeks) at a dose of 50 /xg/mL (100 /xL; total dose, 5 /xg
per mouse). Injection directly into the pleural space with¬
out perforating the lung was enabled by the addition of a
sleeve over the tip of the 27-Gauge, which prevented the
needle from passing through the pleural space into the
lung. After 24 hours (n = 5), 7 days (n = 4), 4 weeks (n =

4), 12 weeks (n = 4), and 24 weeks (n = 5), the mice were
euthanized by asphyxiation in 100% C02 and the pleural
space was lavaged using three 1-mL washes of sterile
saline kept on ice. The lavage fluid was centrifuged at
123 x g for 5 minutes at 4°C in a Mistral 3000i centrifuge
(Thermo Fisher Scientific, Inc.) to separate the cellular
fraction, and the supernatant protein content was estab¬
lished using the bicinchoninic acid protein assay (Sigma-
Aldrich). The cell pellet was resuspended in PBS, and a
total cell count was then performed using a Nucleo-
Counter (ChemoMetec, A/S, Altered, Denmark). Differen¬
tial cell counts were performed on cytocentrifugation
preparations and stained with a Diff-Quik stain set (Dade
Behring Gmbh, Marburg, Germany).

Tissue Dissection

The lower right posterior portion of the chest wall was
carefully removed from the mice after lavage of the pleu¬
ral space. This region of the parietal pleura was identified
by Shinohara20 as a region rich in stomata. The tissue
was washed in ice-cold saline and placed overnight in
methacarn fixative (60% methanol, 30% chloroform, and
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10% glacial acetic acid). Samples were embedded in
paraffin, sectioned, and stained with H&E for gross pa¬
thology, picrosirius red to stain collagen, and Ki-67 pro¬
liferation marker (rabbit polyclonal anti—Ki-67, ab15580;
Abeam, Cambridge, UK) (n = 3 per treatment). The same
region of the chest wall removed from one mouse per
treatment for surface analysis by SEM was fixed in 3%
glutaraldehyde-0.1 mol/L sodium cacodylate (pH 7.2)
buffer. After overnight incubation in fixative, the area of
interest was excised from the surrounding tissue. The
specific region of chest wall that was examined corre¬
sponded to an area 1 x 0.5 cm along the spine, which
encompassed the lower six ribs and intercostal spaces.

Quantification of Lesions

The excised tissue was dehydrated through graded al¬
cohol (ethanol) and embedded on edge in paraffin. Sec¬
tions of the chest wall, 4 p,m, were stained with H&E; and
serial images were taken at X10 magnification using
QCapture Pro software (Media Cybernetics Inc., Be-
thesda, MD). The images were seamlessly realigned us¬
ing Photoshop CS3 (Adobe Systems Inc., San Jose, CA)
to provide a high-resolution image of the large sections of
chest wall. By using calibrated Image-Pro Plus software
(Media Cybernetics Inc.), the total length of each chest
wall section along the mesothelium was measured to adjust
for any differences in size between reconstructed sections.
By using the same software, the area occupied by lesions
was measured and expressed as lesion area per unit chest
wall length (/xm2/p,m). The collagen content was measured
using Image-Pro Plus software by quantifying the red pixels
in each section and expressed as area of positive collagen
staining per unit length of chest wall (mm2/mm) (n = 3).

Scanning Electron Microscopy
The excised diaphragm was stained with osmium tetroxide
before critical point drying, mounted, and gold sputter
coated before examination by SEM using a Hitachi S-2600N
digital SEM (Oxford Instruments, Oxfordshire, UK).

Whole-Body Imaging of NTshort-DTPA [171ln]-
Injected Animals by Single-Photon Emission
Computed Tomography
NTShorrNH3+ samples were obtained following the pro¬
cedure by Li et al21 and incubated with diethylenetri-
aminepentaacetic acid (DTPA) for 48 hours at 50°C. The
NTshornDTPA was recovered by centrifugation and la¬
beled with the radioactive tracer [111 ln]CI3 (Amersham
Pharmacia Biosciences, Buckinghamshire, UK). The
[ l1ln]CI3 alone, used as a control, was also subjected to
the same conditions of the labeling reaction. Balb/C mice
were anesthetized by isoflurane inhalation. Each animal
received an intrapleural injection of 100 /j,L containing 5
ng of NTshort-DTPA[111ln], with an activity of approxi¬
mately 3 to 5 MBq. [1111njDTPA with the same activity was
injected for comparison. Within 1 hour of injection (t = 0
to 1 hour) and at t = 23 to 24 hours, mice were imaged
using the Nano-SPECT/CT scanner (Bioscan, Washing¬

ton, DC). Single-photon emission computed tomographic
(SPECT) images were obtained in 16 projections over 40
to 60 minutes using a four-head scanner with 1.4-mm
pinhole collimators. CT scans were taken at the end of
each SPECT acquisition, and all images were recon¬
structed with MEDISO software (Medical Imaging Sys¬
tems, London, UK). Fusion of SPECT and CT images was
performed using PMOD software (PMOD, Zurich, Swit¬
zerland).

Quantification of LN NiNW Burden
NiNW samples were prepared and injected into the pleu¬
ral cavity following the same protocol as was used for
CNT samples. Mice (n = 3) were sacrificed 24 hours after
injection, and the mediastinal LNs were carefully excised,
fixed, sectioned, and stained with picrosirius red to allow
for clear visualization of the NiNW. Six sequential sections
were taken from each LN, giving 18 sections per treat¬
ment group. Images were taken at X10 magnification for
tissue area measurement and X40 magnification for fiber
counting using QCapture Pro software (Media Cybernet¬
ics Inc.).

Statistical Analysis
All data are shown as the mean ± SEM and were ana¬

lyzed using one-way analysis of variance. Multiple com¬
parisons were analyzed using the Tukey-honestly signif¬
icant difference method, with values of P < 0.05
considered statistically significant (Instat; Graphpad Soft¬
ware Inc., San Diego, CA).

Results

CNT-Fiber Panel

To specifically assess the role of length in the pleural
response to CNTs, we assembled a panel11 that con¬
sisted of long, short, and short and tangled CNTs;
control LFA and SFA; and nanoparticle carbon black
as a particulate carbon control. The morphological fea¬
tures of the CNT samples were determined by trans¬
mission electron microscopy analysis (Figure 1). Light
microscopy analysis of the CNT panel and control sam¬
ples, dispersed by ultrasonication in 0.5% BSA-saline,
before administration, showed the presence of fibers in
the LFA, NTlong1, and NT|0ng2 samples; the SFA,
NTshort, NTtang1, and NTtang2 samples were composed
of small aggregates of respirable size (Figure 1). Mem¬
bers of the CNT panel were administered by injection
directly into the pleural space through the chest wall in
unanesthetized mice, using a modified fine-bore nee¬
dle to prevent injection into the lung; both short- and
longer-term responses were examined.

Acute Inflammatory Response to Intrapleural
Injection of the CNT-Fiber Panel
The acute inflammatory response produced by instillation
of the CNT-fiber panel directly into the pleural space was
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measured at 24 hours by lavaging the pleural space and
counting the cell types. Only Intrapleural injection of the
samples containing long fibers (ie, LFA, NTlong1l and
NT|ong2) caused a significant increase in total cell number
(Figure 2A) in the lavage fluid. We also determined the
number of granulocytes, which included mainly neutro¬
phils and a few eosinophils, as an indicator of acute
inflammation in the lavage fluid. Only mice that were
injected with long CNTs or asbestos showed significantly
increased granulocytes in the pleural lavage compared
with the vehicle control (Figure 2B). Mice injected intra-
pleurally with SFA, nanoparticle carbon black, NTshort,
NTtangi' or NTtang2, which did not contain long fibers,
failed to show any significant increase in the numbers of
pleural granulocytes compared with controls (Figure 2B).
Protein levels in the lavage fluid, which are indicative of
the fluid exudate of inflammation, reflected the pattern
seen with granulocyte influx (Figure 2C). The acute in¬
flammatory response in the pleural space was examined
up to 7 days after intrapleural injection, for representative
long (NT|0ng2) and short (NTtang1) CNT samples (Figure
2D). The increase in the number of granulocytes seen in
the pleural lavage of mice injected with NT|Qng2 was main¬
tained up to 7 days, with no reduction in the extent of the
Inflammation, whereas the few granulocytes in NTtang1-
treated mice had waned to control levels by 7 days (Fig¬
ure 2D). By 4 weeks, the number of granulocytes in the
NT|0ng2-treated mice was greatly reduced but remained
higher than the level of granulocytes in the vehicle control
or NTtang1-treated mice up to 24 weeks after injection.

Parietal Pleura Histological Features
up to 7 Days
A histological examination was performed on parietal
pleura samples from mice injected with short and long
CNT exemplars (NTtang1 and NTlong2, respectively) at 1
and 7 days after intrapleural instillation to examine the
development of the early inflammatory mesothellal re¬
sponse (Figure 2E). Aggregates of inflammatory cells
were present on the pleural surface in both NTtang1 and
NTiong2 samples at 1 day, but by 7 days, the parietal
pleura from mice instilled with NTtang1 looked completely
normal. There was evidence of increasing inflammatory
cell accumulation and long CNT retention only in NT|0ng2
samples at 7 days (Figure 2E).

Parietal Pleura Histological Features
up to 24 Weeks
To investigate the development of the inflammatory
lesions on the parietal pleura over time, the parietal

Figure 1. CNT panel. A: Transmission electron microscopy (different mag¬
nifications used). B: Light micrographs of each member of the CNT panel. For
light micrographs, CNTs and fibers were dispersed by ultrasonication in 0.5%
BSA-saline at a concentration of 50 /xg/mL to the standard degree of disper¬
sion used for intrapleural injection. NPCB indicates nanoparticle carbon
black.
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Figure 2. Acute inflammatory response to intra¬
pleural injection of CNT. Total cell number (A),
total granulocytes (B), and total protein (C) were
measured in the lavage fluid of mice injected
with 5 jug of CNT and controls at 24 hours after
injection. Total granulocytes (D) were measured
in lavage fluid ofmice treated with either NTlangl
or NT|ong2 up to 168 days (24 weeks) after injec¬
tion. *P< 0.05; **P < 0.01; ***P < 0.001 versus
vehicle (Veh) control. Data represent mean ±
SEM 0/ = 5 mice per treatment group). E: His¬
tological examination ofchest wall samples from
mice injected with NT,angl and NT|0ng2 at 1 and
7 days after injection. Aggregates of inflamma¬
tory cells are present in both NTlangl and NT,ong2
samples at 1 day but only in NTlong2 samples at
7 days. The arrowhead indicates long CNT ag¬
gregates in X100 magnification of NT|ong2 (7-day
sample). Scale bar = 20 /xm. NPCB indicates
nanoparticle carbon black.

pleura was further examined at 4, 12, and 24 weeks
after injection of NTtang1 and NTlong2. At all these
points, mice treated with vehicle control and with the
NTtangi sample had a single layer of mesothelial cells
along the parietal pleural surface with no inflammatory
involvement. In contrast, parietal pleura sections from
mice treated with NTlong2 showed the presence of a
fibrotic layer over the parietal pleura, which continued
to increase in thickness over time from 4 to 24 weeks
after injection (Figure 3A). The lesions had high colla¬
gen content, determined by staining with picrosirius
red; and displayed stratified reticular morphological
features separated by cellular aggregates. The area of
lesion development and the collagen content of the
lesions were quantified (Figure 3B). High-power views
of the lesion at 24 weeks after injection show vascular¬
ization of the lesions, with lymphocyte infiltrates sur¬
rounding the blood vessels (Figure 3C). The upper
surface of the lesion also appeared to be covered by
plump, reactive, and proliferating mesothelial cells.
Aggregates of long CNTs were seen in the deeper
layers of the developing lesions, reflecting the site of
CNT retention in the parietal pleura (Figure 3A). No

CNT aggregates were seen in the parietal pleural sec¬
tions of NTtang1-treated mice. Similar lesion develop¬
ment was seen on examination of the pleural face of the
diaphragm of the NT,ong2- but not the NTtang1- or vehi¬
cle control-treated mice (data not shown).

SEM Analysis of the Parietal Pleural Surface
The surface appearance of the parietal pleura was
examined by SEM in areas known to have high stoma-
tal density at 1, 4, 12, and 24 weeks in mice exposed
to long and short CNTs. The vehicle control samples
displayed a continuous normal mesothellum at every
point (Figure 4, A-D), with no leukocyte aggregates.
NT,angi-treated mice showed a mild response at 1
week, characterized by small areas of leukocyte ag¬
gregation on the mesothelial surface (Figure 4E), a
response that had resolved by 4 weeks; only a normal
mesothelium was seen at subsequent points (Figure 4,
F-H). In contrast, in NT|0ng2-treated mice, more exten¬
sive and persistent lesions developed (Figure 4, l-L).
At 1 week, we observed a large mat of leukocytes
forming an almost contiguous layer across the pleural
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Figure 3. Fibrotic lesion development. A: Parietal pleura of the chest wall of
mice treated with NTtangl and NT|0ng2 were examined histologically at 4, 12,
and 24 weeks after injection. Sections were stained with both H&E for gross
morphological features and picrosirius red for collagen. Arrows indicate
level of original mesothelium. Call outs to a high-power view show aggre¬
gates of CNT present within the fibrous lesion at each point. Scale bar = 20
jim. B: Lesion size and collagen content were quantified for the NT|0ng2
samples and expressed as area per length of chest wall section (mm2/mm).
Data are represented as the mean ± SEM 0/ = 3)- C: High-power views of
the lesion at 24 weeks show the lesion is vascularized (V) and covered with
a layer of mesothelial cells (M). Scale bar = 20 jim.

surface, bound with fibrin (Figure 4M). By 4 weeks, the
lesion had decreased in size and had developed well-
defined boundaries, with apparently normal mesothe¬
lium in between. Fibrin was still present and appeared
to be involved in the adherence of the aggregates to
the mesothelium. By 12 weeks, the lesions were more
contained within the intercostal depressions. High-
power views (Figure 4, M-P) showed no fibrin in asso¬
ciation with the leukocytes by 12 and 24 weeks and the
apparent attempt by mesothelial cells to regrow over
the surface of the lesions. At 24 weeks, papillae or
tongue-like structures composed of cell aggregates,
which extend from the surface of the mesothelium, can
be seen. A high-power view shows these papillae to
contain and be covered by mesothelial cells, as iden¬
tified by the presence of microvilli on the cell surface.

Cellular Proliferation in the Mesothelium of the
Parietal Pleura

The progressive covering of lesions by mesothelial cells,
as observed from the SEM analysis, implies proliferation
of cells along the parietal pleural surface. Sections of
parietal pleura and diaphragm from vehicle control-, NT-
tang1-, and NTlong2-treated mice 24 weeks after injection
were stained with Ki-67 antibody (Figure 5). Positive Ki-67
staining, which identifies actively proliferating cells, was
only observed along the mesothelial surface of the pleu¬
ral mesothelium of NTlong2-treated mice and not in mice
treated with short nanotubes (NTtang1). The positive-stain¬
ing cells were mostly concentrated along the mesothelial
layer of the parietal pleura and on the pleural face of the
diaphragm in association with the layer of fibrosis.

Size-Related Pleural Retention of

Compact Particles
We hypothesized that the inflammatory effects of long
CNTs and long fibers in general arise as a consequence
of retention at stomata whose maximum diameter is 10

/urn (Figure 6A). To test this hypothesis, we used two
well-known proinflammatory particles that are small
enough to exit through the stomata (ie, quartz and coal
mine dust) and polystyrene beads In two sizes (3 and 10
ju,m, Figure 6B). All of these particles, except the 10-/xm
beads, were small enough to exit the stomata. We hy¬
pothesized that only the 10-/xm beads should be retained
and would, therefore, elicit inflammation in the pleural
space. When instilled Into the pleural space at the same
mass dose as the CNTs, no response was seen with the
quartz or coal mine dust, despite their reactivity within the
lung, or the 3-/xm beads. In contrast, the 10-/xm beads
that are too big to exit through the stomata elicited in¬
flammation at 24 hours (Figure 6C).

Length-Dependent Retention of Fibers
We used two indirect approaches to assess the hypoth¬
esis that, similar to the large polystyrene beads, long
CNTs were retained in the pleural space while short fibers
were cleared through the stomata.

SPECT/CT imaging of Radiolabeled Short
CNT Fibers

Dynamic SPECT/CT imaging was used to visualize the
fate of radiolabeled short CNTs (NTshort-DTPA[111ln]) af¬
ter direct injection into the pleural space. Imaging during
the first hour after administration of the radiolabeled
CNTs indicated widespread diffusion of the signal,
largely confined to, and throughout, the pleural cavity
(Figure 7A). Even within 1 hour and increasingly thereaf¬
ter, the short CNTs accumulated in the cranial mediasti¬
nal LNs (two bilateral LNs located lateral to the thymus).
At 24 hours after administration, the signal from NTshorl
was localized almost exclusively within these LNs (Figure
7B). The control [111ln]DTPA label alone showed rapid
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Figure 4. SEM analysis of lesion development
over time. The surface of the chest wall parietal
pleura was examined by SEM at 1, 4, 12, and 24
weeks after injection. A-L: Low-magnification
images (X30) show continuous normal meso-
thelium (M) in vehicle control-treated mice. L
indicates the inflammatory lesions (also outlined
in red), which are mild and resolve quickly in
NT,.,ng i-treated mice or are extensive and persis¬
tent in NT|0ng2-treated mice. P indicates papillae,
tonguelike extensions from the mesothelium, in
NT|ong2-treated samples. Scale bar = 500 /xni.
M-P: 1 ligh-power view of the lesions present in
NT|0ng2-treated mice shows the changing nature
of the lesion over time from fibrinous leukocyte
aggregates at early points to the progressive re¬
surfacing of the lesion by mesothelial cells. The
papillae present at 24 weeks appear to contain
and be covered by mesothelial cells, as identi¬
fied by the presence of microvilli. Scale bar =
10 jitm.

translocation to the bladder, with almost the entire dose
cleared within the first hour after intrapleural administra¬
tion (Figure 7C). This demonstrated the stability of in vivo
radiolabeling of short nanotubes and their clearance from
the pleural cavity to the specific mediastinal LNs.

Visualization of Clearance of Long and Short
Fibers in Cranial Mediastinal LNs

We took advantage of the knowledge gained from the
SPECT/CT that the destination of fibers cleared through
stomata is the cranial mediastinal LNs and examined the
fiber burden in these LNs 24 hours after intrapleural in¬
jection of short and long CNTs (Figure 7E). The results
showed apparently greater CNTs in the LNs in NTshort-
treated mice than in NT|0ng2-treated mice. However,
these results were qualitative because of the difficulties of
counting the small CNTs in lymphoid tissue; interpretation
was further confounded by the presence of short fibers in
the NTlong2 samples (approximately 15% of the fibers
were <15 /u,m).
To gain further evidence, we examined clearance to

the mediastinal LNs using short and long versions of
alternative high-aspect ratio nanowires made of nickel.
NiNWs are more readily visualized histologically than
CNTs and have the additional benefit that they are syn¬
thesized in tight-size categories, with few short fibers in
the long sample and no long fibers in the short sample
(Figure 8A). This narrow size distribution range is mainly

because of the controlled fabrication process used. The
injection of these NiNW samples into the pleural space
resulted in a similar length-dependent acute inflamma¬
tory response (Figure 8B). After injection into the pleural
space, we hypothesized that, as was the case with CNTs,
exclusively short NiNWs would appear in the LNs on
clearance from the pleural space while the predominately
long NiNWs would be retained in the pleural space and,
therefore, would not accumulate in the draining LNs.
Quantification of the number of NiNWs in histological
sections of excised mediastinal lymph tissue showed that
significantly more fibers have migrated from the pleural
space to the LNs in mice treated with short compared
with long NiNWs (Figure 8, C and D). This completely
supports the hypothesis that long fibers reaching the
pleural space are selectively retained, never reaching the
mediastinal LNs, whereas short fibers are small enough
to be cleared through the parietal stomata to the medi¬
astinal nodes.

Discussion

To our knowledge, for the first time, we report a clear
length-dependent inflammogenicity for CNTs when in¬
jected directly into the pleural space of mice. At the initial
time of 24 hours, LFA and SFA were included as positive
and negative controls, respectively; for the end points
examined, the responses to the CNTs followed this
length-dependent pattern. Exposure to long CNTs first
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caused an acute inflammatory response, characterized
by granulocyte influx, mostly neutrophils, and increased
protein concentration in the pleural fluid, followed by the
progressive development of fibrotic lesions along the pa¬
rietal pleura and proliferation in the mesothelial layers.
Short CNTs did not elicit a significant inflammatory reac¬
tion at any point examined and, indeed, the results ob¬
tained from short CNT-treated mice mirrored those of the
vehicle controls. These results suggest that, like asbes¬
tos, the toxicity of CNTs for the pleura adheres to the fiber
pathogenicity paradigm11 regarding the role of length in
this model of direct pleural exposure.
Because of the importance of respirability in delivering

particles to the lung periphery, where they can be trans¬
located to the pleural space, it is vital to use well-dis¬
persed particles in our studies that presuppose that the
particles reach the lung periphery and the pleura. By
using BSA and ultrasonication, we were able to produce
well-dispersed respirable-sized suspensions of all of the
particles, with fiber-shaped particles being visible by
light microscopy in the LFA, NTtong1, and NT|0ng2 sam¬
ples. Given the resolution of the light microscope, we
assume that the visible fibers in the CNT preparation are
ropes of intertwined MWCNTs.11 After injection into the
pleural space, we detected an inflammatory response to
the long, but not short, CNTs. Also, in a time course with
one of the long CNT samples, we found the inflammation
elicited was sustained over 1 week at the level seen at 1
day. Given the basic premise of toxicology that response
follows dose, we presumed that the long CNTs were
retained in the pleural space, where they are a stimulus to
inflammation, whereas the short CNTs are cleared.
Length-dependent pathogenicity of asbestos and

other fibers is one of the defining properties of the fiber
pathogenicity paradigm17 and has been documented in
several models in wVo9'22-25 and in vitro,25~27 whereas

frustrated or incomplete phagocytosis by macrophages
has been implicated as a mechanism leading to inflam¬
mation with long fibers26 and CNTs.28 Length-related re¬
tention was first advanced by Kane et al12 to explain
length-dependent asbestos inflammation in the perito¬
neal cavity. In fact, the peritoneal and pleural cavities
have similar mechanisms of clearance, involving fluid
flow out of the respective cavities through stomata that
are highly size selective.17
Clearance from the pleural space is via passive re¬

moval of the particles in the flow of pleural fluid out
through stomata in the parietal pleura, into the lymphatic
system.14 Stomata (diameter, 3 to 10 /xm) act as a "sieve"
for drainage from the pleural space and are found along
the parietal pleura of the chest wall and diaphragm, in
highest abundance in the most caudal posterior intercos¬
tal spaces in rodents.20 Failure to clear the long CNTs
from the pleural space, as suggested by the presence of
CNT aggregates in the lesions of long CNT-treated mice,
forms the basis of a proposed mechanism of long-fiber
pathogenicity in the pleural space (ie, retention of long
fibers at these points of egress of the lymph), resulting in
an inflammatory response. Mesothelioma arises on the
parietal pleura 29 the site of retention of the long-fiber
dose. We found that the inflammation produced by long
CNTs was sustained and was similar on day 7 to that
seen on day 1. This is in contrast to the tempo of inflam¬
mation seen in the peritoneal space to the same long
CNT sample, where the inflammation waned consider¬
ably over 1 week after long CNT and long asbestos.11
The persistence of inflammation in the pleural space may
be a consequence of the conditions there, where move¬
ments of the chest wall and close apposition of the pari¬
etal and visceral pleurae enhance the interactions be¬
tween long CNTs and the mesothelium at their points of
retention. Sustained inflammation arising from retained



2596 Murphy et al
4ipJune 2011, Vol. 178, No. 6

B
Particle Size (gm)

Quartz 2.4 + 0.8

Coal mine 2.1 + 0.2
dust

3gm beads 3 + 0.1

lOgm beads 10.3 + 0.4

-5. 0.8-

0.6-

0.4-

O
0.2-

0.0-
I

—i—

jf J?

■V*

Figure 6. Size-dependent inflammatory response to compact particles in the
pleural space. A: SEM image of a lymphatic stoma (diameter, 10 /xm) found
on the parietal pleura of the internal chest wall of a mouse. L indicates a
leukocyte passing through the stoma. B: Mean size of particles as measured
by dynamic light scattering. Data are represented as mean ± SEM. C: Total
granulocytes measured in pleural lavage fluid ofmice 24 hours after injection
of "inflammatory" particles: quartz (DQ12) and coal mine dust or 3- and
10-/xm beads. Only the 10-/xm beads caused a significant increase in gran¬
ulocytes. Data are represented by mean ± SEM. ***P< 0.001 versus vehicle
(Veh) control.

long fibers produces an inflammatory response at the
sites of retention. These foci of inflammation were most
evident in the SEM images of the parietal pleura that
showed leukocyte aggregates over a relatively large area
of the face of the parietal pleura in regions documented
to have large concentrations of stomata. The relatively
high doses used in our studies produced these antici¬
pated large areas of leukocyte accumulation, which less¬
ened somewhat with time, but only remained substantial
in the case of the long CNTs. Analogous lesions have
been reported on the mesothelium of the peritoneal cavity
after instillation of long asbestos fibers30 and, similar to
what we observed herein, showed a tendency for the
lesions to be covered by mesothelial cells with time after
instillation.30 Multiple instillations of asbestos into the rat
pleural space, known to cause mesothelioma, were used
in one study31 to examine the changes at the pleural
mesothelium observed by SEM over 24 months, leading
up to mesothelioma development. Leukocytic lesions and
foci of mesothelial proliferation, similar to those seen with
the long CNTs, were also documented on the face of the
parietal pleura. Hyperplastic areas of mesothelium, re¬
ported by Vasilieva et al,31 were evident in our study,
highlighted by the Ki-67 antibody staining, which showed
dramatic increases in proliferation in the mesothelial and
submesotheiial tissues only in mice exposed to long
CNTs. Recently, inhalation of amphibole asbestos pro¬
duced similar leukocytic lesions on the pleural face of the

diaphragm, detected by electron microscopy 32 This lat¬
ter study is particularly important because it supports our
contention17 that a proportion of fibers that deposit in the
distal lung enter the pleural space but that only long
fibers are retained, causing a reaction. There are addi¬
tional structures present along the pleural mesothelium
referred to as milky spots, which contain accumulations of
lymphocytes and macrophages that are reported to be
important in the response to pleural injury. These milky
spots are found in abundance along the mediastinum
and in the vicinity of the pulmonary ligaments.33 The
examination of the parietal pleura reported herein fo¬
cused on the caudal dorsal intercostal spaces, regions
reported to be rich in stomata14,20; no milky spots were
encountered in the tissue sections examined. However,
considering their composition of macrophages and lym¬
phocytes, it is likely that the cells resident in the milky
spots contributed to the inflammatory responses reported
herein. The accumulation of inflammatory leukocytes at
the points of retention of long fibers at the stomata and
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Figure 7. Clearance of CNTs from the pleural space. Whole-body Nano-
SPECT/CT imaging of NTshort-DTPAlniInj. Imaging was performed immedi¬
ately (0 to 1 hour) and 1 day (23 to 24 hours) after intrapleural administration
of 5 jug of NTshort-DTPA|mInl (A and B) or [,nIn]DTPA (C and D). The
scanning duration was 60 minutes. SPECT/CT-fused images of the whole
body (anterior view) and sagittal planes are shown. Arrows indicate the
cranial mediastinal LNs (A and B) and bladder (C and D) in the case of
NTsh0rt-DTPA|niln] and linInlDTPA, respectively. E: Cranial mediastinal LNs
removed from mice intrapleurally injected with nonradiolabeled long and
short CNTs sectioned and stained with H&E.
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Figure 8. Clearance of short NiNWs to the cranial mediastinal LNs. A:
Transmission electron microscopy images of short and long NiNWs. B: Total
granulocytes in the pleural lavage fluid 24 hours after injection with vehicle
(Veh) control or short or long NiNWs. ***P < 0.001 versus Veh control. C:
Histological sections of cranial mediastinal LNs excised from mice 24 hours
after intrapleural injection of short or long NiNWs (// = 3) and stained with
picrosirius red to make the NiNWs more visible. Arrows indicate NiNWs.
Scale bar = 10 /xm. D: Fiber number per square millimeter of LN tissue was
determined by counting the total number of fibers from six sequential sec¬
tions of each cranial mediastinal LN and measuring the area of tissue in each
section. Data are presented as the mean ± SEM (n = 3 mice per treatment
group).

mesothelial proliferation at these foci are likely to result in
an environment rich in cytokines, growth factors, and
oxidants. This environment is fertile for producing further
mesothelial injury, proliferation, remodeling, mutation,
and, ultimately, transformation.
Some confirmation for this hypothesis was obtained in

the form of a rapidly developing florid submesothelial
fibrotic response that developed over the pleural sur¬
faces only in animals treated with long fibers. This layer of
fibrosis formed on the diaphragm and the parietal pleura,
both regions rich in stomata, where long fibers would be
expected to be retained. The fibrosis that formed was
progressive, becoming approximately 20 times thicker
and having more collagen between 1 and 24 weeks.
These lesions were similar to those seen in the peritoneal
cavity with long fibers11,30 and have some similarities to
pleural plaques34 in the layered parallel reticular network
of collagen that characterizes the lesions.
We investigated the validity of our model for reten¬

tion-dependent inflammation by using compact parti¬
cles and examining their clearance and inflammatory
potential. Quartz and coal mine dust are small particles
(<3 ju,m) that would reach the periphery of the lung and

could enter the pleural space. They are known to be
inflammogenic in the lungs after inhalation,35,36 playing
a causative role in the pathogenesis of silicosis and
pneumoconiosis37 The lack of response to these
highly inflammogenic particles in the pleural exposure
model can be explained by their small size (ie, they are
rapidly cleared from the pleural space in the flow of
pleural fluid). Based on these studies, we undertook a
simple proof-of-concept study to investigate the single
parameter of particle size and its potential connection to
inflammation in the pleural space using two monodis-
persed samples of polystyrene beads that were identical
in composition but different in diameter. As expected at
the same mass dose (meaning many more small beads),
the larger 10-/j.m beads, which are approximately the
maximum stomatal diameter, initiated an acute inflamma¬
tory response, whereas the smaller 3-/u,m beads did not
initiate this response. Although a 10-/xm bead is too large
to ever reach the distal lung and pleural space on inha¬
lation, the inflammatory response to the 10-^m beads
injected directly into the pleural space demonstrates the
role that size-restricted clearance from the pleural space
plays in the initiation of an inflammatory response to par¬
ticles or fibers.

Normally, the elutriating effects of the lung serve to
allow only particles smaller than approximately 5 /xm and,
therefore, smaller than the diameter of the pleural sto¬
mata to reach the distal lung and translocate to the pleu¬
ral space. Particles of this size will be easily cleared in the
flow of pleural fluid, where they drain to the mediastinal,
parasternal, and hilar LNs.38 However, fiber respirability
is a function of aerodynamic diameter, dictated mostly by
actual diameter as air-borne fibers align themselves par¬
allel to the airflow in the lungs. Therefore, it is the diameter
(not the length) of fibers that affects transit through the
lungs, allowing high-aspect ratio particles like CNTs,
which may have a diameter in the nanometer range but a
length extending to tens of micrometers, to deposit in the
distal regions of the lung.17 Indeed, the distal deposition
of CNTs was shown by Ryman-Rasmussen et al,39 who
reported the presence of CNTs in the subpleural tissue of
the lung after a single inhalation exposure in mice. Trans¬
location of particles and fibers from the distal lung to the
pleural space is not well understood. Mercer et al40
showed MWCNTs penetrating the visceral pleura of the
lung and extending into the pleural space over several
points after a single pharyngeal aspiration exposure in
mice, suggesting a direct route of translocation. An alter¬
natively suggested mechanism of translocation is the pri¬
mary translocation of fibers into the blood, from where
they can potentially move to any area of the body, includ¬
ing the pleural space41; however, that mechanism was
not investigated herein. The movement of distally depos¬
ited CNTs into the pleural space is in agreement with
literature suggesting that a proportion of all particles de¬
posited distally will pass into the pleural space, thus
validating the use of a direct pleural exposure model that
bypasses the lung to answer the more pertinent question
of how the CNTs are dealt with once in the pleural space.

We examined the clearance of fibers from the pleural
space by first showing the clearance of short radiola-
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Figure 9. Diagrammatic representation of length-dependent clearance from the pleural space. A: Short fibers and small CNT tangles that deposit in alveoli that
are situated subpleurally and 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 LNs. B: Long fibers and long CNTs also reach the pleural space from subpleural alveoli but they cannot negotiate the stomata and are retained,
where they cause inflammation and potentially long-term disease.

beled CNTs instilled into the pleural space to the medi¬
astinal LNs within 24 hours. Although a direct comparison
of short and long CNTs would be ideal in this model, we
could only use short CNTs because the process of radio¬
active labeling shortens long CNTs; therefore, we were
unable to visualize, by this method, the retention of the
long CNTs. However, this experiment allowed us to iden¬
tify the cranial mediastinal LNs as the draining nodes for
pleural drainage of particles. When we examined the
fiber burden in these LNs after intrapleural injection of
long and short CNTs, it was clear from the LN sections
that the long CNT sample was not completely retained in
the pleural space because of short fibers present in that
sample that can translocate to the LNs. However, there
was obviously more of the "short CNT" sample in the LNs
than the "long CNT" sample. Although qualitative, this
argues for retention of the longer fibers in the long CNT
sample and translocation of the short fibers. We used the
NiNWs that are present in tight-sized classes (ie, little
short in the long and little long in the short) and demon¬
strated more convincingly that there was size-dependent
retention because we saw only traces of nanowires in the
LNs from animals exposed to long NiNWs but abundant
nanowires in the LNs from animals that received intra¬

pleural short NiNWs. The response in the LNs to the
accumulations of short NiNWs was not closely examined;
however, there were no changes in the gross morpholog¬
ical features or enlargement of the LNs of mice exposed
to long or short CNTs or NiNWs when compared with
vehicle control-treated mice.
We also saw a greater inflammatory response to the

long NiNWs than the short NiNWs, strengthening the hy¬
pothesis that the pathogenicity of fibers in the pleural
space is dependent on length rather than fiber composi¬

tion. There have been suggestions that CNTs can un¬
dergo a degree of dissolution depending on their
form42,43; thus, the retention/translocation kinetics of long
CNTs from the pleural space could change over time if
the CNTs undergo any biodissolution. Recently, Tomatis
et al44 reported that the greater toxicity of long asbestos
fibers when compared with short asbestos fibers could
be attributed to several factors other than length, includ¬
ing greater free radical production and reactive surface.
Although these factors may give added toxicity to any
fiber, we contend that the properties defined by the fiber
pathogenicity paradigm (ie, length, thinness, and bioper-
sistence) remain the primary attributes that a fiber must
possess to elicit a pathogenic response. In particular,
length will retain the harmful dose (eg, fiber-derived free
radicals) in the pleural space; no matter how reactive any
short fiber is, it will not remain in the pleural space to
deliver its dose.17 This theory was supported by the
quartz and coal mine dust study (Figure 6). However, we
are still not able to determine the size limit for retention in
these studies. We believe that it should be possible to
define a safe length below which there is no pleural
retention, but we are unable to define this value based on
the present experiments. It is a goal of future studies.
However, for straight single fibers, such as NiNWs, our
data show that the length beyond which there is parietal
pleural retention is longer than approximately 4.3 /mn, the
length of the short NiNWs that were not retained; and
<~24 p,m, the length of the long NiNWs that were re¬
tained. Future studies will be aimed at refining this figure
so that it more closely approaches the actual length limit.

In conclusion, we showed that injection of long nano-
fibers into the pleural space leads to persistent inflam¬
mation and eventually fibrosis at the parietal mesothe-
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lium, where mesothelioma arises and other pleural
pathological conditions may originate.17 In contrast, short
nanofibers cause no or modest resolving inflammation,
with no parietal pleural pathological features (Figure 9).
The data also support the contention that this length
dependence is underlined by a dramatic difference in the
retention of long fibers (versus short fibers) at stomata in
the parietal pleura; the short fibers are cleared to the
mediastinal LNs. These studies highlight the importance
of fiber length in nanofiber toxicity to the pleura and
illuminate the mechanism of the mesothelioma hazard
from any long biopersistent fibers, such as asbestos,
based on size-dependent retention and proinflammatory
effects at the parietal pleura. This research illuminates
our understanding of CNT toxicological features as they
relate to fiber-type effects and suggests that any nanofi¬
ber that is aerodynamically small enough to enter the
lungs satisfies the criteria of length and that biopersis-
tence is likely to pose a similar hazard to the pleura. This
is argued on the basis of the general relevance of a
length-related mechanism of retention and the effect of
biopersistence in enabling the long-fiber dose to be de¬
livered to the mesothelium over a protracted time. The
necessarily limited data on NiNW (a nanofiber of different
composition from CNT) showed the predicted length-
related inflammation in the pleural space. These and
other data in preparation in our laboratory (not described
herein), showing that silver nanowires also produce
length-dependent inflammation in the pleural space, sup¬
port the general relevance of the fiber pathogenicity par¬
adigm for nanofibers. This has important public health
implications for the likely risk that long biopersistent
nanofibers might pose to the mesothelium if there is suf¬
ficient inhalation exposure and highlights the necessity
for adequate risk assessment and management for peo¬
ple likely to be exposed to these fibers in workplace air.
Finally, although fiber length is clearly important for

fiber effects in both the lung and pleural space, the un¬
derstanding of the events in the pleural space described
herein suggests that the critical length beyond which a
long-fiber effect is induced might be different between
the lungs and the pleura. In the lungs, the small aerody¬
namic diameter of fibers, provided that they are thin,
means that long thin fibers easily reach the distal lung
beyond the ciliated airways. In this position, the accumu¬
lation of the long-fiber dose is the result of frustrated
phagocytosis and the failure of macrophages ingesting
long fibers to make their way out of the lungs, with sub¬
sequent proinflammatory stimulation and genotoxicity in
target cells. If fibers do reach the pleural space, the
dominant feature dictating pathogenicity is retention at
stomata because there is rapid clearance of all particles
and fibers that are small enough to negotiate the parietal
stomata. In the pleural space, much shorter fibers could
be the source of problems than in the lungs because of
the restricted anatomical "headroom" above the stomata
caused by the close apposition of the visceral pleura.
This would limit the ability of even short fibers to maneu¬
ver and negotiate the stomata and the convoluted sub-
pleural lymphatic capillaries.
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The mechanism of pleural inflammation by long
carbon nanotubes: interaction of long fibres with
macrophages stimulates them to amplify pro¬
inflammatory responses in mesothelial cells
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Abstract

Carbon nanotubes (CNT) are high aspect ratio nanoparticles with diameters in the nanometre range but lengths
extending up to hundreds of microns. The structural similarities between CNT and asbestos have raised concern
that they may pose a similar inhalation hazard. Recently CNT have been shown to elicit a length-dependent,
asbestos-like inflammatory response in the pleural cavity of mice, where long fibres caused inflammation but short
fibres did not. However the cellular mechanisms governing this response have yet to be elucidated. This study
examined the in vitro effects of a range of CNT for their ability to stimulate the release of the acute phase
cytokines; IL-1 p, TNFa, IL-6 and the chemokine, IL-8 from both Met5a mesothelial cells and THP-1 macrophages.
Results showed that direct exposure to CNT resulted in significant cytokine release from the macrophages but not
mesothelial cells. This pro-inflammatory response was length dependent but modest and was shown to be a result
of frustrated phagocytosis. Furthermore the indirect actions of the CNT were examined by treating the mesothelial
cells with conditioned media from CNT-treated macrophages. This resulted in a dramatic amplification of the
cytokine release from the mesothelial cells, a response which could be attenuated by inhibition of phagocytosis
during the initial macrophage CNT treatments. We therefore hypothesise that long fibres elicit an inflammatory
response in the pleural cavity via frustrated phagocytosis in pleural macrophages. The activated macrophages then
stimulate an amplified pro-inflammatory cytokine response from the adjacent pleural mesothelial cells. This
mechanism for producing a pro-inflammatory environment in the pleural space exposed to long CNT has
implications for the general understanding of fibre-related pleural disease and design of safe nanofibres.
Keywords: Carbon nanotubes, Pleura, Mesothelioma, Asbestos, Inflammation

Background
Carbon nanotubes (CNT) are high aspect ratio nanopar¬
ticles comprising single (SWCNT) or concentrically
stacked multiwalled (MWCNT) graphene sheets rolled
seamlessly into a cylinder. Their high aspect-ratio and
novel properties make CNT a useful industrial material
and has led to their incorporation into a wide variety of
consumer products. However, as the applications of
CNT continue to grow, so too does the potential for
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occupational inhalation exposure with obvious potential
hazards for worker health [1], The structural similarities
between CNT and asbestos have raised particular con¬
cern regarding the potential pathogenicity of CNT in
the lung and serosal cavities, specifically the pleural and
peritoneal spaces, which are key target tissues for asbes¬
tos-related disease [2],
Carbon nanotubes have been found to cause a range of

pathogenic effects, oxidative stress [3] inflammation and
NLRP3 inflammasome activation [4], fibrosis [5,6] and
genotoxicity [7].
The mesothelial lining of the pleural cavity has long

been known to be particularly sensitive to asbestos
exposure producing pleural effusion, pleural plaques and
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fibrosis [8]. Cancer arising in the mesothelial cells lining
both the peritoneal and pleural cavities, mesothelioma,
is a response almost unique to fibrous particles. The
exact mechanisms leading to fibre-induced mesothe¬
lioma formation are unknown although fibre dimensions
[9-11], biopersistence [12], the generation of reactive
oxygen species (ROS) [13] and inflammation [14] have
all been implicated. Due to its uniformly poor prognosis,
mesothelioma is the disease of most concern when con¬

templating the potential toxicity of new high aspect
ratio nanoparticles; pleural plaques and effusion are also
a consequence of long fibre dose in the pleural space.
The ability of fibres to induce an inflammatory response
in the pleura has been considered to be a key mechan¬
ism in the production of mesothelioma and other
pleural pathology[15,16]. A length dependent inflamma¬
tory response, similar to that seen with asbestos, has
been reported for CNT and other high aspect ratio
nanomaterials (HARN) in a number of studies using the
peritoneal cavity as a model of mesothelium exposure
[17,18] and more recently in a study conducted by the
present authors investigating the response to CNT
instilled into the pleural cavity [19]. The length-depen¬
dent response in the pleural cavity was characterised by
an initial acute inflammatory reaction as indicated by an
influx of granulocytes and an increase in protein con¬
centration in the lavage fluid [19]. The length-dependent
response to CNT in vivo was attributed to the fibre
length-restricted clearance mechanisms from the pleural
space through stomata in the parietal pleura leading to
specific retention of long fibres while short fibres are

efficiently cleared [19]. Nevertheless the detailed interac¬
tions between the CNT and pleural mesothelial cells
and macrophages at these points of retention are
unknown and are the focus of the present study.
Inhaled fibres that reach the pleural space will encounter

mesothelial cells lining the pleural cavity and also resident
pleural macrophages. Mesothelial cells, historically
thought of as barrier cells that provide a lubricated surface
that locks the parietal pleura to the visceral pleura allow¬
ing for lung movements, are now also known to play a
prominent role in the initiation, perpetuation and resolu¬
tion of inflammation in the pleural cavity [20]. During
injury or infection, mesothelial cells can respond by pro¬
ducing a spectrum of pro- and anti-inflammatory cyto¬
kines and chemokines, growth factors, oxidants,
extracellular matrix molecules and mediators of the com¬

plement cascade [20]. Macrophages are also present in the
pleural space and can play a role in host defence and
immuno-inflammatory responses [21], The primary func¬
tion of professional phagocytes such as pleural macro¬
phages is to ingest foreign material that may pose a threat
to the body and so pleural macrophages are likely to play
a key role in the removal of inhaled particles and fibres

that are retained in the pleural space. We therefore
hypothesised that the response of the mesothelial cells and
macrophages upon exposure to CNT or other fibres will
be crucial in the pathogenesis of fibre-related pleural
inflammation and therefore in subsequent pleural disease.
Here, we aim to use in vitro methods to elucidate the

relative roles of the macrophages and mesothelial cells in
driving the inflammatory response to long fibres. Long
and short CNT samples were examined in an effort to
infer whether the response to the CNT was length-
dependent, as is the case in the inflammatory response in
the pleural space in vivo [19], Using the same panel of
CNT as described by Murphy et al. [19] we examined the
ability of long and short CNT to elicit pro-inflammatory
responses in both a human non-transformed mesothelial
cell line (Met5A), and macrophages derived from the
human monocyte cell line (THP-1) as a surrogate for
pleural macrophages, by direct exposure to CNT. The
release of TNFa, IL-6, IL-8 and IL-1[3; acute phase pro¬

inflammatory cytokines was measured as an indicator of
the pro-inflammatory potential of the CNT panel. In
addition we hypothesized that the inflammatory response
could be driven by cross-talk between the macrophages
and mesothelial cells and so we also examined the effect
of conditioned media from CNT-treated macrophages on
the mesothelial pro-inflammatory response.

Results
Effect of direct exposure to CNT panel on mesothelial cell
and macrophage viability
Mesothelial cell viability, as measured by trypan blue
exclusion assay, was examined after 24 hour exposure to
the CNT panel over a dose range from 5 to 50 pg/cm2. A
significant loss of cell viability was seen only in response
to NTiongl (20 pg/cm2) and NTiong2 (20 ug/cm2, 50 pg/
cm2) (Figure 1A). This loss of cell viability coincided with
an increase in supernatant LDH levels in Met5A cultures
treated with NT|ongi and NT|ong2 at the two highest doses
only (Figure IB). Exposure of macrophages (THP-1) to all
the members of the CNT panel caused a significant
increase in supernatant LDH only at the higher doses
(Figure 1C). Trypan blue exclusion assay could not be car¬
ried out on THP-1 cells exposed to CNT as macrophages
clumped together during the treatments making accurate
assessment of the cellular viability by this method impossi¬
ble. Based on these data a sub-lethal dose of 5 pg/cm2 was
selected for treatments of both Met5A and THP-1 cells
for the subsequent activation studies.

Effects of direct exposure to the CNT panel on pro¬

inflammatory cytokine release from mesothelial cells
In order to investigate the effect CNT might have on
mesothelial cell activation we assayed, using a cytometric
bead array system, the concentration of a number of
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Figure 1 The effect of the CNT panel on cell viability The
viability of mesothelial cells was measured by trypan blue exclusion
(A) and LDH release (B) after a 24 hour exposure to the CNT panel,
UT indicates untreated control. LDH release was also used as an

indicator of cell viability of macrophages at 24 hours after CNT
treatment (C). Data expressed as a mean ± sem, n = 3. Significance
versus vehicle control *** indicates p < 0.001.

pro-inflammatory cytokines present in Met5A cell super-
natants following direct exposure to the CNT panel for
24 hours (Figure 2A). No member of the CNT panel had
an effect on the supernatant concentrations of IL-ip, IL-6,
IL-8 or TNFa in Met5A cultures compared to LPS, a posi¬
tive control to activate cells, which caused a significant
increase in the concentration of all four cytokines.

Effects of direct exposure to the CNT panel on pro¬

inflammatory cytokine release from macrophages
In order to investigate the impact of CNT phagocytosis on
macrophage activation, we measured the concentration of

IL-1|3, IL-6, IL-8 and TNFa present in the THP-1 cells
supernatants following exposure to the CNT panel (Figure
2B). Only the CNT samples containing long fibres- NTlongl
and NTiong2 caused a significant increase in IL-1(3 and IL-6
concentrations compared to untreated cells. NTiongl also
induced a significant increase in IL-8 concentration; how¬
ever no increase was seen with NT|ong2. NTiong2 did appear
to elevate the concentration of TNFa, but this elevation
was not statistically significant. No increase in cytokine
concentration was seen after exposure to NPCB, NTshort,
NTtangl or NTt^gj.

Role of frustrated phagocytosis in length-dependent IL-1 (3
release from macrophage
The appearance of the THP-1 cells after 24 hour treat¬
ment with the CNT panel at a dose of 5 pg/cm2 is shown
in Figure 3 as Diffquik stained light micrograph images
(A-G) or as scanning electron micrograph figures (H - K).
Normal cells are shown in Figure 3D and 3H. NPCB and
the short CNT samples; NTShort. NTtangi and NTtang2
appear to be easily taken up by the macrophages as they
are seen as accumulations of black particles within the
cells (Figure 3A, B, E and 3F) but were not visible on the
cell surface in SEM images confirming that they had been
effectively phagocytosed (Figure 31 and 3J). NT,ongl and
NTlong2 were not completely taken up by the cells which
showed the classic features of frustrated phagocytosis with
fibrous CNT extended from the cell surfaces (Figure 3G
and 3I<) or a single long fibre could be shared by more
than one cell (Figure C). This state of frustrated phagocy¬
tosis appeared more extensive in cells treated with the
longer NTiong2 sample. We selected one cytokine, IL-ip,
to test the hypothesis that the length-dependent pro¬
inflammatory effects were due to frustrated phagocytosis
of long fibres. THP-1 cells were co-incubated with the
NTiongl and NTiong2 samples and an inhibitor of phagocy¬
tosis (cytochalasin D) and the release of IL-ip was mea¬
sured by ELISA (Figure 4). Cytochalasin D, a potent
inhibitor of actin polymerisation, prevented the uptake of
the long CNT by the THP-1 cells (Figure 4A) and inhib¬
ited the increase in IL-ip concentration caused by expo¬
sure to NT|ongl and NTlong2 in a dose-dependent pattern.
However it had no effect on the IL-ip concentrations
caused by LPS, which does not require phagocytosis to eli¬
cit a pro-inflammatory response. Measurements of super¬
natant LDH levels showed there was no loss of cell

viability due to cytochalasin D treatments (Figure 4B).

Effect of conditioned media from CNT-exposed
macrophages on mesothelial cell viability
In order to test the hypothesis that CNT that reach the
pleural space stimulate mesothelial cells indirectly via the
release of cytokines from particle-activated macrophages,
we used conditioned media from CNT-exposed THP-1
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Figure 2 The effect of the direct exposure to the CNT panel on cytokine release from mesothelial cells and macrophages. No increase
in the levels of IL-1 p, IL-6, IL-8 or TNFa was detected after mesothelial cells were exposed to the CNT panel. However significant increases in IL-
ip and IL-6 and IL-8 were seen in macrophages treated to long CNT samples only. UT indicates untreated control Data expressed as a mean ±

jsem, n = 3.
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Figure 3 Uptake of CNT by macrophages. Light micrographs (A-G) of THP-1 cells untreated (D) or treated with the CNT panel. NPCB (A),
NTshon (E), NT,angl (B) and NTiang2 (F) appear as aggregates within the cells (white arrows). However NT|0ng1 (C) and NT|0ng2 (G) appear to be
protruding from the cells (white arrows). Scale bar indicates 20 pm. SEM images (H-K) show an untreated THP-1 cell (H) and THP-1 cells
treated with NPCB (I), NTshort (J) and NT|0ng2 (K). No particles can be seen associated with the cell surface or protruding from the cells in I or
J however the fibre from the NTtong2 (K) sample appear on the surface of the cells and also protruding from the cell. Scale bar indicates
10 pm.

cells to treat Met5A cells and measured the concentra¬

tions of pro-inflammatory cytokines in the Met5A super¬
natant (Figure 5A).
No increase in LDH release from the Met5A cells

treated with the conditioned media confirm the treat¬

ments did not caused a loss of membrane integrity and
therefore cell viability (Figure 5B).

Effect of conditioned media from CNT-exposed
macrophages on mesothelial cell production of pro¬
inflammatory cytokines
Whilst direct exposure of Met5A cells to the CNT panel
had not caused any increases in IL-ip, treatment with
conditioned media from THP-1 cells exposed to LPS,
NTiongi or NT|ong2 resulted in approximately two-fold
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Figure 4 Inhibition of IL-ip release from long CNT-treated macrophages. (A) Example images of macrophages treated with NTlong2 with or
without cytochalasin D. Cytochalasin D inhibits the attempted uptake of long fibres by the macrophages. (B) Cytochalasin D caused a dose-
dependent inhibition of IL-ip release from macrophages treated with NT|ong1 and NT|0ng2 but not LPS. Significance versus 0 pM cytochalasin D
within each treatment group *** indicates p < 0.001. A loss of cell viability in the presence of cytochalasin D was not detected by LDH release.
Data expressed as mean ± sem, n = 3.

increase in IL-1(3 concentration compared with the com¬
bined total from both cell types exposed directly as
shown by the horizontal lines on the bars (Figure 6A).
Media from THP-1 cells exposed to the NTlongl and

NTIong2 samples also had a significant effect on the pro¬
duction of IL-6, IL-8 and TNFa by Met5A (Figure 6B-D).
The potentiation of Met5A activation was most pro¬
nounced when Met5A had been exposed to NT]ong2-
exposed THP-1 media which resulted in a 20-fold, 30-fold
and 6-fold increase in the concentrations of IL-6, IL-8 and
TNFa respectively, when compared with the combined
total from each cell type exposed directly. Conditioned
media from NTiongl treated THP-1 cells also caused a sig¬
nificant increase in the production of IL-6, IL-8 and TNFa
from Met5A cells albeit to a lesser extent. Exposure to
media from THP-1 cells treated with NPCB, NTshort.
NTtangi or NTtang2 did not have any effect on the produc¬
tion of the pro-inflammatory cytokines; IL-ip, IL-6, IL-8
or TNFa, by Met5A cells.
The levels of IL-ip and IL-6 released from Met5A

cells treated with the conditioned media from THP-1

cells treated with NTiong2 was attenuated when the

THP-1 cells were co-exposed to NT;ong2 and cytochala¬
sin D to prevent phagocytosis (Figure 7).
Iron content

The iron content of the CNT samples is given in the
Additional file 1.

Interference of CNT in the assays
We precluded interference of CNT in the assays used
here and the evidence is present in the Additional file 1.

Discussion
We previously reported that long CNT but not short CNT
were capable of causing inflammation in the peritoneal
[17] and pleural spaces [19]. Whilst retention of the long
fibres at stomata represent the key initiating step the cellu¬
lar mechanism, especially the interaction between macro¬
phages and mesothelial cells, leading to inflammation was
not elucidated. The present study addressed three hypoth¬
eses as to the mechanism by which CNT cause pro¬
inflammatory effects in the pleural cavity. These three
hypotheses centred on the major cells of the pleural cavity,
mesothelial cells and macrophages, are outlined in dia¬
grammatic form in Figure 8. The refractoriness of the
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Figure 5 The effect of conditioned media from CNT-exposed macrophages on mesothelial cell viability. (A) Schematic diagram
representing the conditioned media experimental procedure. THP-1 cells were treated with CNT suspensions for 24 hours, supernatant was
removed and centrifuged to remove any suspended CNT, conditioned media was added to the Met5A cells for 24 hours after which cell viability
and production of cytokines was measured. Cell viability of mesothelial cells was measured by LDH release (B) but no cell death was detected.

mesothelial cells to long CNT effects and the existing lit¬
erature describing how conditioned media from macro¬

phages treated with particles greatly amplify the pro¬
inflammatory responses of epithelial cells [22] and
endothelial cells [23] led us to discount the alternative
hypothesis, that products released by mesothelial cells
could stimulate amplifying pro-inflammatory responses in
the macrophages. Whilst mesothelial cells did prove
refractory, in terms of cytokine release, to direct exposure
to long and short CNT, macrophages exposed to long
fibre CNT samples did release significant quantities of
pro-inflammatory cytokines. When the supernatant from
the long fibre-exposed macrophages was added to
mesothelial cells it stimulated the mesothelial cells to

release substantial quantities of cytokines that were much
greater than those produced by the macrophages in
response to long CNT or the mesothelial cells exposed to
long CNT (Summarised in Table 1) or the sum of these
two. Therefore the pro-inflammatory milieu generated by
macrophages in response to long fibre CNT samples was a
potent activator of mesothelial cells and caused a dramatic
amplification of cytokine production by the mesothelial
cells. Supernatants were centrifuged at 13,000 rpm for 5

minutes to remove any CNT and this procedure produced
a black pellet and a clear supernatant. When the clear
supernatant was added to the target mesothelial cells, in
contrast to the direct treatment with CNT where black
CNT were readily visible inside the cells, no particles were
visible in or on the cells. It is not possible to preclude the
presence of very small amounts of CNT but these would
be trace amounts well below the threshold of effect.
The mechanism and outcome of phagocytosis of long

CNT differs from that of short CNT or NPCB, in that
phagocytosis proceeds initially but the macrophage can¬
not effectively enclose the extended structure of a long
fibre culminating in the phenomenon of 'frustrated pha¬
gocytosis' [24]. The uptake of long fibres by macro¬
phages and the subsequent pro-inflammatory response
from the mesothelial cells exposed to their supernatant
could be attenuated by inhibiting the phagocytosis of
the long fibres by macrophages during the initial treat¬
ments using the microfilament poison Cytochalasin D;
this confirms that the process of frustrated phagocytosis
is is the key one that leads to inflammation in the case
of the long fibre CNT. The macrophage response to
LPS, which does not require microfilament-mediated
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Figure 6 The effect of conditioned media on cytokine release
from cells. IL-1(3, IL-6, IL-8 and TNFa supernatant levels were
measured 24 hours after mesothelial cells were exposed to media
from CNT-treated macrophages. A length-dependent increase in
concentration was observed for each of the cytokines. The black
horizontal lines on the graph indicate the level of cytokine
expressed by the THP-1 cells which is still present in the
conditioned media. Data expressed as mean ± sem, n = 3.
Significance versus vehicle control *** indicates p < 0.001.
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Figure 7 The effect of conditioned media from macrophages
co-exposed to NT|0ng2 and cytochalasin D on mesothelial
production of IL-1fS and IL-6. A significant reduction in the levels
of IL-lf! and IL-6 release from mesothelial cells exposed to
conditioned media from macrophages treated with NT|0ng2 and
cytochalasin D was observed compared to mesothelial cells treated
with conditioned media from macrophages treated with NT|ong2
alone. Data expressed as mean ± sem, n = 3. Significance versus
vehicle control *** indicates p < 0.001.

uptake into cells by phagocytosis, was not attenuated by
the addition of cytochalasin D highlighting the necessity
of particle uptake and the role of frustrated phagocytosis
in the pro-inflammatory reaction produced in response
to CNT exposure. Our results suggest that indirect acti¬
vation of mesothelial cells by pro-inflammatory cyto¬
kines elaborated from longCNT-exposed macrophages is
a key initiating event in the development of pleural
inflammation and disease.
Previous studies have described that long, needle-like

CNT and asbestos activated the NLRP3 inflammasome

INFLAMMATION

Figure 8 Potential mechanisms of the long fibre-mediated
inflammatory response. The following three potential mechanisms
by which CNT cause inflammation in the pleural space were
explored in this study. (A) Long fibres interact with the pleural
macrophages producing cytokines that directly elicit an
inflammatory response. (B) Long fibres interact directly with
mesothelial cells with the subsequent factors released leading to
granulocyte influx. (C) Long fibres interact with macrophages
inducing the release of cytokines which stimulate the mesothelial
cells, amplifying the inflammatory response. As initial results showed
no response from the mesothelial cells to direct exposure to CNT,
the effect of factors released from CNT-exposed mesothelial cells on

macrophages was not examined.
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Table 1 Summary of cytokine release from cells
IL-lfS IL-6 IL-8 TNFa

N"l"short NT|ong2 NTjhort hJT|ong2 NTshort NT|0ng2 NTjhort NT|ong2
Mesothelial cells (pg/m) 205 ± 26 153 ± 17 340 ± 11 347 + 2 392 ± 15 458 ± 16 15 + 2 10 ± 3

Macrophages (pg/ml) 296 + 23 506 ± 34 128 ± 39 380 + 8 286 ± 8 403 ± 4 6± 2 350 ± 200
Mesothelial cells + 293 ± 2 1012 ± 59 214 ± 8 8479 + 3640 121 ± 29 12130 ± 2254 14 ± 4 2029 ± 328
conditioned media (pg/ml)
The cytokine release for the three treatment groups are compared side by side using one short CNT (NTshort) and one long CNT (NTiong2) as exemplars

and secretion of IL-ip from LPS-primed human macro¬

phages [25] whilst our macrophages were not primed
with LPS. In our study the THP-1 cells had been differ¬
entiated with PMA [26]which gives then a phenotype
similar to resting monocyte-derived macrophages.
A proportion of all particles and fibres that deposit in

the distal regions of the lung will translocate into the
pleural cavity thereby facilitating direct interactions
between them and the patrolling macrophages of the
pleural space and the mesothelial cells lining it [24],
According to Mercer et al. [34]CNT that reach the distal
lung are likely to be predominantly present inside alveo¬
lar macrophages. However CNT in the immediate sub-
pleural site, whilst a low proportion of all CNT, were all
in tissue i.e. not in macrophages [27]. Therefore the CNT
in the pleural space may be taken there inside alveolar
macrophages, whilst the non-phagocytosed CNT that
reach the pleural space from the sub-pleural tissue may
be taken up by pleural macrophages. Research is needed
to better understand the secretory profile of pleural
macrophages or alveolar macrophages containing CNT
in the pleural space. Mesothelial cells are reported to be
uniquely sensitive to asbestos fibres with direct exposure
in vitro inducing death [28,29], inflammatory mediator
production [28], oxidative stress [30] and genotoxicity
[39,40]. Although the potential pathogenicity of CNT has
been tested in a variety of lung-derived cell types with
responses including inflammation [33] and oxidative
stress [34] reported, there is a paucity of data concerning
the direct effects of CNT on mesothelial cells. Pacurari et
al. examined the direct effects of SWCNT and MWCNT
on normal and malignant mesothelial cells and reported
a decrease in cell viability, activation of pro-inflammatory
transcription factors and pro-inflammatory MAPI< path¬
way activation [35,36]. However these effects were very
modest and seen at 5-10 times the dose used in the pre¬
sent paper. There was also ongoing PARP activation sug¬
gesting that the cells were also undergoing apoptosis,
making this data difficult to interpret as to the true role
of direct pro-inflammatory effects of CNT on mesothelial
cells at plausible doses. In contrast, within the present
study we found mesothelial cell cytotoxicity only at the
highest exposures used in preliminary studies but no evi¬
dence of pro-inflammatory responses after exposure of

mesothelial cells to a low sub-lethal dose (5 pg/cm2) of
the panel of CNT. The inflammatory response to CNT
after direct injection into the pleural space in vivo, char¬
acterised by an influx of inflammatory granulocytes [19],
would undoubtedly require the actions of acute phase
cytokines such as IL-1(3, TNFa, IL-6 and IL-8. The
inability of CNT to directly stimulate the production of
such cytokines in mesothelial cells in vitro would suggest
the interactions between CNT and mesothelial cells are

not directly responsible for the initiation of inflammation.
In contrast to the findings with mesothelial cells, expo¬

sure of macrophages to the CNT panel resulted in the
induction of modest length-dependent pro-inflammatory
responses. This was evident when only the long fibre-
containing samples (NT,ongl and NTiong2) induced the
production of the acute phase cytokines IL-ip and IL-6.
The lack of response to the short CNT samples and par¬
ticulate graphite in the form of NPCB suggest that the
pro-inflammatory response to CNT in the pleural space
is solely dependent on length. Length is a controlling fac¬
tor in the clearance of fibres from the pleura where only
long fibres are selectively retained for sufficient time to
actually become involved in interactions with macro¬
phages at stomatal openings [19]. Any fibre that exceeds
a maximum length for macrophage uptake will result in
frustrated phagocytosis, a state where the macrophages
are unable to fully engulf long fibres resulting in the
release of oxidants and pro-inflammatory signals [24].
Frustrated phagocytosis has long been known to play an
important role in asbestos effects [24,37] and has also
been implicated more recently in the inflammatory
responses to long CNT elicited from macrophages in
vitro [38] and in vivo [17] and long Ti02 nanofibres [39].
Brown et al. reported an increase in the production of
TNFa and a concurrent increase of ROS by macrophages
in response to CNT and showed that this response was

specifically related to the length of the CNT fibres [38],
The presence of macrophages undergoing frustrated pha¬
gocytosis in the peritoneal lavage fluid of mice exposed
to long CNT was noted by Poland et al. who suggested
that this macrophage-mediated response may be playing
a role in the inflammation [17]. Here, using a panel of
CNT similarly defined by length we showed the length-
dependent release of a number of pro-inflammatory
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cytokines from macrophages exposed to the long fibre
CNT samples only. Frustrated phagocytosis of Ti02
nanobelts longer than 15 pm was demonstrated by
Hamilton et al. who also described the mechanism by
which the inability of macrophages to completely enclose
long fibres lead to pro-inflammatory responses via lyso¬
somal destabilisation and NALP3 inflammasome activa¬

tion [39]. The NALP3 inflammasome controls the
maturation and release of IL-ip from activated cells [40]
and activation of the NALP3 inflammasome via lysoso¬
mal destabilisation and the release of the lysosomal
enzyme cathepsin B was reported in response to macro¬

phage uptake of crystalline silica particles [41]. The acti¬
vation of the NALP3 inflammasome by long CNT has
also recently been demonstrated by Palomaki et al. in pri¬
mary macrophages primed with LPS who, also reported a
role for the P2X7 receptor and its downstream tyrosine
kinases, Src and Syk, in the activation of the NALP3
inflammasome in response to 'rigid, needle-like material'
[42]. The induction of NALP3 via frustrated phagocytosis
of long CNT is in keeping with studies examining the
inflammatory response to asbestos and other fibrous par¬
ticles which have also demonstrated the importance of
the NALP3-mediated inflammatory response to particles
and fibres in vivo. Inhibition or knock-out studies of key
components of the NALP3 inflammasome prior to
administration of asbestos fibres [43], silica [41,43,44] or
MSU [41] crystals into the lungs of mice have all shown
an attenuated inflammatory response compared to wild-
type controls. The role for NALP3 in the activation of an
inflammatory response suggests that direct interaction
between macrophages and long fibres is the initiating
mechanism for the development of long fibre-related
inflammation and subsequent disease. Mesothelial cells
are well equipped to participate in the initiation and reso¬
lution of inflammation. Secretion of chemokines by sti¬
mulated mesothelial cells promotes directed migration of
granulocytes which can lead to influx of inflammatory
cells from the vasculature into the serosal space [45],
Mesothelial cells have been shown to be directly stimu¬
lated to produce a range of pro-inflammatory mediators
including cytokines, chemokines, growth factors and oxi¬
dants in response to bacterial endotoxin and asbestos but
have also been shown to be highly responsive to factors
secreted by macrophages [20], Previous studies with
PM10 and diesel soot have also shown that fixed cells-

epithelial cells and endothelial cells respectively, show
much greater responses to particle-free conditioned
media from macrophages treated with particles than to
direct treatment with the particles [22,23], Similarly, in
the present study a greatly amplified mesothelial pro¬
inflammatory response was conferred by the particle-free
conditioned medium of long CNT-exposed macrophages.
The role of cross-talk between macrophages and

mesothelial cells in amplifying inflammation has been
demonstrated previously by Betjes et al. when peritoneal
mesothelial cells were shown to produce high levels of
IL-8 in response to conditioned media from macrophages
treated with the bacteria Staphylococcus epidermidis, but
not to the bacteria themselves [46]. IL-1J3 and TNFa also
mimicked induction of the mesothelial IL-8 response and
the response to the conditioned media was blocked by
the addition of anti-IL-ip and anti-TNFa antibodies [46].
The pro-inflammatory effect of the supernatant from
macrophages exposed to the long CNT samples described
here was similarly attenuated by inhibiting release of IL-ip
by blocking phagocytosis with cytochalasin D highlighting
the importance of phagocytosis in eliciting secretion of
cytokines that drive the pro-inflammatory effects on the
mesothelial cells. The acute inflammatory response seen
in the pleural space after the injection of long CNT is
characterised by the rapid influx of granulocytes into the
pleural cavity [19], The data suggest that it is a release of
high levels of mesothelial IL-8 or I<C, the mouse analogue
of IL-8 in response to stimulatory factors released from
macrophages attempting to phagocytose long CNT fibres
that explains the inflammatory cell influx in vivo. Taking
these 3 studies together [22,23,46] TNFa and IL-ip are
the most likely candidate cytokines released by macro¬
phages undergoing frustrated phagocytosis of long CNT
that drive the pro-inflammatory effects in the mesothelial
cells seen in our studies.
The mesothelial response to macrophage stimulation is

also important in tissue repair. Macrophages were
recruited in large numbers to the pleural space following
long CNT deposition there [19], Macrophages have been
shown to stimulate mesothelial cell proliferation in
response to injury in vivo with the rate of serosal healing
dependent on the number of macrophages present [47]
and also the macrophage-mediated release of cytokines
such as TNFa [48], Our data suggest that macrophages
exposed to long CNT in the pleural space will have simi¬
lar mitogenic effects on mesothelial cells which may lead
to disregulated growth patterns.
The cross-talk between macrophages and mesothelial

cells is known to be important in the normal inflamma¬
tory processes in the serosal cavities but, if disregulated,
may also help to promote the development of mesothe¬
lioma. The precise mechanism that leads to mesothe¬
lioma development in the presence of fibres is unknown
but a role for chronic inflammation in response to
retained biopersistent fibres has been postulated [15].
Exposure of normal human mesothelial cells to asbestos
fibres in vitro has not been shown to lead to cell transfor¬
mation even though phenotypic changes such as chromo¬
somal changes and extended lifespan were observed
[31,32]. However Wang et al. [49] carried out a study
examining the effect on mesothelial cells of erionite, a
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naturally occurring long biopersistent fibre which causes
mesothelioma in man and rodents following inhalation
[50-52], In this study, treatment of mesothelial cells with
erionite in combination with pro-inflammatory cytokines
highlighted a potential role for an inflammatory environ¬
ment in the transformation of mesothelial cells [49].
While erionite alone had no effect on cell transformation,
both IL-1(3 and TNFa could stimulate formation of
transformed cells as identified by their anchorage-inde¬
pendent growth in soft agar. While the cytokines could
induce the formation of tumorigenic colonies alone the
effect was more potent in the presence of the erionite
fibres [49]. TNFa has also been shown by Yang et al. to
inhibit asbestos-induced cell death by activating the NF-
kB signalling pathway in mesothelial cells [53]. The
TNFa-mediated resistance to the cytotoxicity may pro¬
mote tumour formation by increasing the pool of
mesothelial cells with fibre-mediated genomic damage in
the inflammogenic environment which evade normal cell
death. This suggests that inflammation and inflammatory
cytokines may play an important role in mesothelioma.
Here we showed that mesothelial cells exposed to a cock¬
tail of cytokines and other mediators produced by macro¬
phages treated with long CNT amplify and propagate the
inflammatory response thereby likely contributing to dis¬
ease development in the pleural space.
A recent paper [54] has focused on the diameter ofCNT

and claimed that MWCNTs -50 nm diameter showed
mesothelial cell membrane piercing and cytotoxicity in
vitro and subsequent inflammogenicity; in contrast CNT
with a diameter of -150 nm or -2-20 nm were less

inflammogenic. We found no support for this diameter
hypothesis - the samples with least activity (short or
tangled CNT) had diameters of 14.8, 10.4 and 84.9 nm
respectively whilst the most active (the long CNT) was
165 nm diameter, quite close to the 150 nm diameter
found to have no activity in the Nagai study [54],
Iron has been implicated in CNT activity via it's ability

to cause oxidative stress [55,56], However the levels of
iron in our sample showed no relationship with activity
in any of the assays; in particular the long CNT which
had the most activity, had least iron.
Although we deal here solely with inflammation as a

factor in fibre pathogenicity and mesothelioma produc¬
tion there are other effects of long fibres on mesothelial
cells such as clastogenic and genotoxic ones that are
important in themselves and possibly in concert with
inflammation in leading to mesothelioma [54,57].

Conclusion
In summary, the data presented in this study describe a
mechanism for the initiation of a long fibre mediated
inflammatory response in the pleural space via fru¬
strated phagocytosis. Only long fibres are retained in the

pleural space and we have shown firstly that the incom¬
plete phagocytosis of long CNT by macrophages, but
not mesothelial cells, elicits a modest pro-inflammatory
cytokine response. Secondly we show that the superna¬
tant from macrophages exposed to long fibres produces
a much-amplified pro-inflammatory response in target
mesothelial cells. This amplified mesothelial cell
response to macrophage products was attenuated by
inhibition of macrophage phagocytosis, of long fibres
confirming a role for frustrated phagocytosis. This study
furthers our understanding of the role of macrophage/
mesothelial cross-talk as a mechanism underlying the
generation of a length-dependent inflammatory response
to CNT in the pleural space. In addition, this in vitro
model may prove useful for in vitro toxicity screening of
the large number of new high aspect ratio nanofibres
currently being developed, thereby reducing the need
for animal testing.

Methods
CNT panel
The panel of particles investigated consisted of 5 different
samples of multiwalled CNT and nano-particle carbon
black (NPCB) as was used previously in Murphy et al.
[19] (Table 2). The NTiongl sample (Mitsui & Co. Ltd.,
Japan) was produced by catalytic chemical vapour synth¬
esis using the floating reaction method. The NT|ong2 sam¬
ple was produced in an academic research laboratory (Dr
Ian Kinloch, University of Manchester) using catalytic
vapour discharge (CVD) method using a ferrocene-
toluene feedstock to grow nanotubes from iron catalysts
held on a silica plate. 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 one commercially available
short straight CNT (NTSh0rt; Nanoamor Inc., TX, USA)
and two curled and tangled nanotubes of different
lengths (NTtangl which was cut to form predominantly
short NT fibres and the original length NT sample
(NTtang2); NanoLab, Inc., MA, USA). These were pro¬
duced by CVD with an iron and ceramic oxide (alumino-
silicate) catalyst support which was removed using HC1
and Hydrofluoric acid treatment. Trace metals and endo¬
toxin levels previously tested and reported in Poland
et al. [17] were low and thus not considered to play a role
in these studies.

CNT suspensions
CNT were suspended in RPMI-1640 media (PAA
Laboratories Ltd., UK) containing 0.5% bovine serum
albumin (BSA; Sigma-Aldrich, Poole, UI<) at a concentra¬
tion of 500 pg/ml and dispersed by sonication at 230 V,
50 Hz, 350 W for 2 hours in an ultrasonic bath
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Table 2 Characteristics of the particle panel
NPCB NTshort NTtangi NTtang2 NT|0ng1 NT|0ng2

Source Degussa Printex
90

Nanostructured & Amorphous
Materials, Inc.

NanoLab,
Inc.

NanoLab,
Inc.

Mitsui &
Co.

University of
Manchester

[Dr. I. Kinloch]

Diameter (nm) 14 25.7 ± 1.6 14.84 ± 0.05 10.40 ± 0.32 84.89 ±
1.9

165.02 ± 4.68

Length (pm) - 1-2 1-5 5-20 Mean 13 Mean 36

% fibre greater than t 4 4 t 24.04 84.26
15 pm

(FBI 1002, Fisherbrand, Thermo Fisher Scientific, Inc.,
MA, USA). Suspensions were prepared freshly each day
and used immediately upon removal from the ultrasonic
bath.

Cell culture and treatment

The immortalised human mesothelial cell lineMet5A, and
the monocytic cell line THP-1 were obtained from the
American Type Culture Collection (ATCC) and main¬
tained at sub-culture in RPMI-1640 supplemented with
10% foetal calf serum (PAA Laboratories Ltd., UI<) at 37°C
and 4% CC>2. Prior to experimentation Met5A cells were
seeded in 24-well plates (Corning, Amsterdam, The Neth¬
erlands) at a concentration of 2.5 x 105 cells/well and
allowed to adhere for 24 hours. THP-1 monocytic cells
(2.5 x 10s cells/well) were differentiated into macrophages
with 10 ng/ml phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich, Poole, UK) in 24-well plates for 48 hours.
Prior to the treatment of both cell types the media was
replaced with RPMI media containing 0% FCS, 1% penicil¬
lin/streptomycin and 1% L-Glutamate. Cells were treated
with the CNT panel for 24 hours using a range of doses to
determine cell viability, 5 pg/cm2 was chosen as a sub¬
lethal dose for subsequent activation studies. Cytochalasin
D (Enzo Life Science) was used to co-treat THP-1 cells
along with NTiongi, NTiong2, or LPS. Light microscopy
images of THP-1 cells treated with the panel of CNT were
captured at x40 magnification using QCapture Pro soft¬
ware (Media Cybernetics, MD, USA). For the conditioned
media treatments THP-1 cells were treated with the CNT

panel (5 pg/cm2) for 24 hours, supernatant was removed
and centrifuged at 13,000 rpm for 5 minutes to remove
any CNT. Conditioned media was added to the Met5A
cells for 24 hours.

Scanning electron microscopy
THP-1 cells were grown on Thermonox coverslips (Nunc,
Roskilde, Denmark) and treated with NPCB, NTshort or
NT|ong2 for 24 hours. Cells were fixed with 10% Formalin
and were 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-2600 N digital scanning electron
microscope (Oxford Instruments, Oxfordshire, UK).

Trypan blue exclusion assay
Met5A cells were plated as above before treatment with
the particle panel for 24 hours at doses ranging from 5-
50 pg/cm2. The cell supernatant was removed and kept
for LDH measurements, cells were washed once with
PBS and incubated with 0.4% trypan blue (Sigma-Aldrich,
Poole, UK) for 5 minutes. Excess trypan blue was
removed and cells washed with PBS. Dead cells, as indi¬
cated by incorporation of the trypan blue dye, were
counted and calculated as a percentage of total cells.

Lactate dehydrogenase assay
One hundred microlitres of cell supernatant from Met5A
and THP-1 cells exposed to the CNT panel at doses ran¬

ging from 5-50 pg/cm2 or LPS (1 pg/ml) was added in tri¬
plicate to a 96 well plate (Corning, Amsterdam, The
Netherlands) and 100 pi of the LDH test reagent (diaphor-
ase/NAD + mixed with iodotetrazolium chloride and
sodium lactate at a ratio of 1:45) added to each well. Cells
treated with 0.1% Triton-X were used as a positive control
for 100% cell lysis. Following a 30 minute incubation per¬
iod the absorbance of each well at 490 nm wavelength was
established using a Synergy HT microplate reader (BioTek
Instruments, Inc. VT, USA).

Cytokine bead array
The media levels of IL-ip, IL-6, IL-8 and TNFa were mea¬
sured after direct exposure of the mesothelial cells and
macrophages to the CNT panel and exposure of the
mesothelial cells to the conditioned media from CNT-

treated macrophages by cytokine bead array (BD CBA
Flex Set, BD Biosciences, San Jose, CA). Briefly, 25 pi of
the mixed capture antibodies were added along with 50 pi
of the supernatant samples and standards to each well of a
96-well plate and incubated at room temperature for one
hour. Twenty-five microlitres of the mixed PE detection
reagent was added to each well and incubated at room
temperature for two hours. The plate was centrifuged at
1500 rpm for 5 minutes and the supernatant completely
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removed. One hundred and fifty microlitres of the wash
buffer was added to each well. The plate was agitated for 5
minutes to resuspend the beads before the samples were
analyzed using the BD FACSArray Bioanalyzer (BD Bios¬
ciences, San Jose, CA). Results were analysed using FCAP
array software and sample concentrations of each cytokine
were established via extrapolation from the appropriate
recombinant protein standard curve.

ELISA

The media levels ofIL-ip and IL-6 after macrophage inhi¬
bition studies was established using ELISA DuoSet kits
(R&D systems, Abingdon, UI<) specific to each analyte of
interest. Ninety-six well microtitre plates were incubated
overnight at 4°C with 100 pi of coating antibody raised
against IL-ip or IL-6. The plates were washed 3 times
with 0.05% Tween-20 in phosphate buffered saline (PBS;
pH 7.2) and blocked using reagent diluent (1% BSA in
PBS; R&D systems, Abingdon, UI<) for 1 hour (room tem¬
perature) prior to further washing and addition of test
samples/standards in triplicate. After 2 hrs the plates were
washed and a biotinylated detection antibody added to
each well followed by a further 2 hr incubation, followed
by washing and the addition of HRP conjugated Streptavi-
din. The plates were washed and developed using a TMB
substrate solution (Sigma-Aldrich, Poole, UI<). The subse¬
quent reaction was stopped with 0.5 M H2S04, resulting
in a yellow colour, and read at 450 nm. Sample concentra¬
tions of IL-ip, IL-6 were established via extrapolation
from the appropriate recombinant protein standard curve.

Statistical analysis
All data are shown 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, with values of P < 0.05 considered statisti¬
cally significant (Instat, Graphpad Software Inc., CA,
USA).

Additional material

Additional file 1: Supplementary information.
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Abstract

Background: Carbon nanotubes (CNT) are fibre-like nanomaterials whose structural similarity to

asbestos has raised concerns that they may also pose a mesothelioma hazard. The objective of this

study was to examine the inflammatory potential of three CNT samples of differing length on the

lungs and pleural cavity following introduction into the airspaces of mice.

Results: Aspiration of the two short /tangled and one long CNT sample into the lungs of mice

resulted in a length-dependent inflammatory response at 1 week, i.e. only the long CNT sample

caused acute neutrophilic inflammation in bronchoalveolar lavage at one week and progressive

thickening of the alveolar septa. We also report length-dependent inflammatory responses in the

pleural lavage after exposure only to the long CNT. The inflammatory response in the pleural cavity

to long fibres and the appearance of lesions along the chest wall and diaphragm, was not present at

1 week and only evident by 6 weeks post exposure.

Conclusion: Length-dependent pathogenicity is a feature of asbestos and the results presented here

demonstrate similar length-dependent pathogenicity of CNT in the lungs and pleural space

following airspace deposition. The data support the contention that long CNT reach the pleura from

the airspaces, and that they are retained at the parietal pleura and cause inflammation and lesion

development. The parietal pleura is the site of origin of mesothelioma and inflammation is

URL: http://mc.manuscriptcentral.com/tnan

2



Nanotoxicology

considered to be a process involved in asbestos carcinogenesis and so our data supports the

contention that CNT may pose an asbestos-like mesothelioma hazard.

Introduction

Carbon nanotubes (CNT) are a new form of manufactured carbon comprising single (singled-walled,

SWCNT) or concentrically stacked (multiwalled, MWCNT) graphene sheets rolled seamlessly to form

a fibre. The physical properties of SWCNT and MWCNT, e.g. high tensile strength and conductivity,

make CNT increasingly desirable for a variety of manufacturing and medical applications which

typifies the exponential growth of the nanotechnology industries [1]. The continuing increase in

production of CNT will concomitantly lead to a heightened risk of occupational exposure which

raised concern that the exposure to CNT via inhalation, ingestion or dermal contact will lead to

harmful effects [2].

As inhalation is a primary route of exposure a number of studies have been carried out in recent

years to assess the potential pulmonary hazard of CNT. Various pathological responses including

acute neutrophilic inflammation [3;4], cytokine production [4;5], granulomatous inflammation

[4;6;7], interstitial thickening [7] and fibrosis [5;8] have been observed to varying degrees of severity

in a number of rodent lung models exposed to both SWCNT and MWCNT. The structural similarity

between some forms of CNT and asbestos fibres has raised concerns that the morphology of CNT

may pose an asbestos-type hazard to the lung [9], Fibre dimensions have long been recognised as

an important characteristic in the pathogenicity of asbestos fibres as demonstrated in a study by
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3



Nanotoxicology Page 4 of

Davis et al, who exposed rats by inhalation to an equal airborne mass concentration of either long

amosite asbestos fibre or a short fibre sample obtained by ball-milling the long sample [10]. After

lifetime exposure widespread pulmonary fibrosis and tumour development was detected in those

rats exposed to the long amosite and but virtually no pathological response seen in rats exposed to

the short fibre sample [10]. The importance of fibre dimensions is such that, along with the ability to

persist in the body, it forms the basis of the fibre pathogenicity paradigm (FPP) which states that for

a fibre to be pathogenic it must be long, thin and biopersistent [11]. As CNT, by virtue of their

nanoscale diameters and graphenic structure, can be considered thin and biopersistent [12] we

demonstrated that long CNT conform to the FPP and display an asbestos-like pathogenicity in the

peritoneal and pleural cavities[13;14]. Similarly, greater biological activity of long CNT compared to

shorter CNT has been demonstrated in vitro [15;16], One aim of this study was to address the role

of fibre length in the adverse effects of CNT in the lung by comparing the inflammatory responses to

3 CNT samples of different length after aspiration exposure.

The pleural cavity is an additional target for asbestos-mediated pathogenic effects, since exposure

to asbestos fibres has been shown to induce the development of pleural plaques, pleural effusion

and, of most concern, mesothelioma [17]. The FPP was originally developed from work examining

the pathogenicity of fibres in the lungs [10], pleural [18] and peritoneal [10;19] cavities indeed the

development of mesothelioma is clearly related to asbestos fibre dimensions in all 3 of these sites

[10;20], Recently we reported that the potential of CNT to induce asbestos-like inflammation and

pathology in a mouse model of direct pleural exposure was length-dependent [13]. A general

mechanism for fibre pathogenicity in the pleural cavity related to the size-restricted clearance

mechanisms from the pleural space and subsequent selective retention of long fibres has been

proposed [11]. This mechanism is independent of chemical composition, except in so far as the

composition affects biopersistence, and has been validated by the fact that a number of diverse fibre

types including asbestos, CNT and a number of nanowires all generate a length-dependent

inflammatory responses after direct injection into the pleural or peritoneal cavities [13;14;21]. Our

4
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hypothesis in the present paper is that long CNT, previously shown to be inflammogenic in the

pleural cavity after intrapleural injection, elicit a similar pleural response after administration via the

airspaces of the lungs.

Whilst we are studying the early inflammatory effects of long fibres at the parietal pleura, we

contend that we are illuminating the events leading to mesothelioma in the long term. This is argued

on the basis thatljmesothelioma originates at the parietal pleura, as would be anticipated from

this being the initial site of localisation of long fibre 'dose' [11]; 2) inflammation is considered to be

an important process in carcinogenesis caused by asbestos and CNT [22;23]; 3) the pathological

responses at the parietal pleura after a single intrapleural administration of long CNT increase in

severity over time [13].

Materials and Methods:

CNTpanel

The panel of particles investigated consisted of 3 different samples of multiwalled CNT as used

previously in Murphy et al [13] (Table 1 and Supplementary Material Figure 3). The short straight

CNT (NTshort; Nanostructured & Amorphous Materials Inc.) and short tangled CNT (NTtang; NanoLab,

Inc., MA, USA) were both purchased commercially and produced by Chemical Vapour Deposition

with an iron and ceramic oxide (alumino-silicate) catalyst support which was removed using HCl and

Hydrofluoric acid treatment. The NT|0ng sample was produced in an academic research laboratory (Dr

Ian Kinloch, University of Manchester) using catalytic vapour discharge (CVD) method using a

ferrocene-toluene feedstock to grow nanotubes from iron catalysts held on a silica plate. 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
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nanotubes. Trace metals and endotoxin levels previously tested and reported in Poland et al [14]

were low and thus not considered to play a role in these studies.

Experimental Animals

For description of the mice and their housing see supplementary material

Pharyngeal aspiration

Mice were anesthetised and a 0.5 ml bolus of saline containing particles was aspirated into the

airspaces of the lungs using conventional methods (see Supplementary material).

Analysis of bronchoalveolar lavage

For details of the methodology of determiming the differential cell count, total protein and LDH

measurement in the BAL see Supplemetary material

Tissue Dissection and fixation

Chest wall and diaphragm

Three separate mice per treatment group were used for tissue analysis.

Light microscopy The diaphragm was removed, rinsed three times by emersion in ice-cold sterile

saline and placed into 10% formalin. After 4 hours incubation in fixative, the diaphragm was

carefully excised from the surrounding ribs and the same full width section of the upper quadrant of

the diaphragm removed was sampled from each animal. The diaphragm sections were dehydrated

through graded alcohol (ethanol) and imbedded on-edge in paraffin, then 4 pm sections of the

diaphragm were cut and stained with haematoxylin and eosin (H&E) stain. Serial images were taken

at xlOO magnification along the diaphragm length 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 length of the diaphragm section. Using calibrated software
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(Image-Pro Plus, Media Cybernetics Inc., MD, USA) the total basement membrane length of each

diaphragm was measured in order to adjust for any differences in size between diaphragms. Any

areas identified by histology as macrophage aggregates adhering to the diaphragm surface

(excluding areas of Liver, connective tissue or lymphatic tissue), were defined as 'lesions' and the

surface area measured using the same software. In practice only CNT|0ng-exposed mice showed

these lesions but the control and CNT Short/tangied exposed mice had occasional small aggregates of a

few cells presumed to be normal pleural macrophages and these were quantified as 'lesions'. Lesion

area on each diaphragm was calculated in mm2 per unit length of diaphragm (in mm) to yield lesion

area per unit diaphragm length (mm2/mm).

Lung

The heart and lungs were removed 'en block' and fixed by instillation of 10% formalin. The entire

lung was immersed in fixative for a period of 4 hrs prior to processing. 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 4pm sections cut so as to encompass all lobes of the lung. Sections were

stained with H&E stain to show gross pathology and Picro-Sirius Red (PSR) red to show collagen

deposition (red stain) and serial images taken at xlOO magnification using QCapture Pro software.

The images were seamlessly re-aligned as before to show an entire section of the lung.

Scanning electron microscopy Both sides of the chest wall were removed and rinsed in ice-cold

sterile saline and placed into 10% glutaraldehyde fixative. The excised chest wall was fixed with

osmium tetroxide prior to critical point drying, mounted and gold sputter coated before

examination by scanning electron microscopy (SEM) using a Hitachi S-2600N digital scanning

electron microscope (Oxford Instruments, Oxfordshire, UK).

7
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Statistics

All data are shown 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, with values of P < 0.05

considered statistically significant (Instat, Graphpad Software Inc., CA, USA.
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Results:

Length-dependent inflammatory response of CNT in the lung at 1 and 6 weeks

The inflammatory response produced by aspiration of the CNT panel into the lung was measured at

1 week and 6 weeks post -exposure by lavaging the lungs and quantifying the cell types present. At

one week post aspiration there was a significant increase in the number of granulocytes in the BAL

fluid in response to the NT|0ng sample only (Fig 1A, B). CNT-induced lung damage was assessed by

measuring BAL LDH as a measure of cytotoxicity, and BAL protein as a measure of the integrity of the

alveolar-blood barrier. A length-dependent pattern was reflected in the LDH measurements with a

significant increase in LDH activity only detected in mice treated with NT|0ng at 1 week. No change

was seen in the protein concentration of the lavage fluid (Fig 1C, D). By 6 weeks the inflammatory

response to NT|0ng as measured by differential cell count and LDH levels had returned to vehicle

control levels. No inflammatory response to NTshort or NTtar,g was detected at either 1 or 6 weeks in

any of the assays.

Fibrotic response to CNT in lung at 6 weeks

The pathology of the lungs exposed to the CNT panel was examined at 6 weeks after aspiration.

Overall the lungs exposed to NTshort and NTtang appeared similar to vehicle control (Fig 2A, B and C).

NTtang caused small, localised granuloma and minor lymphocyte infiltration but the majority of the

lung appeared normal (Fig 2C). Responses were minor and consistent with the effect of instilling a

bolus dose of particles into the lung rather than specific CNT effects. The NT|ong sample however

produced a strong response characterised by extensive interstitial thickening and remodelling of the

alveolar spaces (Fig 2D). Within the interstitium there was evidence of collagen deposition and

lymphocyte infiltrates were also identified surrounding the blood vessels. The effects of the NT!ong
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sample extended to the peripheral airspaces although they were more severe in the central lung

associated with deposits of the NT|0ng fibres. A number of NT|ong fibres are also identified deposited in

the sub-pleural regions of the lung (Fig 2D).

Pleural response to pulmonary exposure

The inflammatory response in the pleural space was also examined at 1 week and 6 weeks after the

CNT panel were introduced into the lung by pharyngeal aspiration. At one week there was no change

in total cell number in pleural lavage between the vehicle control mice and the three CNT treatment

groups; there was however a small but significant increase in the number of granulocytes identified

in the pleural lavage fluid of the mice treated with NT|ong (Fig 3A, B). By 6 weeks there was a striking

and significant increase in the total number of pleural lavage cells in the mice treated with NT|ong

only - around 10 million cells compared to around 2 million in the controls and the CNTshort/tangied -

treated. The majority of this increase in the pleural lavage cell number was due to an increase in

pleural macrophages but, there was also a significant increase in the number of granulocytes present

(Fig 3B). Foreign body giant cells, which are indicative of a foreign body response, were also

identified at the 6 week timepoint in the pleural lavage fluid of mice treated with the long CNT

sample only. No FBGC cells were identified in the lavage fluid of mice treated with the vehicle

control, NTjhort or NTtang samples (Fig 3C, D). In addition to cytological changes, mice treated with

NT|0ng had alterations in the biochemical profile of the pleural lavage fluid indicative of inflammation,

including significant increases in LDH levels and protein concentration by 6 weeks post aspiration

(Fig 3E, F). No change in the LDH levels or protein concentration was detected in the pleural lavage

fluid of mice treated with vehicle control, NTshort or NTtang at 1 or 6 weeks post exposure (Fig 3).

Response along the parietal pleura and diaphragm

10
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Based on our experience of lesions on the parietal pleura after intra-pleural injection of long fibres

[13] the surface appearance of the parietal pleural was examined by scanning electron microscopy at

6 weeks post-exposure (Fig 4). The vehicle control, NTshort and NTtang treated mice displayed a

continuous flat mesothelium, with occasional adherent macrophages, in every sample examined

(n=3, left and right chest). In contrast, in NT|0ng-treated mice we identified distinct cellular aggregates

overlaying the mesothelium. These aggregates were present on both the left and right parietal

pleurae of each of the mice examined (n=3). Similar cellular aggregates were also identified in

histological sections at the pleural face of the diaphragm. The aggregates appeared to be composed

of leukocytes with a small number of granulocytes and FBGC (Fig 5D) and showed collagen

deposition as revealed by Sirius red staining (Figure 5F). The area of cellular aggregates detected in

NTong -treated mice was significantly greater than small occasional adherent macrophage identified

on the parietal mesothelial surface of control and short/tangled CNT-treated mice (Figure 5E) .

Sections through the diaphragm of vehicle control, NTshort and NTtang treated mice supported the

view seen by SEM of a single layer of mesothelial cells (Fig 6A-C).

A number of CNT were also identified in sections of the diaphragm of mice treated with the NT|ong

sample only, confirming translocation of CNT from the lung into the pleural space (Fig 6). The CNT

were most often associated with leukocytes or protruding from the mesothelial surface.

Derivation of a human equivalent dose

The equivalent human exposure, over a protracted time (years) that would lead to a steady-state

human lung mass dose equivalent to the 50pg dose instilled into the mice was found to be

200pg/m3. For details of the calculation of this figure see the Supplementary material.I

Discussion
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Our objectives in this study were to investigate the pathological effects of CNT in the context of their

fibrous nature and so their similarities to asbestos. We are therefore especially interested in the

pleural effects, of which mesothelioma raises the most concern.

The length-dependent inflammatory responses to CNT reported here is consistent with

experimental studies demonstrating a role for length in the pathogenicity of asbestos fibres

[10;24;25] and therefore consistent with the FPP. Length can act as a toxicity factor in a number of

ways- firstly in macrophage-mediated clearance of asbestos fibres from the distal regions of the

lungs, where long fibres a re cleared much more slowly than short fibres [26;27], Secondly, whilst

short fibres are efficiently taken up and removed from the lung by alveolar macrophages long fibres

cannot be completely phagocytosed but rather stimulate a state of chronic activation or 'frustrated

phagocytosis'. Frustrated phagocytosis is accompanied by the release of oxidants [28] and cytokines

[15;29] as well as lysosomal destabilisation [30;31] which may directly stimulate cytokine release

increasing recruitment of inflammatory cells to the lungs and activating the surrounding epithelial

cells leading to an inflammatory response. Thirdly Jong but not short fibres which reach the pleural

space are retained at the parietal pleura where they initiate inflammation and fibrotic lesion

development [13]. The ability of long CNT to stimulate frustrated phagocytosis in macrophages in

vitro has been described in studies which have shown specific length-dependent increases in the

release of pro-inflammatory cytokines after macrophages were treated with long fibre-containing

CNT samples [15;16]. The mechanism by which frustrated phagocytosis leads to pro-inflammatory

effects has been linked to the activation of the NALP3 inflammasome [32],

The responses to the long CNT reported here are consistent with a study carried out by Porter et al

who examined the pathogenic effects in the lungs to various aspirated doses of MWCNT over time,

and reported acute inflammation (peaking at 7 days), granuloma formation and alveolar type-2 cell

hyperplasia which persisted from 7 days to the end of the experiment (128 days) [7]. Interstitial

thickening and collagen deposition were also described by Mercer et al in response to aspiration

URL: http://mc.manuscriptcentral.com/tnan
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exposure of the same MWCNT sample [33]. The median length of the CNT fibres used in these

studies was reported to be 3.9pm but, similar to the long fibre sample used here, their CNT had a

wide length distribution which ranged from 1pm to > 20pm [7;33]. The heterogeneity of CNT fibre

lengths can obfuscate the effects of fibre length in the response to CNT; however a clear length-

dependent pathogenicity in the lungs has been demonstrated in response to other high aspect ratio

nanomaterials. Nickel nanowires (NiNW), which are manufactured in tight size categories have

shown length-dependent pathogenicity in the lungs with the long NiNW (20pm in length) eliciting an

acute inflammatory response at 24 hours followed by interstitial thickening of the alveolar septa,

whilst the shorter 4pm NiNW did not [21]. Similarly nanobelts composed of anatase Ti02 which were

15pm in length were shown to initiate a pro-inflammatory response from alveolar macrophages via

the induction of the NALP3 inflammasome and release of inflammatory cytokines, whilst shorter

5pm nanobelts did not [30]. These studies, using nanofibre samples in well defined size categories,

support the contention that fibre length is a key biologically effective dose as laid out in the fibre

pathogenicity paradigm. The length-dependent responses in the lungs and pleural space to CNT

reported here, suggests that this also holds true for CNT and highlights the general likely

applicability of the FPP for the hazard assessment of new forms of HARN.

Here for the first time we demonstrate a length-dependent hazard of CNT to both the lungs and the

pleural space following introduction of long CNT into the airspaces of the lungs; short CNT had no

significant effects.. The deposition of CNT in the airspaces of the lungs and the concomitant

development of a pathogenic response in both the subpleural region of the lungs and the visceral

pleura have previously been reported. In the study of Ryman-Rasmussen et al [34] mononuclear cell

aggregates were identified on the surface of the visceral pleural which increased in size and number

over time in response to ongoing inhalation exposure to CNT but not carbon black nanoparticles

[34]. Asbestos fibres deposited in the lungs have also been shown to stimulate proliferation of

mesothelial cells along the visceral pleura as early as one week post exposure [35]. However
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evidence is highly in favour of the parietal pleura as the site of retention of long fibres dose

[11;36;37], Subsequently the relevance of assessing fibre-mediated inflammation or mesothelial cell

proliferation in the sub-pleural regions of the lungs or along the visceral pleura when addressing

early responses related to the potential mesothelioma hazard of a fibre is questionable. For example

the clinical staging of mesothelioma, as set out by the International Mesothelioma Interest Group,

describe early stage tumour development (Tla) as involving only the parietal pleura and diaphragm

with no involvement of the visceral pleura. Tib describes a slightly more advanced tumour that

involves all pleural surfaces but only minimal involvement of the visceral pleura [36;38],

A plausible mechanistic model supports the above argument for the parietal pleura as the site of

initiation of mesothelioma. In this model both long and short fibres reach the pleural space and are

transported to the parietal pleura in the fluid flow but, whilst short fibres pass through the stomata,

long fibres are too big to negotiate the stomata and are retained at the parietal pleura [11].

Therefore the key fibre effects leading to mesothelioma development will take place at these sites

of long fibre retention, rather than the visceral pleura. Therefore we examined the parietal pleural

response to CNT focussing on lesion development along the parietal pleura and the inflammatory

response in pleural space itself.

The inflammatory response in the pleural space observed after aspiration into the lungs was seen

only with the long CNT and was characterised by an increase in the number of macrophages and

granulocytes in the pleural lavage with concomitant increases in LDH and protein levels. This

response is consistent with the increase in inflammatory leukocytes observed in the pleural space in

rats after pulmonary exposure to long asbestos fibres by both intratracheal instillation [39] and

inhalation [40], Similar to the length-dependent response to CNT in the lungs, the inflammatory

reaction in the pleural space was confined to the CNT sample containing long fibres - NT|0ng. Li et al

previously demonstrated the development of a reactive inflammatory response in the pleural cavity

following the instillation of the bacterium, Corynebacterium parvum, into the airspaces of the lungs

URL: http://mc.manuscriptcentral.com/tnan

14



Nanotoxicology

[41]. C. parvum was shown to cause a transient neutrophilic inflammation in both the pleural space

and in the lungs that had the same time-course. Since there was no detectable translocation of the

bacteria to the pleural space it is interpreted as communication of diffusible factors between the

lungs and the pleural space resulting in a 'reactive' pleural inflammation [41]. This was not the case

in the lungs/pleural responses described here for long CNT since the tempo of inflammation differed

dramatically in the two compartments. There was no inflammatory response in the pleural cavity

when the lung inflammation was greatest, at the acute timepoint. In contrast,, pleural inflammation

was present at 6 weeks after aspiration by which time the acute inflammatory response in the lungs

had largely subsided. Furthermore FBGCs were detected in the pleural lavage and we have

previously reported these only in close association with the lesions caused by instillation of long CNT

only into the peritoneal [14] and pleural [13] spaces; this supports the contention that long CNT

reached and were retained in the pleural space after deposition in the lungs.

To further support our contention that the inflammatory response detected in the pleural space was

a foreign body response, we examined the parietal surface of the diaphragm by light microscopy and

identified CNT which had translocated there across the pleural space from the lungs. The mechanism

of fibre translocation out of the lungs into the pleural space and into the parietal pleura and

diaphragm is not known but there is a wealth of literature to support the idea that a proportion of

all particles and fibres deposited in the distal region of the lungs will translocate to the pleural space

(reviewed in [11]). Indeed the penetration of CNT from the lung periphery through the visceral

pleura into the pleural space after aspiration exposure has been quantified by Mercer et al who

determined that 0.6% of the deposited fibre burden reached the visceral pleura [8],

In a recent review [11], we put forward a mechanistic hypothesis stating that if long CNT enter the

pleural space, due to the flow of pleural fluid they will deposit on the parietal pleura and accumulate

around stomata (i.e., outlets in the parietal pleura through which lymphatic drainage occurs) where

they are retained. Once retained, the long fibres can generate an inflammatory/fibrotic response

15
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and are in close contact with mesothelial cells for a protracted time so that genotoxic effects could

occur. Both inflammation and genotoxicity are processes which are linked to the formation of

mesothelioma [11], Here, only long CNT fibres are identified along the diaphragm of mice treated

with the NT|0ng sample, consistent with the hypothesis that short fibres are efficiently removed.

Along with the retention of long fibres on the diaphragm we also show the development of

inflammatory lesions on the parietal pleura 6 weeks after aspiration of the long CNT into the lungs.

These lesions were primarily composed of mononuclear leukocytes but a small number of

granulocytes and FBGC were also seen, along with collagen deposition. Recently, inhalation of

amosite asbestos fibres was shown to produce similar inflammatory lesions along the parietal pleura

with the presence of amosite asbestos fibres on the diaphragm 7 days after the end of inhalation

exposure [42], After the direct injection of long CNT into the pleural space the retention of

biopersistent fibres at the parietal pleura was shown to lead to a state of chronic inflammation with

progressive and extensive fibrotic lesion formation [13]. Chronic inflammation is considered a likely

contributing factor in the development of mesothelioma with in vitro studies demonstrating the

promotion of mesothelial cell transformation [43] and evasion of cell death [20] in the presence of

pro-inflammatory cytokines. We therefore contend that the development of an inflammatory

response in the pleural cavity after instillation of long CNT into the lungs implies that inhalation of

long CNT is likely to pose a mesothelioma hazard.

In order to assess whether the dose of NT|ong that caused pathogenic effects in the mouse lung and

pleural cavity were plausible a human equivalent dose was established for the NT|0ng dose used in

the study. A steady-state exposure level of 200(.ig/m3 was determined to be the human exposure

that would result in an allometrically equivalent retained dose in human lungs to the 50pg aspirated

dose used in the mice here. This is the steady state dose that would arise as the result of the

equilibrium between the deposited dose rate and the outgoing clearance rate during chronic

ongoing exposure and so reflects the likely experience of a worker exposed to a CNT-rich

16
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environment over a number of years. Han et al measured the airborne dust levels in a research

laboratory and reported a peak CNT-containing airborne dust level of approximately 400pg/m3[44],

Thus the long CNT dose tested in mice in this study approximated to a dose that could accumulate in

human lungs after a plausible long term exposure.

The calculated human equivalent exposure concentration shown here is purely indicative as several

assumptions have been made in terms of the actual dose within the alveolar region of the mice, the

clearance rate of CNT from the lungs of humans, and the true aerodynamic diameter of the CNTs in

question which would affect the deposition efficiency. It is worth considering that the clearance rate

used is based upon an insoluble, compact (roughly spherical) particle that allows for normal

clearance. Clearance of long fibres is much slower than for compact particles due to hindrance of

alveolar macrophages and this is also likely to be true of long fibre CNT. The net result of slower

clearance is that lower levels of exposure are required to culminate in the same retained dose.

Understanding the true deposition efficiency, clearance and retention rates for the complex forms of

CNT represents a significant challenge to understanding of CNT dose in the lung requiring further

research.

In conclusion we have shown that CNT elicit a length-dependent inflammatory response in the lungs

and pleura after pharyngeal aspiration, which is in accordance with the FPP. Our data suggests that

the role of fibre dimensions should be assessed when considering the inhalation toxicity of any new

HARN. Furthermore the data suggest that the translocation to -and selective retention of long fibres

in -the parietal pleura, leads to an inflammatory response and fibrotic lesion development. The

parietal pleura is the site of origin of mesothelioma and inflammation is considered to be a process

involved in asbestos carcinogenesis and so our data supports the contention that long fibres of CNT

may pose a mesothelioma risk . The results of this small-scale, mouse study are not sufficient to

confidently extrapolate to the potential mesothelioma risks of CNT exposures in the workplace

which would require long-term inhalation studies utilizing plausible CNT exposures. This study does
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however contribute to the evidence that certain types of CNT and long HARN in general may pose an

asbestos-like mesothelioma hazard and therefore require more research and, in the meantime,

precautionary risk assessment and management.
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Table legend

Table 1: Characteristics of the CNT samples used in the study

Figure legends

Figure 1. Inflammatory response to CNT in the lungs at 1 week and 6 weeks. C57/BI6 mice were

exposed to the CNT panel by pharyngeal aspiration. At 1 and 6 weeks post exposure the lungs were

lavaged and total cell number (A), total granulocyte number (B), LDH levels (C) and protein
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concentration (D) were measured. Significance indicated compares treatment groups to vehicle

control from the same timepoint, * indicates p<0.05, ** indicates p<0.001, *** indicates p<0.0001.

Figure 2. Lung pathology 6 weeks post aspiration with the CNT panel. The effect of the panel of

CNT on the structure of the lungs is demonstrated 6 weeks after aspiration into the lungs. Each

panel shows an entire lung section stained with H&E to demonstrate gross pathology. Higher

magnification callouts show the normal alveolar structure in the vehicle control treated mice (A) or

changes due to the CNT treatment (B, C, D). Small accumulations of cells and CNT aggregates are

identified in mice treated with NTShort (B) and NTtang(C) whereas mice treated with NT|0ng(D) show

lymphocyte infiltrates, extreme interstitial thickening and collagen deposition associated with

interspersed long CNT. Long CNT are identified in the sub-pleural regions.

Figure 3. Inflammatory response in the pleural cavity after pulmonary exposure to CNT. The

inflammatory response in the pleural cavity after the CNT were delivered by pharyngeal aspiration

was examined. At 1 and 6 weeks post exposure the pleural cavity was lavaged and total cell number

(A), total granulocyte number (B), LDH levels (E) and protein concentration (F) were measured.

Foreign body giant cells (C, D) were quantified at 6 weeks post exposure. Scale bar indicates 20pm.

Significance indicated compares treatment groups to vehicle control from the same timepoint, *

indicates p<0.05, ** indicates p<0.001, *** indicates p<0.0001.

Figure 4. Lesion formation along the chest wall after pulmonary exposure to CNT. The chest wall

was examined by scanning electron microscopy 6 weeks after the mice were exposed to the CNT

panel by aspiration. Vehicle control, NTshort. NTtangtreated mice (see labels on images) had normal

mesothelium. Aggregates of cells were identified overlying the mesothelium in the mice treated with

the NT|0ng sample (see image labelled NT|0ng and callout showing a higher magnification).
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Figure 5. Lesion formation along the diaphragm after pulmonary exposure to CNT. Histological

sections through the diaphragm showing normal parietal pleura in the case of the vehical control

(A)and the short CNT (B) and tangled CNT (C). Only the mice treated with the long CNT showed

occassional the aggregations of inflammatory cells along the mesothelium (D). On staining with

Sirius Red reticular collagen fibres could be seen stained red (Figure F arrow). The extent of these

lesions was quantified and this is shown in (E). Significance indicated compares treatment groups to

vehicle control *** indicates p<0.0001.
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^"l"short NT1 tang ^T"long

Source Nanostructured
& Amorphous
Materials, Inc.

NanoLab,
Inc.

University of
Manchester

[Dr. 1. Kinloch]

Diameter

(nm)

25.7± 1.6 14.84 ±0.05 165.02 ±4.68

Length (nm) 1-2 1-5 Mean 36

% fibre

greater than
15 |im

t t 84.26

Table 1: Characteristics of the CNT samples used in the study
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Inflammatory response to CNT in the lungs at 1 week and 6 weeks. C57/BI6 mice were exposed to the CNT
panel by pharyngeal aspiration. At 1 and 6 weeks post exposure the lungs were lavaged and total cell

number (A), total granulocyte number (B), LDH levels (C) and protein concentration (D) were measured.
Significance indicated compares treatment groups to vehicle control from the same timepoint, * indicates

p<0.05, ** indicates p<0.001, *** indicates p<0.0001.
160x119mm (150 x 150 DPI)

URL: http://mc.manuscriptcentral.com/tnan



Nanotoxicology Page 26 of

Figure 2. Lung pathology 6 weeks post aspiration with the CNT panel. The effect of the panel of CNT on the
structure of the lungs is demonstrated 6 weeks after aspiration into the lungs. Each panel shows an entire
lung section stained with H&E to demonstrate gross pathology. Higher magnification callouts show the

normal alveolar structure in the vehicle control treated mice (A) or changes due to the CNT treatment (B, C,
D). Small accumulations of cells and CNT aggregates are identified in mice treated with NTshort (B) and

NTtang(C) whereas mice treated with NTIong(D) show lymphocyte infiltrates, extreme interstitial thickening
and collagen deposition associated with interspersed long CNT. Long CNT are identified in the sub-pleural

regions.
159x179mm (150 x 150 DPI)
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Figure 3. Inflammatory response in the pleural cavity after pulmonary exposure to CNT. The inflammatory
response in the pleural cavity after the CNT were delivered by pharyngeal aspiration was examined. At 1 and
6 weeks post exposure the pleural cavity was lavaged and total cell number (A), total granulocyte number
(B), LDH levels (E) and protein concentration (F) were measured. Foreign body giant cells (C, D) were

quantified at 6 weeks post exposure. Scale bar indicates 20pm. Significance indicated compares treatment
groups to vehicle control from the same timepoint, * indicates p<0.05, ** indicates p<0.001, *** indicates

p<0.0001.
159x171mm (150 x 150 DPI)
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Figure 4. Lesion formation along the chest wall after pulmonary exposure to CNT. The chest wall was
examined by scanning electron microscopy 6 weeks after the mice were exposed to the CNT panel by

aspiration. Vehicle control, NTshort, NTtang treated mice (see labels on images) had normal mesothelium.
Aggregates of cells were identified overlying the mesothelium in the mice treated with the NTIong sample

(see image labelled NTIong and callout showing a higher magnification).
128x181mm (150 x 150 DPI)
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Figure 5. Lesion formation along the diaphragm after pulmonary exposure to CNT. Histological sections
through the diaphragm showing normal parietal pleura in the case of the vehical control (A)and the short

CNT (B) and tangled CNT (C). Only the mice treated with the long CNT showed occassional the
aggregations of inflammatory cells along the mesothelium (D). On staining with Sirius Red reticular collagen
fibres could be seen stained red (Figure F arrow). The extent of these lesions was guantified and this is

shown in (E). Significance indicated compares treatment groups to vehicle control *** indicates p<0.0001.
124x175mm (150 x 150 DPI)
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Murphy et al Length-dependent pleural inflammation and parietal pleural responses after

deposition of carbon nanotubes in the pulmonary airspaces of mice.

Supplementary material

Experimental Animals

Eight to twelve week old (20-25 g) female C57BL/6 strain mice (Harlan, UK) were group- housed in

standard caging with sawdust bedding, environmental 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 (none identified). All in vivo work was carried out by staff holding a valid UK Home Office

personal licence under a Home Office approved project licence.

Pharyngeal aspiration

Mice were anesthetised using isoflurane (2-chloro-2-(difluoromethoxy)-l,l,l trifluoroethane) and

the tongue was gently held at full extension while a 50 pi bolus of test sample pipetted to the base

of the tongue. The animals were stimulated to inhale via covering of the nasal cavities to induce a

gasp reflex and held until several breaths had occurred [1], The animals were further observed until

a full recovery and group housed for the duration of the experiment. At each time point the mice

were sacrificed by terminal anaesthesia using an intraperitoneal injection with 0.5 ml of 2, 2, 2-

tribromomethanol followed by exsanguination via the abdominal aorta. In three mice per treatment

group the pleural space was lavaged using three 1ml washes of sterile saline and the lavages kept on

ice. The thoracic cavity was exposed, and the trachea cannulated using a 21 gauge needle and

legated. The lungs were lavaged using three 0.8ml washes of ice-cold sterile saline and the lavages

kept on ice.

Analysis of the bronchoalveolar lavage

Differential cell count

The lavage fluid (both lung and peritoneal) was then centrifuged at 123g for 5 minutes at 4°C in a

Mistral 3000i centrifuge (Thermo Fisher Scientific, Inc., MA, USA) and aliquot of the supernatant

retained for total protein and cytokine measurements. The remaining cell pellet was 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, Allerod, Denmark). Differential cell counts were performed on

cyto-centrifugation preparations, stained with Diff Quik. Images of cells were taken using QCapture

Pro (Media Cyberbernetics Inc., MD, USA).
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Total protein measurement

Total protein concentration of the peritoneal lavage fluid was measured using the bicinchoninic acid

(BCA) protein assay. Sample protein concentrations were established by comparison to a BSA

standard (Sigma-Aldrich, Poole, UK) curve (0 - 1000 pg/ml). The samples were then incubated at

37oC for 30 minutes after the addition of the test reagent (1 part Cu2+ 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.

Lactate Dehydrogenase (LDH) assay

The level of cellular cytotoxicity/ cytolysis was established using a Lactate Dehydrogenase (LDH)

assay (Roche Diagnostics GmbH, Mannheim, Germany). Briefly, 100 pi of lavage fluid was added in

triplicate to a 96 well plate and 100 pi 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).

Derivation of a human equivalent dose

The exposure that would have led to an equivalent human retained dose under chronic exposure

conditions, to the aspirated dose used in mice was calculated for a hypothetical fibrous CNT.

Assuming a mouse alveolar surface area of 0.05m2 [2], the 50pg dose aspirated used here would

result in a normalised dose of 1000ug/m2 in the alveolar region (assuming 100% deposition). This

would be an equivalent retained dose in the alveolar region of 102,200ug in a human taking into

consideration the greater alveolar surface area of a human (102.2m2) [2] The external dose which,

with chronic exposure, would generate the calculated retained dose was derived by first calculating

the deposited dose which would result in a retained dose of the derived value based on the

clearance rate of a typical human. The clearance half time in humans is suggested to be

approximately 1 year [3] for insoluble compact particles and the clearance rate is calculated by the

following equation:

k=ln(2)/tl/2 k=ln(2)/365= 0.0019

The retained dose was multiplied by the clearance rate to give the deposited dose rate of 194

pg/day. The inhaled dose rate was then calculated taking into account the proportion of the inhaled

dose that would deposit in the alveolar region of the lung using the Multiple-Path Particle Dosimetry
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Model (MPPD). The particle physical attributes- aerodynamic diameter and density, which are

required for the MPPD calculation were not known for the CNT samples and therefore were based

on published data of morphologically similar fibrous CNT (Mitsui & Co MWNT-7) with a mass median

aerodynamic diameter of 1.5 and GSD of 1.7 [4] (Fig 7 B). The alveolar deposition fraction for fibrous

CNT was calculated to be 12.9% (Fig 7 C). The inhaled dose rate that would result in a deposited dose

rate in the alveolar regions of the lung was then calculated to be 1505 pg/day assuming a deposition

fraction of only 12.9% of the total inhaled fraction. In order for the inhaled dose rate to be achieved,

a worker would have to be exposed over the period of a standard 8 hour shift (480 minutes) to an

aerosol concentration of 150 pg/m3 (Fig 7 A), with a respiratory minute volume of 0.0208 m3/min [5]

based on the standard parameters for a worker undertaking light activity [6] which culminates in a

total inhaled volume of 9.98 m3/day.

Supplementary material Figure 1. Determination of a human equivalent dose. Schematic diagram
of the process for deriving a human equivalent exposure for the NTIong sample based on the
aspirated mouse dose of 50pg (A). (B) The particle properties required for the Multiple-Path Particle
Dosimetry Model (MPPD) taken from McKinney et al (28) measurements of a morphologically-
similar, fibrous CNT sample. (C) Results from the MPPD computational model describing the
predicted deposition fraction for the entire lung. TB= trachobronchial, P= pulmonary.
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Supplemetary material Figure 2. CNT retained at the diaphragm after pulmonary exposure to CNT.

Long CNT were identified along the diaphragm of the mice treated with the NT|0ng sample (arrows).
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Supplementary Figure 3 TEM images of the CNT panel a) CNTtang b) CNTsh0rt, c) CNT|0ng- Scale bar
represents 1 micron.
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