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Abstract

In recent decades, advances in nanotechnology engineering have given rise to the rapid development of many novel
applications in the biomedical field. However, studies into the health and safety of these nanomaterials are still lacking.
The main concerns are the adverse effects to health caused by acute or chronic exposure to nanoparticles (NPs),
especially in the workplace environment. The lung is one of the main routes of entry for NPs into the body and, hence, a
likely site for accumulation of NPs. Once NPs enter the interstitial air spaces and are quickly taken up by alveolar cells,
they are likely to induce toxic effects. In this review, we highlight the different aspects of lung toxicity resulting from NP
exposure, such as generation of oxidative stress, DNA damage and inflammation leading to fibrosis and pneumoconiosis,
and the underlying mechanisms causing pulmonary toxicity.
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Introduction

The study of nanotechnology has emerged in the last few
decades due to advances in the field of engineering,
which have facilitated rapid and mass production of engin-
eered nanomaterials. These particles, defined as having at
least one dimension in the nanoscale, are so small that
they can easily enter or diffuse through pores of mem-
branes. They also possess characteristics much different
from their bulk counterparts. Nanomaterials form the foun-
dation for the development of ground-breaking nanomedi-
cal devices applied in drug delivery and biomarker
discovery, as well as in molecular diagnostics.l Even now,
various nanomaterials are increasingly incorporated into
many consumer items, such as clothing and plastic
wares,'? thus increasing the risk of human contact and
exposure to nanomaterials, not just in the industrial work
places, but also in the home environment.

The future prospects for nanotechnology are bright and
promising. While the attention of current researchers has
been toward enhancing the applications of this novel tech-
nology, comparatively less research has been performed
to assess the potential deleterious health effects of these
unique materials. The sheer diversity of size, shape, struc-
ture and elemental constituents, including surface modifi-
cations of engineered nanoparticles (NPs), makes their
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evaluation tedious and challenging. Adding to the con-
fusion, older literature would use the term ultrafine particles
(UFPs) to define both engineered NPs as well as “uninten-
tionally generated NI, including combustion-derived pro-
ducts such as carbon black. With such a blanket term
used, it would give misleading reports if toxicity were to
be due to engineered NPs where properties are better estab-
lished than the accidental NPs generated (of which com-
ponents are an unknown mixture).

There are three main routes of entry of the NPs into the
human body. First, NPs are inhaled into the body from
atmospheric air via the upper respiratory tract. Exposure
to metal NPs like iron, nickel and titanium oxide NPs
(TiO,NPs), as well as the carbon-based NPs in the work
place environment has become a common event.>* Oral
ingestion and entry via the dermal route, either by injection
into the dermal layer or absorption through the pores of the
skin, are mainly mediated by exposure from therapeutic or
cosmetic applications.” We have opted to focus on the res-
piratory route, which is the most important consideration
for study of atmospheric exposure to NPs. The lungs
would be the first line of contact for particles that gained
entry into the body and hence the most likely organ for
accumulation and long-term exposure. In one inhalation
study, the lung showed the highest bioavailability of gold
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nanoparticles (AuNPs) within five days of NP exposure and
significant accumulation over 15 days exposure.® The data
from another report also highlighted that aggregates of
silver NPs (AgNPs) could be retained in the lung for
seven days, while the non-aggregated ones can easily trans-
locate to other organs.” These studies remain even more
important as more NPs are increasingly being manufac-
tured, leading to increased occupational exposure and
release into the atmospheric environment.®

In this review, we will examine the issue of lung injury
and diseases induced by nanotoxicity, with a distinct
focus on metal-based engineered NPs. At times, we will
refer to early studies on UFP pollutants because they are
the foundation for much of the present research into the pul-
monary toxicity of NPs. As the field continues to develop
and mature, it may not be long before safety evaluation of
engineered NPs becomes a prerequisite before use in biome-
dical applications.’ ™!

Intrinsic toxicity of NPs

It has been known for some time that NPs are not innocuous
but may harbor harmful effects. The ‘NP hypothesis” first
originated from information available on particulate
matter (PM), especially work on PM with less than 10 um
diameter (PM10), which formed the basis for extensive
studies into nanotoxicology.”? The hypothesis suggests
that NPs are the main drivers of proinflammatory effects
in cases of PM toxicity because they are the main particulate
type found in PM mixtures, thus implying that NPs may
possess some intrinsic toxicity. What are the properties of
NPs that would give rise to toxic effects? One would be
the small size of NPs as it would give rise to a high
surface area per unit mass, and from what we know about
particle toxicology, this is often correlated with higher reac-
tivity."* In addition, the larger surface area also leads to
an increased possibility for the formation of free radicals
(i.e. superoxide anions or hydroxyl radicals), which conse-
quently drive oxidative stress, especially for metal-based
NPs. Thus, this forms the underlying mechanism respon-
sible for inflammatory responses to NP exposure.’
Certain NPs such as heavy metal cadmium quantum dots
and AgNDPs are also known to induce oxidative stress and
are highly toxic."*'> However, not all cases of oxidative
stressed are caused by direct effects of NPs. Metal contami-
nants on the cell surface have also been shown to be the
main causative agents that generate free radicals.'® While
size does play a big part in particle toxicity, the shape of
the NP as well as the surface modifications may also affect
their uptake and toxic potential.'”*®

Another effect of the large surface area per unit mass of
the NP is that it may be responsible for the adsorption of
various organic compounds from ambient air and this
phenomenon enhances biological interactions within the
organism.'? Tt has been shown by a number of epidemiolo-
gical studies that airborne PM from combustion sources like
motor vehicles or industrial exhausts contributes to respirat-
ory and cardiovascular morbidity and mortality.**~** A
specific toxicological role has been observed for particles

with diameter <0.1 um (UFPs in particular), which are
generated in incomplete fuel combustion. UFPs have been
found to induce inflammatory and prothrombotic
responses, promote atherosclerosis, thrombogenesis and
may be the cause of other cardiovascular events.® Besides
affecting lung physiology, these particulates have also
been shown to affect the autonomic nervous system or, in
other cases, act directly on cells in various organs and
may possess mutagenic potential.***

The lung as a route of entry

The human lung is a vulnerable organ for NP invasion as
there is approximately 2300 km of airways and 300 million
alveoli, giving rise to a large surface area, which is in
contact with the environmental atmosphere and the ultrafine
particulate pollutants present in it.> Even though nasal cilia
and mechanical actions, such as coughing, could trap and
expel larger size particles from the airways, they may not
be so effective in getting rid of NPs. The small size of NPs
allows them to easily penetrate into the deep air spaces
of the alveoli (Figure 1) and be readily taken up by lung
epithelial cells and fibroblasts (Figure 2).

There is only a single-cell layer that separates inhaled air
from the blood capillaries, which makes for a poor barrier
against the entry of NPs from the alveolar lumen into the
blood circulation (Figure 1). UFPs from combustion
engines are not taken up by macrophages in the lungs
and instead translocate to other organs beyond the lungs
as evidenced by controlled clinical and animal studies.**
NPs have been reported to cross the alveolar-capillary
barrier (with the aid of caveolae) into the circulatory
system.”” Some research groups have found that AuNPs
and carbon-based NPs could potentially overcome the
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Figure 1 Entry of NPs into alveolar cells and the pulmonary circulation. NP,
nanoparticle
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Figure 2 TEM of MRC-5 human lung fibroblast and primary human SAECs treated with AuNPs. MRC lung fibroblasts and SAECs were routinely cultured in four-
chambered coverglass (Lab-tek Chambered Coverglass System, Nalge Nunc International, Rochester, NY, USA) at a density of 7000 cells/well and exposed to
1 nmol/L AuNPs (20 nm in diameter) for 72 h. Post-treatment, cells were fixed in 3% glutaldehyde, osmicated with 1% osmium tetroxide, dehydrated and embedded
in araldite. Ultrathin sections were cut and viewed in an Olympus EM208S TEM after double staining with uranyl acetate and lead citrate. (a) Low magnification image
of an MRC-5 fibroblast. Scale bar = 5 um. (b) Higher magnification with arrows pointing to AuNP clusters in cellular vacuoles present in the cytoplasm of the fibro-
blasts. Scale bar = 0.2 um. (c) Low magnification image of an SAEC. Scale bar = 5 um. (d) AuNP clusters are also similarly deposited in the vacuoles present in the
cytoplasm of the SAEC. Scale bar = 0.5 um. TEM, transmission electron microscopy; SAEC, small airways epithelial cell; AuNP, gold nanoparticle

blood -brain barrier and translocate to the brain by the
uptake of these NPs through the olfactory bulb.>*®
Because much of the concern regarding exposure to NP tox-
icity in the workplace comes from either accidental or indir-
ect release of NP as aerosols into the atmosphere during the
manufacturing process, the respiratory system invariably
becomes the first line of contact and main route of entry
of atmospheric NPs into the body.

Translocation and deposition of NPs
in the body

Once the respiratory system is exposed to UFPs, trans-
location to other organs is rapid and the particles may
appear in the liver, heart and nervous system in a
matter of hours.”®=* The main mechanisms of NP depo-
sition in the lungs are impaction (PM >100 um), sedimen-
tation (particles in the range of 0.1 and 50 um) and
diffusion (UFPs).>* Whether UFPs accumulate in the nasal
cavity, conducting airways, and the alveoli by diffusional
displacement are dependent on the size of the particles.
Larger particles (with diameter greater than 1 uwm) deposited

on the epithelial surface may, however, be cleared by bodily
responses, such as coughing, or by mucociliary transport,
and/or phagocytosis by alveolar macrophages.”>
Conversely, UFPs seem to penetrate cellular membranes
rapidly.”®**** Besides, there have been in vitro studies
showing that UFPs induce oxidative stress and mitochon-
drial damage via penetration into the epithelial cells, and
that UFPs are more potent than PM2.5 and PM10.%

The lung is not just an entry point for NPs, but as a result
of the close connection with the circulatory system, NPs in
the lungs have the potential to translocate to other organs
quite readily. Exposure of rats to AuNPs showed that
inhaled NPs accumulate significantly in the lungs and are
detected in other organs a few weeks later.® In another in
vivo study, AuNPs injected intravenously into rats were
found to accumulate in the liver and kidneys up to one
month postinjection, implying that these organs may be
reservoirs for NP deposition and that there could be an inhi-
bition of natural excretion of NP from the body.*® Therefore,
it would seem that the smaller the size of the NPs, the wider
will be the biodistribution in the body, and the longer the
biopersistence (which reduces clearance from the body),
the greater will be the impact on toxicity in cells, tissues



and organ systems. To understand the effect of NPs in the
lung, we will next consider the mechanisms associated
with NP toxicity at the cellular level.

Underlying cellular mechanisms
of NP-induced toxicity

Ineffective clearance of NPs

The epithelial cells in the respiratory tract are covered and
protected by a thin liquid layer called the epithelial lining
fluid, which is composed of various neutralizing agents.””
The main component is surfactant whose main function is
to displace PM <6 um in order to facilitate mucociliary
clearance.* Proteins in the surfactant play a role in opsoni-
zation as well as in the clearance of PM by macrophages.”
Furthermore, UFPs are physically aggregated into agglom-
erates, thus making them easy targets of phagocytosis by
the macrophages, in particular the alveolar macrophages,
on the epithelial surfaces of the alveoli.*>** Their primary
role is to engulf and process particles that are not cleared
by mucociliary action and coughing.**** However, depend-
ing on the level of agglomeration of NPs, macrophages may
not be efficient in clearing them, resulting in granulomatous
lesions.” Also, when alveolar macrophages are activated
following PM phagocytosis, substantial amounts of
oxygen radicals, proteolytic enzymes, proinflammatory
mediators and growth-regulating proteins are released,
which may lead to both acute and chronic lung inflam-
mation.*”*! These mediators may also stimulate epithelial
and endothelial cells and promote leukocyte recruitment
into the lungs.42 Furthermore, studies have elicited that
lung epithelial cells, when exposed to PM, produce a spec-
trum of proinflammatory mediators that attract leukocytes
and upregulate adhesion molecules on their cell surface so
as to recruit leukocytes into the air spaces.**~*¢

Surface functionalization on NPs is also another factor
that affects uptake, penetration and clearance. While there
is no unique functionalization that is specific for lung epi-
thelium, it is possible to develop specific targets for one
cell type, for example, nanodrugs that target cancer
cells.*”*® Just as size of the NPs determines the depth of
penetration into lungs, surface modifications can also
affect cellular targeting of NPs. This brings us to the ques-
tion as to how ‘sticky’ are NPs to their target sites and
their rate of clearance from the body. However, few research
studies have attempted to address this issue. A study by
Kim et al.** showed that AgNPs preferentially accumulate
in the liver and kidneys. NP accumulation in the kidneys
is gender specific, with a two-fold higher amount of
AuNPs accumulating in female than in male mice. Choi
et al.”® have observed that quantum dots less than 5 nm in
size could be completely excreted from the kidneys.

Oxidative stress

Exposure to NPs and PMs are known to cause an increase in
reactive oxygen species (ROS), which could lead to oxidative
stress. ROS generation by NPs could be due to three factors as
outlined by Knaapen et al.:>" (i) active redox cycling on the

surface of NPs, particularly the metal-based NPs;**>*? (ii) oxi-

dative groups functionalized on NPs; and (iii) particle-cell
interactions, especially in the lungs where there is a rich
pool of ROS producers like the inflammatory phagocytes,
neutrophils and macrophages. Overproduction of ROS acti-
vates a series of cytokine cascades, which include an upregu-
lation of interleukins (IL), kinases and tumor necrosis factor
(INF-«) proinflammatory signaling processes as a counter
reaction to oxidative stress** (Figure 3). Studies on TiO,NPs
and Cgo fullerenes have shown that these NPs induce
elevation of proinflammatory enzymes, such as IL-1,
TNF-qa, IL-6, macrophage inhibitory protein and monocyte
chemotactic protein in rodent lungs.”*”> When receptor tyro-
sine kinases, mitogen-activated protein kinases and transcrip-
tional factors, such as nuclear factor-«B and signal transducer
and activator of transcription 1, are activated, the genes
involved in inflammation and fibrosis are transcribed and
expressed.”®”” Stimulation of IL-18 and TNF-a heightens
the expression of profibrotic proteins. More specifically, the
latter is known to upregulate the production of transforming
growth factor (TGF)-B81, which potentiates collagen depo-
sition by fibroblasts,” while the former is associated with
the expression of platelet-derived growth factor (PDGF)-AA
and its receptor, PDGF receptor-a, which increases
proliferation of myofibroblasts, promoting the formation of
immature collagenous tissue within the lung.””

Genotoxicity

NanoGenotoxicology is yet another new term that was
coined to represent the growing trend of research into
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Figure 3 Possible mechanistic pathway for pulmonary toxicity induced by
exposure to NPs. Exposure to NPs may lead to oxidative stress due to
increased production of ROS and downstream signaling responses that
promote fibrosis and produce genotoxicity. NP, nanoparticle; ROS, reactive
oxygen species



NP-induced genotoxicity and carcinogenesis (an excellent
review on the genotoxicity of nanomaterials is given by
Singh et al.>®). Although there are still no conclusive links
with NP-induced genotoxicity and lung cancer from past
epidemiological studies and in vivo rodent experiments,
some researchers have pointed out that long-term inflam-
mation and oxidative stress present in tissue environment
eventually induces DNA damage in cells and tissues.”
This is of particular concern, especially if the NPs continue
to generate an oxidative environment in the cell that causes
gene mutations/deletions. This can lead to larger-scale
mutagenesis (Figure 3) and carcinogenicity, and sub-
sequently development of tumors and cancer.”’ Already,
more evidence has emerged regarding the DNA damaging
properties of certain classes of NPs, particularly the metal-
based NPs like AgNPs, AuNPs and TiO2NPs.60'63 One pro-
posed mode of action for NP genotoxicity is the ability of
signaling peptides functionalized on NPs such as carbon
nanotubes (CNTs) that enable them to enter the nucleus
via nuclear pores.®* It is yet to be shown that such CNTs
are able to cause genotoxicity, but it is believed that
there is a greater potential of damage when NPs are able
to get in close proximity to DNA. There are also other
different mechanisms that may be specific to the elemental
composition and shape of NPs, which could lead to
DNA damage such as single-strand breaks, double-strand
breaks, DNA deletions and genomic instability in
the form of increase in 8-hydroxy-2’-deoxyguanosine
levels.®*°® While some researchers have found that
exposure to TiO,NPs in rats could cause formation of
lung granulomas,® others have cautioned that appearance
of granulomas does not necessarily mean that the tissue is
cancerous as most tissues probably remain benign.”” As
most reports regarding NP toxicity were observed from
experiments involving ultraviolet or irradiation exposure,
the clinical relevance of these mechanistic experiments
are ques’cioned.68 Nevertheless, a recent study has shown
that TiO,NPs may be able to switch on regressive cancer
cells. In vivo preimplantation of TiO,NP, followed by
co-culturing of a regressive cancer cell line over the implan-
tation site, was observed to induce tumorigenic character-
istics such as an upregulation of TGF-8 and prostaglandin
E,.%’ According to Mroz et al”® cells with long-term
exposure to NPs, like nanoparticulates in PM10, displayed
genome instability under comet assay analysis, altered
cell cycle kinetics in flow cytometry and induced protein
expression of p53 and DNA repair-related proteins,
similar to that observed in irradiated cells. Hence, they pos-
tulate that these NPs could activate signaling pathways
similar to ionizing radiation, resulting in carcinogenesis as
a consequence of errors in DNA replication. DNA repair
in ionizing radiation requires activation of ataxia telangiec-
tasia mutated protein, which is a serine/threonine-specific
kinase, and subsequently, the ubiquitylation signaling
cascade and sumoylation pathway. A postulated mechan-
ism for the repair of damaged DNA from exposure to
NPs based on the ionizing radiation model is shown in
Figure 4. However, as cancer is a multifactorial disease,
there may not be only one defining cause for an individual
to develop neoplasm. Instead, it may be more pertinent
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Figure 4 Postulated mechanism for the repair of damaged DNA on exposure
to NP based on the ionizing radiation model. NP, nanoparticle; ATM, ataxia tel-
angiectasia mutated

to place the risk factor from NP exposure alongside other
risk factors for cancer as well.

Inflammation of lung tissues
induced by NPs

Among all the adverse effects caused by NPs, inflam-
mation (a biological reaction of tissues to harmful
stimuli) appears to be the most common factor. In fact,
different types of NPs can induce diverse inflammatory
responses in the lung. For instance, the toxicity of single-
wall CNTs in inducing epithelioid granulomas and inter-
stitial inflammation in mice lungs seven and 90 days
after intratracheal instillation has been reported to be
higher as compared with other NPs, like carbon black
and quartz particles.”’ Oxidative stress is most likely the
major underlying mechanism driving inflammation
responses by NPs, which lead to the activation of different
transcription factors with subsequent enhanced synthesis of
proinflammatory proteins. TiO,NPs are able to induce pul-
monary neutrophilia mediated via increased production of
neutrophil-attracting chemokines CXCL1, TNF-a and
IL-8,”*”* together with a surge in counts of eosinophils and
lymphocytes in the bronchoalveolar lavage fluid.”* CNTs
and NPs are also believed to cause adverse effects through
inflammation and induction of proinflammatory molecules.”
However, it must be noted that some researchers have found
metal contaminants (such as iron and nickel) in the nanotube
production process to be the main causative agent of oxi-
dative stress.'®”® Pulmonary inflammation may also result
in changes in membrane permeability, which in turn can
result in particle distribution extending beyond the lung
and indirectly affecting cardiovascular performance.**””
Moreover, NPs have the potential to enter the brain®® and
blood circulation,”® and subsequently other major organs,



inciting inflammation in these places. Needless to say,
inflammation arising as a result of NP exposure could lead
to pulmonary diseases or exacerbation of existing lung
disorders.

Lung disorders that may arise from
NP exposure

Pulmonary fibrosis

Pulmonary fibrosis occurs as a result of increased tissue
reactivity leading to the formation and accumulation of
fibrous connective tissue. Fibrosis can take many forms,
varying from severe forms that cause distortion of lung
architecture, inducing bronchiectasis and chronic respirat-
ory infection, to milder forms, which comprise of restrictive
ventilatory defects causing hglpoxemia, cor pulmonale and
pulmonary hypertension.””*’ The first step in pulmonary
fibrosis is inflammatory response when immune cells com-
prising macrophages and neutrophils are excessively acti-
vated. These immune cells release toxic mediators, which
result in the loss of epithelial integrity and promotion of
tissue injury. When this happens, the cell normally
employs a repair mechanism wherein mesenchymal cells
are activated. These mesenchymal cells have a three-fold
role, which includes extracellular matrix deposition,
re-epithelialization and restoration of normal lung architec-
ture. However, certain patients show an abnormality in
tissue remodeling and excessive matrix deposition, which
leads to progressive scarring and fibrosis.*” Recently, some
researchers have also observed the presence of multiwalled
CNTs (MWCNTs) in the subpleural region in lungs of mice
giving rise to fibrosis and scarring.®’ This has become a
matter of grave concern as non-clearance and persistence
of MWCNTs could cause inflammation in the sensitive
mesothelium, leading to mesothelioma formation. Another
study also suggests that pulmonary fibrosis induced by
MWCNTs may be exacerbated in people with existin%
lung inflammation.®> As aptly put by Byrne and Baugh,'
the irregularity in tissue remodeling and fibrosis, with refer-
ence to particle inhalation, may be due to an exaggerated
inflammatory response that is driven by inability to clear
toxic particles from the lungs via the usual protective mech-
anisms. This whole cascade may be initiated by interactions
of alveolar macrophages with lung epithelial cells, or even
directly by interstitial fibroblasts."’

The extent of fibrotic response may also determine the
severity of loss of tissue function. Generally fibrosis occurs
in the following sequence:** (a) organization of the imma-
ture fibrinous tissue with the formation of new blood
vessels and increased blood supply; (b) proliferation of
myofibroblasts; (c) increased deposition of extracellular
matrix; and finally (d) scar formation. Under conditions of
normal lung function, immature intralumenal collagenous
tissue may be eliminated by the fibrinolytic system with
concomitant apoptosis of myofibroblasts, thus favoring
re-epithelialization.** Depending on the degree of injury to
the alveoli, removing the continual exposure to NPs may
allow re-epithelialization. In chronic cases of injury,
however, lung function may be lost.

Pneumoconiosis

Pneumoconiosis, an occupational lung disease, is clinico-
pathologically classified into two categories, fibrotic and
non-fibrotic. While the fibrotic process involves focal
nodular or diffuse fibrosis, non-fibrotic lesions involve
particle-laden macrophages, with minimal or no fibrosis.*
The former comprises silicosis, coal worker’s pneumoconio-
sis, asbestosis and berylliosis, which are caused by sus-
tained inhalation of silica particles, washed coal particles,
asbestos fibers and beryllium particles, respectively."
Non-fibrotic lesions cover siderosis, stannosis and baritosis
that are caused by particles of iron oxide, tin oxide and
barium sulfate, respectively. Among these pulmonary
lesions, silicosis, coal worker’s pneumoconiosis and asbesto-
sis dominate the clinical cases.?> Over the last three decades,
death rates due to asbestosis have increased tremendously,
overwhelming the decrease in death rates due to the other
two types of pneumoconiosis.*® Here it is to be noted that
these clinical conditions are influenced by a multitude of
particle types, varying in size and concentration. These par-
ticulate clouds are mineral and combustion-derived, and are
found most commonly in developing nations. NPs are the
most toxic of the particles found in particulate clouds and
are the most significant contributors to fibrogenicity.*” It is
hypothesized that NPs could also behave like asbestos in
vivo since some NPs, particularly the carbon rods, have
similar shape, size and properties. A study showed evidence
of asbestos-like pathogenic behavior of MWCNTs in mice,
inducing inflammation and formation of graulomas.®®
Although there have not been any confirmed reported clini-
cal cases of engineered NP-induced pulmonary fibrosis, it
should be remembered that the rapidly increasing exposure
levels may cause serious issues, considering the extent to
which NPs are integrated into technology.”!

Exacerbation of asthma

Asthma is a disease whereby inflammation of the airways
induces lung hypersensitivity, and hence asthmatic individ-
uals are more likely to be vulnerable to NP-induced lung
toxicity. Many early studies have shown that deposition
of fine particles are most enhanced in the lungs of
patients with chronic obstructive lung disease, including
asthma.?”*° Since inhaled UFPs have higher deposition effi-
ciency in the pulmonary region, more UFPs are retained in
the lung with each breath in comparison with larger par-
ticles.**”? In cases of asthmatic patients, airway obstruc-
tion causes air trapping and thus an increase in alveolar
volume, causing a net increase in UFP deposition through
diffusion, although impairment of alveolar ventilation may
prove inhibitory. Since alveolar volume increases during
exercise, the deposition in healthy individuals is also
higher during exercise than while at rest. However, this
increase is not significant in asthmatic patients, perhaps
because the increased alveolar volume and airway turbu-
lence is innately present.”® Dead space ventilation increases
the minute respiration of patients with obstructive lung
disease.”* This phenomenon along with hyperinflation,
which is seen even in mild cases of asthma, is speculated



to increase the diffusional deposition of UFPs in the distal
airways and alveoli. The increase in particle number in the
lung has been reported to be 74% in asthmatic patients com-
pared with healthy subjects.”®> Therefore, it would appear
that greater NP deposition in the lung would exacerbate
airway inflammation in susceptible individuals.

Another concern would be how the use of steroids in
asthmatic individuals would affect NP lung toxicity.
Steroids, such as the various forms of corticosteroids, are
used in the treatment of asthma as it helps to control and
reduce inflammation in the airways by inhibiting cyclooxy-
genases and production of superoxides.””® How effective
steroids are in counteracting NP toxicity is still not known.
Our preliminary study has shown that dexamethasone did
not affect the viability of NP-treated lung epithelial cells in
vitro (Figure 5). Even so, there are proponents for the
novel use of platinum NPs as an antioxidant treatment for
pulmonary inflammation.”” Moreover, fullerenes (Cgo NPs)
have also been reported to exert anti-inflammatory
properties.”

Conclusion

It is still early days in the study of NP-induced pulmonary
toxicity and there is a diversity of factors that need to be
taken into consideration before we can truly understand
the impact of NP exposure on human health. Even in
studies of nanotoxicology, many have called for greater
caution in making conclusions about the relevance of any
toxicological study on NPs. A recent clinical case study of
workers developing pulmonary disease from NP exposure
had received criticism from field experts for presumptuous
conclusions drawn outside of the study’s limitations.”>*
In the meantime, the cautionary procedure would be to
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Figure 5 Effect of dexamethasone on AuNP-treated SAECs. SAECs were
treated with either 1 nmol/L AuNPs alone or combined with 100 nmol/L dexa-
methasone for 72 h. Post-treatment, cells were trypsinized, resuspended in
culture and cell viability was determined by staining with 0.4% Trypan blue
solution (Sigma-Aldrich, St Louis, MO, USA) before counting in a hemocyt-
ometer. There was no significant difference in cell viability between the two
groups of treated SAECs (P > 0.05). Experiments were carried out in tripli-
cates. SAEC, small airways epithelial cell; AuNP, gold nanoparticle
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handle the use of engineered NPs with discretion and
with appropriate workplace and safety protocols.

Author contributions: JJL. and SM co-wrote the first draft of
the paper; JJL and C-TN conducted the experiments and
analyzed the data; L-YLY contributed to the interpretation
of the results and made amendments to the pre-final draft;
and B-HB conceptualized and organized the Minireview,
amended the drafts and finalized the figures. All authors
reviewed the final draft of the manuscript before submission.
All individuals who made contributions to this study are
included either as authors or are acknowledged at the end
of the paper. JJL and SM contributed equally to this work.

ACKNOWLEDGEMENTS

We thank Song-Lin Bay, Chun-Peng Low and Yee-Gek
Chan for technical assistance. The work was supported by
the Singapore Ministry of Education Academic Research
Fund Tier 2 via Grant MOE2008-T2-1-046 and the
National University of Singapore (NUS) Environmental
Research Institute (NERI) via Grant R706000002646.

REFERENCES

1 Salata O. Application of nanoparticles in biology and medicine.
J Nanobiotechnol 2004;2:3
2 Hoet P, Bruske-Hohlfeld I, Salata O. Nanoparticles - known and
unknown health risks. ] Nanobiotechnol 2004;2:12
3 Gilmour PS, Brown DM, Lindsay TG, Beswick PH, MacNee W,
Donaldson K. Adverse health effects of PM10 particles: involvement of
iron in generation of hydroxyl radical. Occup Environ Med
1996;53:817-22
4 Oberdorster G, Utell MJ. Ultrafine particles in the urban air: to the
respiratory tract - and beyond? Environ Health Perspect 2002;110:A440-1
5 Lademann J, Weigmann H, Rickmeyer C, Barthelmes H, Schaefer H,
Mueller G, Sterry W. Penetration of titanium dioxide microparticles in a
sunscreen formulation into the horny layer and the follicular orifice.
Skin Pharmacol Appl Skin Physiol 1999;12:247 -56
Yu LE, Yung L-YL, Ong C-N, Tan Y-L, Balasubramaniam KS, Hartono
D, Shui G, Wenk MR, Ong W-Y. Translocation and effects of gold
nanoparticles after inhalation exposure in rats. Nanotoxicology
2007;1:235-42
Takenaka S, Karg E, Roth C, Schulz H, Ziesenis A, Heinzmann U,
Schramel P, Heyder J. Pulmonary and systemic distribution of inhaled
ultrafine silver particles in rats. Environ Health Perspect 2001;109:547 -51
8 Stone V, Johnston H, Clift MJ. Air pollution, ultrafine and nanoparticle
toxicology: cellular and molecular interactions. IEEE Trans Nanobiosci
2007;6:331-40
9 Donaldson K, Stone V, Tran CL, Kreyling W, Borm PJ. Nanotoxicology.
Occup Environ Med 2004;61:727 -8
10 Seaton A, Donaldson K. Nanoscience, nanotoxicology, and the need to
think small. Lancet 2005;365:923 -4
11 Service RF. Nanotoxicology. Nanotechnology grows up. Science
2004;304:1732-4
12 Donaldson K, Tran L, Jimenez LA, Duffin R, Newby DE, Mills N,
MacNee W, Stone V. Combustion-derived nanoparticles: a review of
their toxicology following inhalation exposure. Part Fibre Toxicol
2005;2:10
13 Byrne JD, Baugh JA. The significance of nanoparticles in
particle-induced pulmonary fibrosis. Mcgill | Med 2008;11:43 -50
14 Lovric J, Cho SJ, Winnik FM, Maysinger D. Unmodified cadmium
telluride quantum dots induce reactive oxygen species formation
leading to multiple organelle damage and cell death. Chem Biol
2005;12:1227-34
15 Hsin YH, Chen CF, Huang S, Shih TS, Lai PS, Chueh P]. The apoptotic
effect of nanosilver is mediated by a ROS- and JNK-dependent

N

N



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

mechanism involving the mitochondrial pathway in NIH3T3 cells.
Toxicol Lett 2008;179:130-9

Pulskamp K, Diabate S, Krug HF. Carbon nanotubes show no sign of
acute toxicity but induce intracellular reactive oxygen species in
dependence on contaminants. Toxicol Lett 2007,168:58 -74

Warheit DB, Brock W], Lee KP, Webb TR, Reed KL. Comparative
pulmonary toxicity inhalation and instillation studies with different
TiO, particle formulations: impact of surface treatments on particle
toxicity. Toxicol Sci 2005;88:514-24

Tsuji JS, Maynard AD, Howard PC, James JT, Lam C-w, Warheit DB,
Santamaria AB. Research strategies for safety evaluation of
nanomaterials, part IV: risk assessment of nanoparticles. Toxicol Sci
2006;89:42-50

Geiser M, Rothen-Rutishauser B, Kapp N, Schurch S, Kreyling W,
Schulz H, Semmler M, Im Hof V, Heyder J, Gehr P. Ultrafine
particles cross cellular membranes by nonphagocytic mechanisms

in lungs and in cultured cells. Environ Health Perspect 2005;113:
1555-60

Pope CA III. Particulate air pollution, C-reactive protein, and cardiac
risk. Eur Heart | 2001,22:1149-50

Peters A, Pope CA III. Cardiopulmonary mortality and air pollution.
Lancet 2002;360:1184 -5

Peters A, Wichmann HE, Tuch T, Heinrich J, Heyder ]. Respiratory
effects are associated with the number of ultrafine particles. Am | Respir
Crit Care Med 1997;155:1376-83

Schulz H, Harder V, Ibald-Mulli A, Khandoga A, Koenig W, Krombach
F, Radykewicz R, Stampfl A, Thorand B, Peters A. Cardiovascular
effects of fine and ultrafine particles. | Aerosol Med 2005;18:1-22
Harder V, Gilmour P, Lentner B, Karg E, Takenaka S, Ziesenis A,
Stampfl A, Kodavanti U, Heyder ], Schulz H. Cardiovascular responses
in unrestrained WKY rats to inhaled ultrafine carbon particles. Inhal
Toxicol 2005;17:29-42

Samet JM, DeMarini DM, Malling HV. Biomedicine. Do airborne
particles induce heritable mutations? Science 2004;304:971-2
Oberdorster G, Sharp Z, Atudorei V, Elder A, Gelein R, Lunts A,
Kreyling W, Cox C. Extrapulmonary translocation of ultrafine carbon
particle following whole-body inhalation exposure of rats. ]| Toxicol
Environ Health A 2002;65:1531-43

Gumbleton M. Caveolae as potential macromolecule trafficking
compartments within alveolar epithelium. Adv Drug Deliv Rev
2001;49:281-300

Oberdorster G, Sharp Z, Atudorei V, Elder A, Gelein R, Kreyling W,
Cox C. Translocation of inhaled ultrafine particles to the brain. Inhal
Toxicol 2004;16:437 -45

Brown ], Zeman K, Bennett W. Ultrafine particle deposition and
clearance in the healthy and obstructed lung. Am ] Respir Crit Care Med
2002;166:1240-7

Kreyling W, Semmler M, Erbe F, Mayer P, Schulz H, Oberdorster G,
Ziesenis A. Translocation of ultrafine insoluble iridium particles from
lung epithelium to extrapulmonary organs is size dependent but very
low. | Toxicol Environ Health 2002;65:1513-30

Stuart BO. Deposition and clearance of inhaled particles. Environ Health
Perspect 1984;55:369 - 90

Gehr P, Geiser M, Hof V, Schurch S. Surfactant ultrafine particle
interactions: what we can learn from PM10 studies. Phil Trans R Soc
Lond Ser A 2000;358:2707-18

Geiser M, Schurch S, Gehr P. Influence of surface chemistry and
topography of particles on their immersion into the lung’s
surface-lining layer. | Appl Physiol 2003;94:1793-801

Schurch S, Gehr P, Im Hof V, Geiser M, Green F. Surfactant displaces
particles toward the epithelium in airways and alveoli. Respir Physiol
1990;80:17-32

Li N, Sioutas C, Cho A, Schmitz D, Misra C, Sempf J, Wang M, Oberley
T, Froines J, Nel A. Ultrafine particulate pollutants induce oxidative
stress and mitochondrial damage. Environ Health Perspect
2003;111:455-60

Balasubramanian SK, Jittiwat J, Manikandan J, Ong CN, Yu LE, Ong
WY. Biodistribution of gold nanoparticles and gene expression changes
in the liver and spleen after intravenous administration in rats.
Biomaterials 2010;31:2034-42

Kendall M, Tetley TD, Wigzell E, Hutton B, Nieuwenhuijsen M,
Luckham P. Lung lining liquid modifies PM(2.5) in favor of particle

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

aggregation: a protective mechanism. Am | Physiol Lung Cell Mol Physiol
2002;282:1.109-14

Kreyling WG. Intracellular particle dissolution in alveolar
macrophages. Environ Health Perspect 1992,97:121-6

Bowden DH. The alveolar macrophage. Environ Health Perspect
1984;55:327 -41

Oberdorster G. Pulmonary effects of inhaled ultrafine particles. Int Arch
Occup Environ Health 2001;74:1-8

Zhou H, Kobzik L. Effect of concentrated ambient particles on
macrophage phagocytosis and killing of Streptococcus pneumoniae.
Am ] Respir Cell Mol Biol 2007;36:460-5

Ling SH, van Eeden SF. Particulate matter air pollution exposure: role in
the development and exacerbation of chronic obstructive pulmonary
disease. Int ] Chron Obstruct Pulmon Dis 2009;4:233-43

Carter JD, Ghio AJ, Samet JM, Devlin RB. Cytokine production by
human airway epithelial cells after exposure to an air pollution particle
is metal-dependent. Toxicol Appl Pharmacol 1997;146:180-8

Fujii T, Hayashi S, Hogg JC, Mukae H, Suwa T, Goto Y, Vincent R, van
Eeden SF. Interaction of alveolar macrophages and airway epithelial
cells following exposure to particulate matter produces mediators that
stimulate the bone marrow. Am | Respir Cell Mol Biol 2002;27:34-41
Fujii T, Hayashi S, Hogg JC, Vincent R, Van Eeden SF. Particulate matter
induces cytokine expression in human bronchial epithelial cells. Am |
Respir Cell Mol Biol 2001;25:265-71

Gilmour PS, Rahman I, Hayashi S, Hogg JC, Donaldson K, MacNee W.
Adenoviral E1A primes alveolar epithelial cells to PM(10)-induced
transcription of interleukin-8. Am | Physiol Lung Cell Mol Physiol
2001;281:L598 - 606

Chung YI, Kim JC, Kim YH, Tae G, Lee SY, Kim K, Kwon IC. The effect
of surface functionalization of PLGA nanoparticles by heparin- or
chitosan-conjugated Pluronic on tumor targeting. | Control Rel
2010;143:374-82

Sundaram S, Roy SK, Ambati BK, Kompella UB. Surface-functionalized
nanoparticles for targeted gene delivery across nasal respiratory
epithelium. FASEB ] 2009;23:3752-65

Kim YS, Kim JS, Cho HS, Rha DS, Kim JM, Park JD, Choi BS, Lim R,
Chang HK, Chung YH, Kwon IH, Jeong J, Han BS, Yu IJ.
Twenty-eight-day oral toxicity, genotoxicity, and gender-related tissue
distribution of silver nanoparticles in Sprague-Dawley rats. Inhal
Toxicol 2008;20:575-83

Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Itty Ipe B, Bawendi MG,
Frangioni JV. Renal clearance of quantum dots. Nat Biotechnol
2007;25:1165-70

Knaapen AM, Borm PJA, Albrecht C, Schins RPF. Inhaled particles and
lung cancer. Part A: Mechanisms. Int | Cancer 2004;109:799 -809
Fahmy B, Cormier SA. Copper oxide nanoparticles induce oxidative
stress and cytotoxicity in airway epithelial cells. Toxicol In Vitro
2009;23:1365-71

Lopez N, Norskov JK. Catalytic CO oxidation by a gold nanoparticle: a
density functional study. ] Am Chem Soc 2002;124:11262-3

Park EJ, Yoon J, Choi K, Yi ], Park K. Induction of chronic inflammation
in mice treated with titanium dioxide nanoparticles by intratracheal
instillation. Toxicology 2009;260:37-46

Park EJ, Kim H, Kim Y, Yi J, Choi K, Park K. Carbon fullerenes (C60s)
can induce inflammatory responses in the lung of mice. Toxicol Appl
Pharmacol 2010;244:226-33

Bonner JC. Lung fibrotic responses to particle exposure. Toxicol Pathol
2007,35:148-53

Bonner JC. The epidermal growth factor receptor at the crossroads of
airway remodeling. Am | Physiol Lung Cell Mol Physiol
2002;283:1.528-30

Sime PJ, Marr RA, Gauldie D, Xing Z, Hewlett BR, Graham FL, Gauldie
J. Transfer of tumor necrosis factor-alpha to rat lung induces severe
pulmonary inflammation and patchy interstitial fibrogenesis with
induction of transforming growth factor-betal and myofibroblasts.
Am ] Pathol 1998;153:825-32

Singh N, Manshian B, Jenkins GJ, Griffiths SM, Williams PM, Maffeis
TG, Wright CJ, Doak SH. NanoGenotoxicology: the DNA damaging
potential of engineered nanomaterials. Biomaterials 2009;30:3891-914
Asharani PV, Low Kah, Mun G, Hande MP, Valiyaveettil S.
Cytotoxicity and genotoxicity of silver nanoparticles in human cells.
ACS Nano 2009;3:279-90



Li et al. Nanoparticle-induced pulmonary toxicity 1033

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

Trouiller B, Reliene R, Westbrook A, Solaimani P, Schiestl RH. Titanium
dioxide nanoparticles induce DNA damage and genetic instability in
vivo in mice. Cancer Res 2009;69:8784-9

Schins R, Duffin R, Hohr D, Knaapen A, Shi T, Weishaupt C, Stone V,
Donaldson K, Borm P. Surface modification of quartz inhibits toxicity,
particle uptake, and oxidative DNA damage in human lung epithelial
cells. Chem Res Toxicol 2002;15:1166-73

Li J], Zou L, Hartono D, Ong C-N, Bay B-H, Yung L-YL. Gold
nanoparticles induce oxidative damage in lung fibroblasts in vitro. Adv
Mat 2008;20:138-42

Pantarotto D, Briand JP, Prato M, Bianco A. Translocation of bioactive
peptides across cell membranes by carbon nanotubes. Chem Commun
(Camb) 2004:16-7

Yang H, Liu C, Yang D, Zhang H, Xi Z. Comparative study of
cytotoxicity, oxidative stress and genotoxicity induced by four typical
nanomaterials: the role of particle size, shape and composition. | Appl
Toxicol 2008;29:69-78

Falck GC, Lindberg HK, Suhonen S, Vippola M, Vanhala E, Catalan J,
Savolainen K, Norppa H. Genotoxic effects of nanosized and fine TiO,.
Hum Exp Toxicol 2009;28:339-52

Muller J, Delos M, Panin N, Rabolli V, Huaux F, Lison D. Absence of
carcinogenic response to multiwall carbon nanotubes in a 2-year
bioassay in the peritoneal cavity of the rat. Toxicol Sci 2009;110:

442-8

Roller M. Carcinogenicity of inhaled nanoparticles. Inhal Toxicol
2009;21:144-57

Onuma K, Sato Y, Ogawara S, Shirasawa N, Kobayashi M, Yoshitake J,
Yoshimura T, ligo M, Fuijii ], Okada F. Nano-scaled particles of titanium
dioxide convert benign mouse fibrosarcoma cells into aggressive tumor
cells. Am ] Pathol 2009;175:2171-83

Mroz RM, Schins RP, Li H, Jimenez LA, Drost EM, Holownia A,
MacNee W, Donaldson K. Nanoparticle-driven DNA damage mimics
irradiation-related carcinogenesis pathways. Eur Respir |
2008;31:241-51

Lam C, James ], McCluskey R, Hunter R. Pulmonary toxicity of
single-wall carbon nanotubes in mice 7 and 90 days after intratracheal
instillation. Toxicol Sci 2003;77:126-34

Rossi EM, Pylkkanen L, Koivisto AJ, Vippola M, Jensen KA, Miettinen
M, Sirola K, Nykasenoja H, Karisola P, Stjernvall T, Vanhala E, Kiilunen
M, Pasanen P, Makinen M, Hameri K, Joutsensaari J, Tuomi T,
Jokiniemi J, Wolff H, Savolainen K, Matikainen S, Alenius H. Airway
exposure to silica-coated TiO, nanoparticles induces pulmonary
neutrophilia in mice. Toxicol Sci 2009;113:422-33

Goncalves DM, Chiasson S, Girard D. Activation of human neutrophils
by titanium dioxide (TiO(2)) nanoparticles. Toxicol In Vitro 2010;24:
1002-8

Larsen ST, Roursgaard M, Jensen KA, Nielsen GD. Nano titanium
dioxide particles promote allergic sensitization and lung inflammation
in mice. Basic Clin Pharmacol Toxicol 2009;106:114-17

Ganguly K, Upadhyay S, Irmler M, Takenaka S, Pukelsheim K, Beckers
J, Hamelmann E, Schulz H, Stoeger T. Pathway focused protein
profiling indicates differential function for IL-1B, -18 and VEGF
during initiation and resolution of lung inflammation evoked by
carbon nanoparticle exposure in mice. Part Fibre Toxicol 2009;

6:31

Kagan VE, Tyurina YY, Tyurin VA, Konduru NV, Potapovich Al,
Osipov AN, Kisin ER, Schwegler-Berry D, Mercer R, Castranova V,
Shvedova AA. Direct and indirect effects of single walled carbon
nanotubes on RAW 264.7 macrophages: role of iron. Toxicol Lett
2006;165:88-100

Zhu M-T, Feng W-Y, Wang Y, Wang B, Wang M, Ouyang H, Zhao Y-L,
Chai Z-F. Particokinetics and extrapulmonary translocation of
intratracheally instilled ferric oxide nanoparticles in rats and the
potential health risk assessment. Toxicol Sci 2009;107:342-51

Nemmar A, Vanbilloen H, Hoylaerts MF, Hoet PH, Verbruggen A,
Nemery B. Passage of intratracheally instilled ultrafine particles from
the lung into the systemic circulation in hamster. Am | Respir Crit Care
Med 2001;164:1665-8

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

Dheda K, Booth H, Huggett JF, Johnson MA, Zumla A, Rook GA. Lung
remodeling in pulmonary tuberculosis. | Infect Dis 2005;192: 1201-9
Huaux F. New developments in the understanding of immunology in
silicosis. Curr Opin Allergy Clin Immunol 2007,7:168 -73
Ryman-Rasmussen JP, Cesta MF, Brody AR, Shipley-Phillips JK, Everitt
JI, Tewksbury EW, Moss OR, Wong BA, Dodd DE, Andersen ME,
Bonner JC. Inhaled carbon nanotubes reach the subpleural tissue in
mice. Nat Nanotechnol 2009;4:747 -51

Cesta MF, Ryman-Rasmussen JP, Wallace DG, Masinde T, Hurlburt G,
Taylor AJ, Bonner JC. Bacterial lipopolysaccharide enhances PDGF
signaling and pulmonary fibrosis in rats exposed to carbon nanotubes.
Am ] Respir Cell Mol Biol 2010;43:142-51

Kumar VAA, Fausto N. Tissue renewal and repair: regeneration, healing
and fibrosis. In: Kumar V, Abbas AK, Fausto N, eds. Pathological Basis of
Disease. Philadelphia: Elsevier Saunders, 2005:87-118

Wallace WA, Fitch PM, Simpson AJ, Howie SE.
Inflammation-associated remodelling and fibrosis in the lung - a
process and an end point. Int | Exp Pathol 2007;88:103-10

Chong S, Lee KS, Chung M]J, Han J, Kwon O], Kim TS. Pneumoconiosis:
comparison of imaging and pathologic findings. Radiographics
2006,26:59-77

Syamlal GPC, Castella RM. Changing patterns of pneumoconiosis
mortality - United States, 1968-2000. MMWR Morb Mortal Wkly Rep
2004;53:627-32

Duffin R, Mills NL, Donaldson K. Nanoparticles - a thoracic toxicology
perspective. Yonsei Med ] 2007;48:561-72

Poland CA, Duffin R, Kinloch I, Maynard A, Wallace WA, Seaton A,
Stone V, Brown S, Macnee W, Donaldson K. Carbon nanotubes
introduced into the abdominal cavity of mice show asbestos-like
pathogenicity in a pilot study. Nat Nanotechnol 2008;3:423 -8
Anderson PJ, Wilson JD, Hiller FC. Respiratory tract deposition of
ultrafine particles in subjects with obstructive or restrictive lung disease.
Chest 1990;97:1115-20

Svartengren M, Anderson M, Bylin G, Philipson K, Camner P. Regional
deposition of 3.6-micron particles and lung function in asthmatic
subjects. | Appl Physiol 1991;71:2238 -43

Daigle CC, Chalupa DC, Gibb FR, Morrow PE, Oberdorster G, Utell MJ,
Frampton MW. Ultrafine particle deposition in humans during rest and
exercise. Inhal Toxicol 2003;15:539-52

Kim CS, Kang TC. Comparative measurement of lung deposition of
inhaled fine particles in normal subjects and patients with obstructive
airway disease. Am | Respir Crit Care Med 1997;155:899 -905

Chalupa DC, Morrow PE, Oberdorster G, Utell MJ, Frampton MW.
Ultrafine particle deposition in subjects with asthma. Environ Health
Perspect 2004;112:879-82

Tobin MJ, Chadha TS, Jenouri G, Birch SJ, Gazeroglu HB, Sackner MA.
Breathing patterns. 2. Diseased subjects. Chest 1983;84:286-94

Dweik RA, Lewis M, Kavuru M, Buhrow L, Erzurum SC, Thomassen
M]J. Inhaled corticosteroids and beta-agonists inhibit oxidant
production by bronchoalveolar lavage cells from normal volunteers in
vivo. Immunopharmacology 1997;37:163-6

Katler E, Weissmann G. Steroids, aspirin, and inflammation.
Inflammation 1977;2:295-307

Onizawa S, Aoshiba K, Kajita M, Miyamoto Y, Nagai A. Platinum
nanoparticle antioxidants inhibit pulmonary inflammation in mice
exposed to cigarette smoke. Pulm Pharmacol Ther 2009;22:340-9

Ryan JJ, Bateman HR, Stover A, Gomez G, Norton SK, Zhao W,
Schwartz LB, Lenk R, Kepley CL. Fullerene nanomaterials inhibit the
allergic response. | Immunol 2007,179:665-72

Song Y, Li X, Du X. Exposure to nanoparticles is related to pleural
effusion, pulmonary fibrosis and granuloma. Eur Respir |
2009;34:559-67

Maynard AD. Nanoparticle exposure and occupational lung disease -
six expert perspectives on a new clinical study. Andrew Maynard:
NANOSAFE, 2009. See http://community.safenano.org/blogs/
andrew_maynard/archive/2009/08/18 /nanoparticle-exposure-and-
occupational-lung-disease-six-expert-perspectives-on-a-new-clinical-
study.aspx (last accessed 1 July 2010)



