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Summary

Manufactured nanoparticles (MNP) represent a growth
area in industry where their interesting and useful proper-
ties bestow advantage over conventional particles for many
purposes. This review specifically addresses the potential
for lung cancer in those who might be exposed to airborne
MNP. There is no strong evidence that MNP are carcino-
genic and MNP come in a wide spectrum of materials,
sizes, shapes and compositions and it is likely that the
hazard will vary across different MNP types dependent
upon their intrinsic properties. Low toxicity low solubility
(LTLS) MNP are unlikely to pose a substantial cancer risk
as they are not very biologically active. Nanoparticles with
a more reactive surface may undoubtedly generate inflam-
mation more readily and inflammation could be suffi-
ciently intense to lead to secondary carcinogenesis via the
oxidants and mitogens produced during inflammation.
There is some evidence in vitro that MNP can gain access
to the nucleus and the genetic material if specifically de-
signed to do so by surface modification and that nano-
particles such as carbon nanotubes (CNT) can cause ge-
netic aberrations by a primary mechanism additional to
the inflammation—mediated one; these potential mechan-
isms require further study. High aspect ratio nanoparticles
(HARN) are MNP that are fibre-shaped and analogously to
asbestos might pose a special cancer hazard to the lungs,
pleural and peritoneal mesothelium. Recent research sug-
gests that the existing fibre pathogenicity paradigm is ad-
equate for describing the hazard of HARN and that making
the HARN of a non-biopersistent material or restricting the
length could, via benign-by-design principles, allow safe
HARN to be produced.
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Background

Manufactured nanoparticles (MNP) are a diverse group of
materials finding increasing use in manufacture, food and
medicine due to their useful properties, but there has been
concern over the risk to human health and the environment
that these may pose [1, 2]. The potential adverse effects of

MNP on human health have been discussed extensively but
this short review specifically addresses the potential of in-
haled MNP to cause lung cancer based on experience with
other larger/conventional particles. There is little evidence
at present showing that manufactured nanoparticles (MNP)
cause cancer in humans. However, there may not have been
sufficient duration of exposure to many of the newer forms
of MNP for any effects to emerge, although bulk — manu-
factured nanoparticles (TiO,, carbon black, silica, alumina)
have been produced for many decades with no evidence of
an increased cancer risk from exposure to these particles
in humans. However, it should be noted that the expos-
ures in these industries must have been mixed exposures
to nano- and micro- particles. In addition, in the eighties
and nineties there were chronic inhalation studies with ul-
trafine (nanoparticulate) particles to address concerns over
rat responses to low toxicity dusts such as TiO, and carbon
black. These studies revealed the phenomenon of ‘rat lung
overload’ as a complicating factor in the carcinogenicity
testing of low toxicity particles. There is also a large data-
base of existing studies with conventional carcinogenic
particles, such as quartz and asbestos and also studies with
diesel exhaust nanoparticles as a workplace exposure. In-
halation studies with rats show that some particles are in-
deed capable of causing lung cancer in both humans and
in animal models following long-term exposure and accu-
mulation of sufficient dose. Here we address the question
as to whether MNP have potential to cause cancer based
on data from conventional particle toxicology and on data
accumulated so far on MNP effects. The evidence to date
does suggest that harmful nanoparticles have, in general,
the same types of effects at the cellular level as harmful lar-
ger particles. It is important to draw a distinction between
harmful and less harmful nanoparticles since there is ample
evidence that nanoparticles, like larger particles, are het-
erogeneous in terms of the type and intensity of the hazard
they pose following deposition in the lungs. Therefore, it is
unwise to discuss nanoparticles as if they were a one hazard
entity. The types of adverse effects that harmful particles
and nanoparticles produced include the ability to cause ox-
idative stress, inflammation and genotoxicity, all of which
are pathobiologically linked to cancer. Therefore, it may
be argued that demonstrations that MNP in vitro are cap-
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able of having these effects raises concern that in the long-
term, given sufficient exposure to some MNP and accumu-
lation of dose in target tissues, cancer could be produced in
some populations. This paper provides some of the back-
ground to the issue of the potential carcinogenicity of MNP
based on the toxicological literature and especially seeks to
use longer-term toxicological experience with convention-
al carcinogenic particles to contextualise the more limited
existing data on MNP carcinogenesis.

Biological activities of MNP linked to
cancer

As mentioned, there is little evidence currently as to the
carcinogenic effects of MNP in humans, in addition there
are few if any recent animal studies addressing a cancer en-
dpoint for MNP. However, some useful information may be
gained from the literature on the effects of MNP in vitro
and in short term studies that shed light on a likely carcino-
genic mechanism. We focus on pathobiological processes
considered most relevant to particles carcinogenesis.

Oxidative stress

Oxidative stress is one of the most common endpoints
reported following the treatment of cells in culture with
MNP. We have previously pointed out that, so common is
this endpoint in terms of its reporting that it does not add
to the general sum of knowledge to describe any more in-
stances where MNP cause oxidative stress [3]. That is not
to say that oxidative stress is not important but the extent,
type and cellular location needs to be understood rather
than simply describing its existence in MNP-treated cells.
For example the production of oxidative DNA adducts has
more direct relevance to carcinogenesis than depletion of
glutathione [4]. The relative importance of oxidative stress
lies in the ability of oxidative stress to mediate a number
of active processes in the cells, such as apoptosis, DNA
adduct formation and pro-inflammatory gene expression.
All of these have been reported following treatment with
some types of MNP at various doses [4-8]. The severity of
the oxidative stress may be an important step in triggering
these processes in a tiered way [9]. Oxidative stress may be
caused directly by particle structures generating ROS in the
vicinity or inside the cell or could arise more indirectly due
to the effects of internalised particles on mitochondrial res-
piration [10] or in depletion of antioxidant species within
the cell [11].

Inflammation

There is a close connection between oxidative stress in the
cell and the elicitation of an inflammatory response via pro-
inflammatory gene transcription. In addition, there may be
oxidation of lipid species within the cell that lead to the
production of pro-inflammatory eicosanoids [12]. Many
studies have reported pro-inflammatory effects of MNP
at various doses on pro-inflammatory gene expression in
the cell [8]. Pro-inflammatory pathways such as the MAP
kinases are oxidative stress-responsive and so play a role
in gene expression and are activated by some nanoparticles
[13]. The redox-responsive NF-kB and AP-1 transcription
factors have also reported to be activated in MNP exposed

cells [14] [15]. In addition there are numerous studies re-
porting the induction of inflammation itself in the lungs fol-
lowing deposition of MNP by intratracheal installation [8]
or inhalation exposures [16].

Genotoxicity

A substance is considered genotoxic if it deleteriously af-
fects the genome of a cell either by direct or indirect dam-
age to the cellular DNA including effects on the cellular
pathways that monitor and protect genome integrity. In
situations where a particle or substance directly interacts
with the genomic DNA and causes damage, the effect is
said to be direct primary genotoxicity and this, by its nature
is independent of inflammation [17]. This can include the
formation of DNA lesions such as 8-oxo-7,8-dihydro-2'-
deoxyguanosine due to intrinsic free radical production
from the particle or through direct binding of the particle
with the DNA or component of the cell division machinery
such as centromeres or microtubule spindle causing an an-
eugenic effect. Indirect primary genotoxicity in contrast oc-
curs when intracellular antioxidants are depleted and there-
fore results in an imbalance between cellular steady-state
oxidants (i.e. produced during normal cellular activities
such as respiration) and the depleted anti-oxidants leading
to a situation of oxidative stress driven genotoxicity [4].
Secondary genotoxicity does not involve the direct interac-
tion of a particle with the target cell in which genotoxicity
occurs but instead drives genotoxicity through its interac-
tion with other cells causing the production of an envir-
onment conducive to the accumulation of genetic damage
and proliferation. This is typically caused by the induc-
tion of chronic inflammation leading to persistent oxidative
stress caused by the presence inflammatory cells such as
macrophages and polymorphonuclear leukocytes as well as
the secretion of various pro-survival and proliferation sig-
nalling factors.

In reality the induction of genotoxic effects can be due
either to direct or indirect primary genotoxicity, secondary
genotoxicity or a mixture of all as the production of react-
ive species within in a cell is also likely to drive inflammat-
ory signalling through activation of oxidant-sensitive tran-
scription factors such as NF-kB and AP-1 [18].

Fibrosis

In a number of studies fibrosis has been described as an
endpoint following MNP deposition in the lungs. These
effects appear to be driven by conventional inflammatory
effects, but also by unusual modes of inflammation includ-
ing eosinophils [8] and also, in the case of carbon nan-
otubes, a propensity for fibroblasts to grow along intersti-
tialised carbon nanotubes [19]. There is a well-documented
link between fibrosis in interstitial tissue and transforma-
tion in the associated epithelium in a number of lung condi-
tions, such as idiopathic pulmonary fibrosis, asbestosis and
silicosis [20-22]. Based on this link, one could consider
the possibility that any MNP that were to induce fibrosis
to a substantial degree could therefore have the potential
to cause lung cancer. However, as in all cases, the carci-
nogenic endpoint is dose-related and so the issue of expos-
ure is indeed critical and needs to be taken into considera-
tion. Toxicological studies are concerned with hazard and
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determining the threshold at which adverse effects occur
and as such the doses used are often very high. Risk as-
sessment seeks to contextualise the doses that demonstrate
a hazard using dosimetric and cross-species considerations
to decide whether at plausible exposures these doses would
be attained and whether the model used is a relevant one
for predicting human hazard.

Conventional particles and cancer

Quartz

Quartz (or crystalline silica) exposure is associated with
silicosis and also with the development of lung cancer [22].
In 1996 a working group of the World Health Organisation
(WHO) international agency for research on cancer (IARC)
reviewed the published literature on quartz and lung cancer.
They concluded that there was “sufficient evidence in hu-
mans for the carcinogenicity of inhaled crystalline silica
in the form of quartz or crystalline silica from occupation-
al sources” [22]. Animal and experimental cell data were
also taken into consideration and there was firm support-
ing evidence that quartz was capable of producing geno-
toxicity, inflammation, and oxidative stress that could con-
tribute to carcinogenesis. The mechanism of quartz geno-
toxicity can be primary, as a result of direct interaction of
quartz with target cells, or indirect as a consequence of in-
flammation elicited by quartz [22]. In the latter case, in-
flammatory cell derived oxidants are considered to cause
the genotoxicity. A recent review by one of the authors [23]
covered the intervening literature between the reclassific-
ation in 1997 and the present date to determine the state
of the science on the mechanism of quartz carcinogenes-
is. The data strongly suggested that inflammation was the
driving force for genotoxicity and that primary genotox-
icity of deposited quartz would play a role only at very
high, possibly implausible, exposures and deposited doses
[23]. This is supported by a recent re-evaluation of silica
by IARC where the established mechanistic events given
are ‘Impaired particle clearance leading to macrophage ac-
tivation and persistent inflammation” with no mention of
primary genotoxicity [24].

Asbestos

In addition to causing a number of pleural and lung par-
enchymal conditions, the cancers associated with exposure
to asbestos are lung cancer (bronchogenic carcinoma) and
mesothelioma. Asbestos minerals are crystalline with
weaknesses in the crystal structure which cause long thin
fibres to be released along fracture planes and become air-
borne when the rock is stressed. These high aspect ratio
(length to width) fibres are thin enough to be inhaled into
the lung where they are variably pathogenic, depending on
the type of asbestos. This is due to the compliance of as-
bestos with a fibre pathogenicity paradigm by which the
properties of fibres are understood to affect pathogenicity
[25]. The important factors are diameter, length and biop-
ersistence and long (longer than ~10 um), thin and biop-
ersistent fibres are capable of causing a number of pro-
cesses in the lung that could lead to carcinogenesis. The
lack of biopersistence of chrysotile causing it to disinteg-

rate and become shorter in the lungs is the main structural
feature that leads to chrysotile being less pathogenic than
the amphiboles [26]. Long biopersistent fibres can chron-
ically generate free radicals that directly damage DNA due
to difficulties encountered in clearing such fibres, leading
to long residence time, and accumulation of dose, as well
as interactions with cells of the immune system. In addi-
tion, iron which is integrated into the crystalline structure
of asbestos can contribute to redox-cycling reactions lead-
ing to the production of damaging hydroxyl radicals [27].
Fibres may also physically interfere with mitosis of cells in
culture, a mechanism whereby asbestos and other types of
fibres are able to induce aneuploidy and polyploidy [28].
The mechanism envisaged here is that once inside the cell,
the long fibres may physically interfere with mitosis by in-
teracting with the mitotic spindle and chromosome segreg-
ation resulting in slowly moving or sticky chromosomes
during anaphase leading to production of aneuploid daugh-
ter cells [28]. Long fibres are also capable of stimulat-
ing proliferation which generally adds to the likelihood of
any mutations or carcinogenic effects being fixed in [29].
Long thin fibres can also provoke a chronic inflammat-
ory response via frustrated phagocytosis [25] where mac-
rophages that are unable to fully enclose a long fibre are
chronically stimulated to release cytokines and other histo-
toxic products.

Diesel exhaust particulate

Whilst there is some debate in the published literature there
is persuasive evidence linking diesel exhaust particulate
(DEP) exposure to lung cancer [30-32]. Whilst diesel ex-
haust particulate is a nanoparticle, it is significantly differ-
ent from the MNP by the fact that DEP are very complex
and contain a mixture of combustion-derived chemicals,
many of which could be carcinogenic i.e. metals and a
wide variety of organics [33]. Subsequently the underlying
mechanism for DEP-induced lung cancer has been a matter
of considerable argument. Central to this question has been
whether adsorbed mutagenic organic compounds such as
polycyclic aromatic hydrocarbons (PAH) are involved or
whether the carbon core itself represents the biologically
effective dose (i.e., the entity which drives the effect). In
studies in rats comparing high exposure to carbon black
which contains very little absorbed organic compounds,
with diesel particles which contain high amounts of organic
compounds, there was little difference in the tumour re-
sponse or the genetic defects found in the tumour cells [34,
35]. Neither was there very much in the way of addition-
al bulky DNA adducts found in the diesel soot exposed
animals, which would have been produced by the organ-
ic fraction on the DEP whilst both diesel and carbon black
produced approximately the same amount of lung inflam-
mation and tumour response [36]. It was concluded there-
fore that the carbonaceous core, by virtue of its ability to
cause inflammation and proliferation, was the predomin-
ant factor involved in diesel soot carcinogenesis. It’s not
known whether rats are uniquely different from humans
and whether the mechanism is different in humans. Epigen-
etic mechanisms play a role in carcinogenesis and cellular
functions, including the regulation of inflammatory gene
expression, DNA repair, and cell proliferation, can be regu-
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lated by epigenetic changes such as DNA methylation. An
environmental exposure like diesel exhaust has potential to
induce an epigenetic change and more research is needed
in this area [37].

Conclusions regarding mechanism

In general, these data from the different particulate carcino-
gens show and imply a rather similar pattern of underlying
processes, namely oxidative stress, inflammation, prolifer-
ation, mutation etc leading to tumour response. The clear
implication is that in relation to particles, the inflamma-
tion is the primary driver of the carcinogenesis. In support
of this concept, Driscoll et al. [38] showed HPRT-muta-
tions in alveolar epithelial cells isolated and cultured from
rats that had been exposed to carbon black, titanium di-
oxide or quartz. Importantly only the exposures causing a
significant persistent inflammation in the rat lungs induced
mutations [39]. In parallel experiments, respirable quartz
particles were unable to cause increased HPRT mutations
in rat lung epithelial cells in vitro, whereas lavaged inflam-
matory cells (macrophages and neutrophils) from quartz-
exposed rat lungs were capable of causing the same muta-
tions in vitro [39]. The importance of inflammation em-
phasises the need to understand how particle properties
might lead to inflammation. In a number of studies the
surface area of particles was found to drive overload-type
inflammation [40] and carcinogenesis in rats [41]. Nano-
particles have a high surface area per unit mass and so any
biological effect that is driven by surface area can be driv-
en by a low mass (high surface area) dose of nanoparticles
[42]. The initiation of inflammation by LTLS particles in
rats is part of a process known as ‘rat lung overload’. This
condition is confined to rats and is not found in other ro-
dents or in humans and arises at high exposure concentra-
tions or lung burdens to LTLS dusts where there is inflam-
mation and a build-up of dose due to impaired clearance
[43]; it has no meaning for dusts that are intrinsically toxic
and can only be applied to LTLS dusts. In chronic inhala-
tion studies in rats with these particles, pulmonary fibrosis
and lung tumours were present at high exposure concentra-
tions where there was a build-up of very high lung burdens.
Rat lung overload and the attainment of such high lung bur-
dens is a consequence of a sequence of processes roughly
in the following order — failed clearance with accumulation
of dose — inflammation — altered particle kinetics with
retention consequent on impaired clearance — fibrosis —
proliferation — benign and malignant lung tumours [44].
This process and tumours that it produces are considered to
have little relevance for human risk assessment since they
are confined to the rat and its unique response to high levels
of low toxicity surface in the lungs. However, surface area
dose can lead to inflammatory responses in non-overload
conditions i.e. at low surface area burdens [42, 45].

Manufactured nanoparticles

When considering the potential genotoxicity and carcino-
genicity of MNP, one has to consider if MNP are likely
to behave in a similar manner to conventional particles as
described above or if there are potentially new routes of
genotoxicity which may drive a carcinogenic effect. Given
their small size, an area for concern maybe the ability

of nanoparticles to penetrate cells and accumulate with-
in hitherto privileged cellular compartments such as mito-
chondria or nucleus where their presence may have deleter-
ious effects. This could be considered especially relevant
for nanoparticles specifically designed to penetrate cellular
membranes and target structures such as the nucleus for the
purpose of delivering some form of therapeutic payload.

In the 2008 study by Nativo et al, the authors tried success-
fully to circumvent the endosomal uptake of 16nm gold
nanoparticles to deliver the particles into the cytosol of
the cell [46]. This was done using either encapsulation of
the particles within lipid vesicles which, when fused with
the cell membrane delivered the particles to the cytosol, or
via the surface modification of the gold nanoparticles with
‘cell-penetrating peptides’ (CPPs) [47]. Using a combina-
tion of oligopeptides, the authors demonstrated that they
could achieve particles freely dispersed in the cytosol and
with the addition of a nuclear localisation sequence on the
surface of the particles, could also target the particles to the
nucleus where interaction with DNA would be possible. It
has also been shown using negatively charged carboxylated
polystyrene beads ranging in size from 30 nm to 500 nm
that the entry pathways of the beads moved from endocyt-
osis to direct penetration (and associated sub-cellular loc-
alisation) with decreasing size [48]. However, if size can
have such a profound effect on the route of cellular penet-
ration and subcellular localisation, it is therefore also likely
to be dependent on the agglomeration state of the nano-
particles which can be highly dynamic.

One of the confounding issues of trying to understand the
carcinogenicity of particles is the potential for them to gen-
erate false-positive or false-negative results. Indeed it has
been noted assays such as the Ames test may not be suit-
able for use with particulates including nanoparticles as the
bacterial cell wall may act as a barrier [7] leading to the
production of false-negative results (except perhaps in situ-
ations where it is a soluble component released from the
particle which could drive genotoxicity).

As already mentioned, rat lung overload is a phenomenon
associated with the overloading of lung clearance mechan-
isms leading to a rapid accumulation of particles in the lung
leading to chronic inflammation. This in turn is likely to
generate fibroproliferative changes including alveolar cell
proliferation (hyperplasia), the conversion of cells to cell
types not normally associated with the specific lung loc-
ation (metaplasia). The overall consequence of lung over-
load may therefore involve local tumour formation (neo-
plasia) [44, 49, 50]. As we know, rats are particularly sus-
ceptible to lung overload during chronic exposure to high
dose of LSLT particles and indeed in a study looking at the
respiratory effects of nano-particulate TiO,, inhalation in 3
species (rats, mice and hamsters) noted that the initial lung
burden of particles was approximately 77% lower in ham-
sters than rats and mice which they attributed to efficient
lung clearance [51]. Indeed they saw significant induction
of inflammation at the highest dose which was most severe
in rats, with only mild inflammation seen in mice and no in-
flammation noted in hamsters at the same dose and post-ex-
posure time point. The potential driver of the effect behind
rat lung overload is particularly relevant to nanomaterials
and could be seen as a confounding factor casting doubt on
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the validity of carcinogenic results in a rat lung model us-
ing high dose LSLT particles. It has been suggested that the
driving metric (the biologically effective dose) is particle
surface area and there have been several studies which
show that particle surface area correlates well with induced
pathogenic events after rat lung inhalation [52, 53]. One
of the most convincing examples was a retrospective study
by Tran et al. [40] in which initiation of inflammation fol-
lowing inhalation exposure to two LSLT (TiO, and barium
sulphate) was related to several dose metrics. Tran and col-
leagues found that if lung burden was expressed in terms of
particle surface area there was a clear relationship with the
level of inflammation and translocation to the lymph nodes,
a marker of overload. From this relationship, the authors
proposed that a threshold dose of approximately 200-300
cm? led to lung overload in the rat model. Based on this
metric and larger surface area to volume/mass ratio which
typifies nanoparticles, it is clear to see how the potential
for overload effects may be increased with those nanoma-
terials which exhibit a high biologically-accessible surface
area. Other metrics have been suggested within the literat-
ure including particle mass and particle volume. Morrow
[54] hypothesised that in rats, a reduction in macrophage
mobility (and hence clearance rate) begins when 6 percent
of the macrophage volume is filled with particles. Once
macrophage volume reaches approximately 60% there is
a total cessation of Alveolar macrophage-mediated clear-
ance and this driver of lung overload has also been more
recently suggested for carbon nanotubes which form low
density wool-like clumped structures [55].

Despite this apparent ability of nanoparticles to achieve
an overload threshold in rats at a lower mass dose than
large, fine particles, the question still remains if carcino-
genicity results from studies with rats using high dose re-
peated exposure to LSLT particles are relevant to human
risk assessment due to the suggested differences in species
susceptibility introducing further uncertainty. This is im-
portant when considering the potential for false-positive
results gained from species-specific effects and in partic-
ular the difficulties faced in basing risk assessment for
particle carcinogenicity on high exposure/dose studies in
rats. The existence of the issue of particle overload em-
phasies the importance of low dose, repeat studies which
is more closely associated with actual workplace exposure
to particles in determining potential pathogenicity whilst
avoiding potentially irrelevant and confounding effects.
This issue of high dose exposure leading potentially to mis-
leading outcomes is not specific to the issue of inhalation
and lung overload. It is also a common occurrence when
looking at other systems and particularly in relation to in
vitro toxicology where it can be difficult to relate the dose
within a cell culture dish to that which would plausibly be
encountered if that cell was within its natural environment
such as the alveolar epithelium of the lung. Therefore, it
is critical to consider dose both in terms of total dose ap-
plied and the dosing regime (single vs. repeat lower dose
exposure) and the mechanism of effect before potential tox-
ic outcomes such as carcinogenicity are extrapolated to a
human system. Indeed even the exposure system can have
profound effects on the observed outcomes which need to
be taken into account when considering the likelihood of

such effects occurring in humans exposed either occupa-
tionally or via the environment. For example, in one study
[16] the authors observed mutations within the k-ras onco-
gene within the lungs of mice after exposure to SWCNT
but most notably they found a greater frequency after in-
halation of the SWCNT than instillation (a commonly used
surrogate for inhalation exposure) which is likely related
to the increased level of Inflammation, oxidative stress and
fibrosis noted after inhalation [16].

Potential mechanisms of MNP-
mediated lung cancer

In this section the various mechanisms by which MNP
might have carcinogenic effects are discussed by analogy
with existing particulate carcinogens for which more in-
formation is available.

Analogous to quartz

The defining feature of quartz in particle toxicology terms
and its ability to have a biological impact is its surface
reactivity. The quartz surface is highly charged and inter-
acts with membranes and proteins leading to its oxidat-
ive stressing and inflammogenic effects and these are dir-
ectly related to the ability of quartz to cause genotoxicity
and carcinogenesis [56]. MNP with a reactive surface (e.g.,
NiO, nanoparticles), are most likely to behave like quartz
via the above mechanisms. We have for example described
a panel of metal oxide MNP with varying surface charge,
which is one measure of surface reactivity. Those materials
with a high positive zeta potential were haemolytic, as is
quartz [57] by virtue of its direct surface reactive effect
on erythrocyte membranes. They were also inflammogenic,
like quartz, but at a given mass has much more surface area
than quartz and so are potentially more inflammogenic per
unit mass than quartz [42]. For these reasons it would seem
that reactive MNP would be most likely to act like quartz
and may be able to cause inflammation and so could cause
lung cancer as a consequence of inflammation—mediated
carcinogenesis, given sufficient prolonged exposure.

Analogous to asbestos

High aspect ratio nanomaterials (HARN) have come under
suspicion due to their similarity to asbestos [25] which
can cause lung cancer and mesothelioma. The fibre patho-
genicity paradigm (mentioned above) describes thinness,
length and biopersistence as being the factors that determ-
ine whether a fibre is pathogenic or not for lung cancer
and mesothelioma. HARN represent a growth area in na-
notechnology because of the useful properties of fibres in

Low Toxicity, Low Solubility NP Primary Oxidotive lesions,
—
sufoce area

ufoce reaciviy__| Genotoxicity Aneurgenic effects
Surface
(S I
P io NPs Growth factors, Proliferation

High As
Retention/ Frustrated phagocytosis ‘ > [Secondary Genotoxicity] | Oxidative stress, Fibrosis

Figure 1

Diagram showing the potential processes that might be involved in
MNP carcinogenesis. Biologically effective doses are shown below
each particle type on the left and potentially important
pathobiological processes are shown around the arrows leading to
cancer on the right.
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terms of lightness, insulation and electrical properties [58].
Carbon nanotubes are the best known and studied of the
HARN and are synthesised and handled in large quantit-
ies [58] with subsequent potential for human inhalation ex-
posure. Other types of HARN are increasingly being de-
veloped for a range of uses. These nanorods, nanowires
and nanofibres warrant close scrutiny as to whether they
will produce effects like asbestos. In this regard the authors
have set out to determine whether HARN conform to the
fibre pathogenicity paradigm and initial studies demon-
strate that HARN such as carbon nanotubes and nickel ox-
ide nanowires show length-dependent mesothelial patho-
genicity, similar to asbestos [59-61]. These studies do not
extend to cancer endpoints but we suggest that short-term
inflammogenicity and fibrogenicity may be mechanistic-
ally or predictively linked to long-term carcinogenicity.
Furthermore, carbon nanotubes have the potential to be bi-
opersistent as judged by in vitro durability studies at acid
pH [62]. However, it should be noted that under conditions
where the carbon nanotubes have been subjected to oxid-
ation following strong acid treatment, they may be suffi-
ciently fragile to undergo breakage and shortening under
oxidative stress conditions such as would occur in lung
[63]. The predictive strength of the fibre pathogenicity
paradigm suggests that any HARN that is long, thin and bi-
opersistent has the potential to be carcinogenic at the pleura
and in the lung leading to mesothelioma and lung cancer if
the exposure was great enough for the dose to accumulate
sufficiently to initiate these processes.

As well as the evidence suggesting that HARN can drive
frustrated phagocytosis leading to inflammation and oxid-
ative stress in the surrounding tissue, there is also evidence
analogous to asbestos that CNT can interfere with normal
mitosis leading to the induction of aneuploidy and poly-
ploidy. Treatment of cultured primary and immortalised
human airway epithelial cells with single walled carbon
nanotubes for 24hrs led to a variety of abnormalities in-
cluding fragmented centrosomes, multiple mitotic spindle
poles, anaphase bridges, and aneuploid chromosome num-
ber [64]. Most strikingly the authors of this study showed
nanotubes within the nucleus of the treated cells and these
were associated with cellular and mitotic tubulin. Whilst
the exact mechanism driving the observed abnormalities
are unknown, what is clear is that there is penetration of
the cell with these fibrous nanomaterials and interaction
with the cellular DNA, centrosomes and spindle apparatus
which is associated with the formation of defects in cell
division. The authors also noted that the diameter of the
SWCNT bundles were comparable to that of the cellular
and mitotic microtubules (~25 nm) [65] and that potentially
this similarity in structure may have allowed the incorpor-
ation of internalised SWCNT into the mitotic spindle lead-
ing to abnormal cell division [65].

Analogous LTLS nanoparticles

There is a problem in interpreting lung tumour response
seen in rats to LTLS particles and DEP since there are ques-
tions as to whether the rat serves as a useful model for hu-
man cancer resulting from these materials [66]. This is not
the case for the other materials described here since the rat
response to quartz and asbestos fibres fairly well reflects

the mechanism and types of cancer seen in human pop-
ulations exposed to these dusts. The complicating factor
for LTLS particles is rat lung overload as described above.
Overload tumours do not arise in humans and so the pro-
duction of cancer in rats following overload is difficult to
interpret. As has been shown for carbon black, titanium di-
oxide and other ultrafine or nanoparticulate LTLS particles,
rats do show a tumour response to high lung burdens of
this material. However, the lung burdens are very large and
not plausibly produced by the exposures likely to arise in
modern hygiene-regulated workplaces. There is no evid-
ence of lung tumour response in humans exposed to high
levels of LTLS dusts and so it seems on the face of it that a
tumour response in humans at plausible exposures to LTLS
nanoparticles is unlikely. The highest known exposures of
any population to low toxicity particles are coal miners and
there is no evidence of any tumour response in coal miners,
despite massive lung burdens in terms of particle mass and
surface area, of coal mine dust. That is not to say that there
is not likely to be some kind of pathology produced by
LTLS nanoparticles in the lungs if high lung burdens were
to be produced but it is unlikely that a tumour response
would be produced unless the response is fundamentally
different to that seen with other LTLS nanoparticles. In that
case the particles would not come under the heading of
LTLS but might come under the heading of ‘analogous to
quartz’.

Conclusion

In conclusion it is important to note that there is as yet no
conclusive evidence that MNP are carcinogenic. However,
based upon the what we understand from conventional
particle toxicology and links between important aspects
such as intrinsic reactivity and processes such as inflam-
mation and the causation of carcinogenic changes, there is
indeed the potential for some MNP to be carcinogenic giv-
en sufficient high and extended period of exposure. LTLS
MNP are unlikely to pose much of a cancer risk as they
are not very biologically active. Lifetime inhalation carci-
nogenesis studies in the nineties with carbon black, TiO,
and diesel soot nanoparticles demonstrated that cancer only
occurred at low level and at extremely high lung burdens
arising from very intense lifelong exposures as a conse-
quence of ‘rat lung overload’ , which does not occur in hu-
mans.

Importantly, such cancers as those which did occur were
confined to the lungs and so there is no reason to think that
translocation away from the lungs to secondary target or-
gans (except for the peritoneal cavity with HARN analog-
ous to peritoneal mesothelioma arising in asbestos-exposed
workers) might lead to cancer at any other sites. As de-
scribed, there is some evidence in vitro that MNP can gain
access to the nucleus and the genetic material especially if
specifically designed to do so and that nanoparticles such
as CNT can cause genetic aberrations by a primary mech-
anism additional to the inflammation—mediated one which
requires further study. Nanoparticles with a more react-
ive surface may undoubtedly generate inflammation more
readily. If the exposure and subsequent dose was suffi-
ciently high and the inflammation sufficiently intense and
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chronic, reactive MNP could more readily lead to second-
ary carcinogenesis via inflammation. HARN pose a more
complex and different hazard because they may be, ana-
logously to asbestos, carcinogenic to the lungs, pleura and
peritoneal cavity as a consequence of their fibrous struc-
ture. Recent research by the authors suggests that the ex-
isting fibre pathogenicity paradigm is adequate for describ-
ing the hazard of HARN exposure and that making the
HARN of a non-biopersistent material or restricting the
length could, via benign-by-design principles, allows safe
HARN to be produced [58]. In all of the above it is import-
ant to point out that, analogously to conventional particle-
induced cancer, these processes leading to cancer would
only be initiated by protracted exposure to high airborne
levels of MNP culminating in a high dose to the lungs.
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Figure 1

Diagram showing the potential processes that might be involved in NP carcinogenesis. Biologically effective doses are shown below each
particle type on the left and potentially important pathobiological processes are shown around the arrows leading to cancer on the right.
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