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Ultrafine particles and engineered nanoparticles have unique aerodynamic and biochemical properties
that affect the immune system and human health in ways that are different from or exceed those seen
with gases or larger particulates. These effects result from a unique set of physical characteristics and
surface moieties, which generate an ability of UFPs to enter tissues and cells, interact with proteins and
DNA at a molecular level and directly and indirectly modulate the immune system by novel mechanisms.
In recent years, a new field known as nanotechnology has impacted multiple industries by taking
advantage of the special qualities of these small “atomic-sized” particles. Nanomedicine has already
opened up a new avenue of research in cancer therapy, drug delivery and immune regulation. While the
benefits of this new science to human civilization are seemingly immeasurable, it is also important to
appreciate that these particles can also lead to harmful effects on human health. In vitro and animal
studies are showing that nanoparticles and UFPs are capable of activating proinflammatory cytokines,
chemokines and adhesion molecules, with recruitment of inflammatory cells including basophils,
macrophages, dendritic cells, T cells, neutrophils and eosinophils. These changes may have an impact on
immune defense, but also on the Th1/Th2 balance, and even on non-immunologic function. Resulting
immune system derangement can lead to increases in incidence of autoimmune, allergic and even
neoplastic diseases. Cardiorespiratory effects have been observed to occur in humans. Much further

research is needed to establish safe exposure levels for this important new class of particulates.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Particulate matter is categorized based on size. PMyg represents
spherical particles that are 10 pum in diameter or less, or non-spherical
particles that have an aerodynamic diameter of 10 um or less, PM 5
particulates have an aerodynamic diameter of 2.5 um or less, and
UFPs and nanoparticles are defined as particles 100 nm in diameter or

Abbreviations: 8-OHdG, 8-hydroxy-2-deoxyguanosine; ABC, atmospheric brown
cloud; AQIl, air quality index; ARE, antioxidant response element; BEC, biliary
epithelial cells; CPPs, cell-penetrating peptides; DEP, diesel exhaust particles; FEV1,
forced expiratory volume in 1 s; FPG, formamidopyrimidine DNA glycolase; FVC,
forced vital capacity; GFAP, glial fibrillary acidic protein; GI, gastrointestinal; GSH,
glutathione; GSSG, glutathione disulfide; HIF-1, hypoxia-inducible factor-1; HO-1,
heme-oxygenase-1; LPS, lipopolysaccharide; MDA, malondialdehyde; MP, micro-
processor; NEHI, Nanotechnology Environmental and Health Implications; NK,
natural killer; NKT, natural Killer T cell; Nrf2, NF-E2 related factor 2; NSET, Nano-
scale Science Engineering and Technology; OGG1, 7,8-dihydro-8-oxoguanine-DNA
glycosylase; PAH, polyaromatic hydrocarbons; PBC, primary biliary cirrhosis; JNK,
phosphorylated Jun N-terminal kinase; pJNK, phosphorylated JNK; PM, particulate
matter; RANTES, regulated upon activation, normal T cell expressed, and secreted;
ROS, reactive oxygen species; TLR, toll like receptor; TNF, tumor necrosis factor;
UFP, ultrafine particle.
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less. In order to understand how particulate pollutants interact with
living organisms or tissues, whether to the benefit or detriment of
human health, it is important to understand the physical and
chemical properties of these entities, and from where they originate.
At this length scale, surface area to mass ratio becomes a more critical
factor [1], and a consequence of that may be an increase in biological
activity due to the favorable presentation of molecularly active
moieties on the surface of the particle. This may manifest as a newly
discovered or previously unrecognized property resulting from the
quantum mechanical nature of these small particles.

Nanoparticles are particles of the same size range as ultrafine
particles. It is commonly accepted that the distinction between
ultrafine particles and nanoparticles lies in their origin. Ultrafine
particles are those particles that are produced and released as
spurious emissions resulting from everyday life or industrial
byproducts, and are thus classified as air pollutants. In contrast,
nanoparticles are engineered, but the distinction between these two
groups is not always clear-cut. Thus, particles of nanometer scale can
be loosely divided into three categories, those that are naturally
occurring (natural UFPs), those that are produced inadvertently as
a result of human activity (anthropogenic UFPs), and those that are
deliberately engineered for specific uses (nanoparticles) (Table 1).
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Table 1
Nanoparticles.

Naturally occurring ultrafine particles

Type of particle

Volcanic ash
Magnetotactic bacteria
Ocean spray

Mineral components

Anthropogenic ultrafine particles

Source Components

Diesel exhaust particles (DEP)
Environmental Tobacco Smoke (ETS) [67]

Polycyclic aromatic hydrocarbons, aldehydes, aliphatic compounds, carbonaceous core [112]
Condensed tar particles — alkenes, nitrosamines, aromatic and heterocyclic hydrocarbons and amines [113]

Engineered nanoparticles

Particulate species Approximate size (nm) Industry Examples of use
DNA nanotubes 4-20 Medicine Streptavidin bound on DNA array
Carbon nanotubes 50 Electronic Photovoltaic cells, transistors
(cylindrical fullerenes) Materials science Mountain bike handlebars
Medicine Cancer treatment
Fullerenes 1 (for a C60 fullerene) Materials science Construction of materials with high tensile strength
Membrane nanotubes Naturally occurring May be related to cell—cell transmission in HIV as extension of plasma membrane
Nanowire 1 Electronics To replace or complement carbon nanotubes, high conductivity material
Nanocoatings Construction and Anti-microbial surfaces which are toxic to bacteria and viruses
Cleaning Cleaning supplies
Nanolithography <100 Printing Fabrication of leading edge integrated circuits, nanoelectromechanical systems
Quantum dots Electronics Photovoltaic cells, light emitting devices, solid state quantum computation, organic
dyes, imaging of cells, gene silencing therapy
Carbon black Paint Pigment
Automotive Reinforcement for rubber tires
Colloidal Gold Submicrometer particles Electronics As a drug, as a drug carrier
Medicine

2. The health impact of ultrafine particles

It has been demonstrated that ultrafine particles or nano-
particles are associated with adverse health effects such as asthma
and cardiovascular disease. The potential adverse health effects of
naturally occurring or anthropogenic ultrafine particles may be
either immunologic or non-immunologic in nature. We will review
the pro-allergic and pulmonary effects of ambient ultrafine particles
and then use this knowledge to improve our understanding of the
potential hazards of engineered nanoparticles, extending our
discussion to the potential biological interactions that are based on
the novel physicochemical properties of these particles. These
health effects may or may not be explained by the ultrafine particle
paradigm of oxidative stress and inflammation. We will discuss the
importance of nanotechnology, and why it is necessary to develop
regulatory standards to ensure the safety of exposure to engineered
nanoparticles in order to reap the tremendous benefits this new
science has to offer mankind. It is important also to realize that in
addition to respiratory tract exposure, ultrafine particles also occur
in foods and food additives as dietary contaminants of air pollution,
and now more increasingly are also used as synthetic agents to
change the appearance or texture of foods, such as the use of micro-
or nanoparticulate TiO; as a whitening or brightening agent [2,3].
The gastrointestinal (GI) tract, like the respiratory system and the
skin, is a major immune organ which serves as an interface between
host and environment, and the effect of nanoparticles and ultrafine
particles of the diet on gut immunity and the role in autoimmune
diseases such as Crohn's disease [2] will be discussed as well.

3. Physicochemical characteristics of ultrafine particles

The rapid development of new technologies and industries that
bring about the comforts of modern society has been accompanied
by an increase in anthropogenic air pollution. These pollutants are
generally products of combustion, such as the burning of fuel in

automobile engines and the byproducts of power plants. The result
of these changes has been a rapid rise in the quantity and variety of
pollutants in the air, including particulate matter pollutants. The
impact of air pollutants on human health has been extensively
reviewed [4,5]. Particulate air pollutants are of special importance
because of their ability to carry a variety of chemicals that are
hazardous to human health. Particle size is one of the most
important considerations when studying adverse health effects in
humans. Particles larger than 10 pm generally do not effectively
penetrate and deposit into the lower respiratory tract, and are
cleared by nasal and airway ciliary mucosa. In contrast, progres-
sively smaller particles show greater penetration into more distal
parts of the respiratory tract (Fig. 1). These particulates have larger
surface to mass ratios and are preferentially subject to Brownian
movement and diffusion, rather than impaction and gravity.
Geometric and mathematical models of nanoparticle movement as
a function of airflow convection, dispersion, and axial diffusion
have been used to study deposition of these particles in the human
lung. Predictive models showed significant variation in deposition
depending on asymmetric lung geometrical models [6]. The
increased deposition and retention rates of ultrafine particles, along
with the observation that there is now a global haze of small
particles that exists in the atmosphere over the industrialized
northern hemisphere, sometimes referred to as the atmospheric
brown cloud (ABC) illustrates the importance of studying the
associated adverse health effects.

A study of autopsy specimens of Vancouver lungs demonstrated
that smaller particles were found in higher particle loads in the
respiratory bronchioles compared with the main stem bronchus.
High concentrations were also found at the carinas of large airways.
The UFPs were found in singlet arrangement and were interestingly
found to consist mostly of metals. Vancouver has a low ambient
concentration of ultrafine particle pollutants. In contrast, examination
of lungs from Mexico City, where there is a high ambient exposure
to particulate pollutants, showed large numbers of aggregates of

(2009), doi:10.1016/j.jaut.2009.11.009

Please cite this article in press as: Chang C, The immune effects of naturally occurring and synthetic nanoparticles, Journal of Autoimmunity




C. Chang / Journal of Autoimmunity xxx (2009) 1-13 3

Particle Mean  unit
dia.
Length of average red ant 1 mm
Dust mite 125 um
Width of human hair 80 um
Dust mite excrement 17 um
Upper limit of PM10 10 um
Eurkaryotic cell nucleus 7 um
Indoor allergenic particle carrying Der pl 5-10 um
Anthrax spore 6 um
Human erythrocyte 6-8 nm
Coarse particle 25-10 pm Bronchiol
Upper limit of fine particulate (PM2.5) 2.5 pum Muscle
Typical bacterium 1-10 um \ . Nasal Cavity
Indoor allergen particle carrying Fel d1 1-5 um >
Highest penetrating particle for HEPA filter 300% nm " Oral Cavity
Highest penetrating size for ULPA/SULPA filter  120**  nm __—Lerynx
Typical viruses 20-450 nm
Upper limit of UFP or nanoparticle 100 nm _~Trachea
Human Immunodeficiency Virus (HIV) 90 nm
Cell wall thickness in gram positive bacteria 20-80 nm
Cell wall thickness in gram negative bacteria 10 nm
Length of DNA turn 34 nm :
Thickness of smallest transistor gate oxide MP™ 3.6 nm Enohcm
Diameter of DNA helix 2 nm
Width of protein alpha-helix 500 pm Bronchioles -~ © MedicineNet, inc
Radius of hydrogen atom 25 pm
Classical electron radius 10 fm
Quarks and electrons 1 am

* N100 HEPA filter removes 99.97% of particles at 300nm, while N97 HEPA filter removes 95% of particles at 300nm ** Ultra Low Penetration Air (ULPA) filter removes 99.999% of particles at 120nm,

and a Super ULPA (SULPA) filter removes up to 99.9999% of particles at 120nm *MP = microprocessor

Fig. 1. Relative sizes of particles relevant to UFPs and nanoparticles and patterns of airway deposition of particles of various sizes.

carbonaceous chains of ultrafine particles in the airway mucosa [7].
It is apparent that where one lives determines the type of ultrafine
particle exposure, and its associated dangers.

Jaques and Kim studied 22 healthy volunteers (11 men and 11
women) breathing preparations of ultrafine particles of different
size content with 6 different breathing patterns and found that
there was higher total deposition fraction with smaller particles. In
the case of particles of the smallest size tested (40 nm), the total
deposition fraction was significantly higher in women than in men.
The reason for this is not clear, but it does demonstrate that
multiple factors such as gender may have a subtle influence on how
ultrafine particles generate their effects of respiratory function [8].
A study by Nemmar et al. showed that inhalation of a radiolabeled
preparation of carbon particles with Technicium-99m (**™Tc) by
five healthy volunteers led to detection of radioactivity in the blood
within 1 min, reaching a peak between 10 and 20 min and finally
clearing within 60 min [9]. The retention of particles in the lower
airway may also vary as a result of their size. A study by Moller et al.
using Technetium-99m (°°™Tc)-radiolabeled 100 nm diameter
carbon particles demonstrated 96% retention of the particles after
24 h. This negligible clearance indicates that chronic exposure may
lead to higher and higher concentrations accumulating in the lung
periphery. Inability to clear ultrafine particles may be a mechanism
by which these particles produce more significant health effects.
Mucociliary clearance is further impeded in patients who smoke or
have chronic obstructive pulmonary disease [10].

4. Sources of ultrafine particles

Sources of ultrafine particles can be categorized into mobile or
stationary, and can also be classified as either point, line or area
sources. Particulate pollutants can also be classified as primary or

secondary. An example of a primary UFP source is diesel exhaust
particles (DEPs) seen in areas of high volume traffic. Other sources
of primary UFPs include power plants, environmental tobacco
smoke, barbecuing, and cooking and heating in indoor environ-
ments. Secondary UFPs can form from the condensation of vapors,
including sulfuric and semivolatile organics (Table 2) or from
conversion or activation of primary UFPs, leading to the generation
of newly or more highly reactive species. Ambient ultrafine parti-
cles such as those contained in a sample of DEPs are generally
a heterogeneous group of particles of varying sizes, shapes, and
chemical and surface characteristics. DEPs have become the model
for studies on the immune effects of ultrafine particles. They are
made up of a carbonaceous core or a nucleus, which adsorbs on its
surface multiple compounds that have the ability to generate
proinflammatory effects, including organic chemicals such as
polyaromatic hydrocarbons (PAH), metals, nitrates and sulfates
(Table 3). These surface compounds can either exert direct effects
on inflammatory cells or act in conjunction with an allergen (as an
adjuvant). DEPs are comprised of coarse particles (2.5—10 pm), fine
particles (PM; 5) and UFPs. It is important to realize that the design
and development of so-called clean emission engines may

Table 2
Common sources of ultrafine particulate matter pollution.

Road transport

Power plants

Forest fires

Deliberate biomass burning

Biogenic VOCs

Cooking and Heating

Natural hazards such as volcanic eruptions or earthquakes
Cigarette smoke
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Table 3
Components of UFPs.

Carbonaceous core

Surface organic hydrocarbons
Benzoperylene
Benzo(b)fluoranthene
Benzo(e)pyrene
Benzo(a)pyrene
Methyl substituted MW
Coronene
Benzo(k)fluoroanthene
Benz(a)anthracene
Indeno(cd)pyrene
Other minor components

Transition metals
Iron
Copper
Chromium
Titanium
Nickel
Cobalt
Vanadium

Surface nitrates

Surface sulfates

paradoxically contribute to an increase in UFPs, as there are
currently no monitoring standards for UFPs. In developing moni-
toring standards, secondary sources of UFPs may be overlooked, as
these will only appear after activation following release into the
atmosphere.

The analysis of the immunological and non-immunological
effects of ultrafine particles requires the ability to collect concen-
trated samples of particulates of different sizes distributions. The
Versatile Aerosol Concentration Enrichment System (VACES) is
a mobile system that has been utilized to obtain samples with
a homogeneous set of characteristics (e.g. size). A new electrostatic
precipitator system (ESP) operating in tandem with VACES allows
for more efficient sampling and the shorter sampling times allow
for an increase in viable cell retrieval to facilitate in vivo and in vitro
toxicity studies [11]. The physicochemical properties of these
particles can be studied and the effects of ultrafine particles on
oxidative stress responses can be measured in biotic and abiotic
assays. The dithiothreital (DTT) assay measures the formation of
reactive oxygen species (ROS) by quinone catalysis and is a way to
measure in vitro ROS generation by particulate matter. It has been
demonstrated that UFPs have a higher redox activity than do
particles of larger size distribution. As will be discussed below, UFPs
also generate increased cellular oxidative stress than FPs or coarse
particles [12].

5. Mechanisms of injury of DEPs
5.1. Oxidative stress and DEPs

Particles depositing into various areas of the respiratory tract are
either phagocytized by macrophages, cleared in mucus secretions,
or may even penetrate airway epithelium and enter the body.
Because of the small size of UFPs, they can enter cells by endocy-
tosis and tend to localize inside mitochondria. The effects of
ultrafine particles on human health have largely been explained by
the presence of ROS on the surface of these particles, but this is not
the only mechanism of injury. ROS bind readily to lipids, proteins,
DNA and the cellular membranes and produces cellular injury by

overtaxing the protective mechanisms within cells that are
normally triggered when exposed to oxidative stress.

Xia et al. describe a three-tier system based on the extent of ROS
to create cellular injury coupled with the human body's ability to
cope [13]. In Tier One, exposure to ROS leads to activation of the
normal protective mechanisms available to living cells which will
be discussed below. Tier Two response occurs when the protective
mechanism is overwhelmed by the extent of oxidative injury and
this leads to activation of transcription factors that generate
inflammation, while a Tier Three response describes cytotoxicity at
the cellular level. UFPs are potent inducers of cellular heme-oxy-
genase-1 expression, a marker of oxidative stress. In Tier One
responses, normal levels of naturally occurring antioxidants such as
intracellular glutathione protect against ROS induced injury. Nrf2 is
b-ZIP transcription factor located in the nucleus which interacts
with an antioxidant response element (ARE) to generate enzymes
with antioxidant properties, and thereby protect against particulate
matter derived proinflammatory effects. However, in Tier Two
responses, the normal antioxidant level is insufficient to handle the
level of ROS injury. UFPs can also lead to depletion of intracellular
glutathione [14], thereby fueling their own inflammatory and
cytotoxic effects.

Highly reactive surface molecules found on UFPs may include
transition metals such as copper, vanadium, chromium, nickel,
cobalt and iron, which can promote the generation of oxygen rich
intermediates via a reaction known as the Fenton reaction (Fig. 2).
In this reaction, the transition metal catalyzes a redox reaction,
most probably in the endoplasmic reticulum [15], leading to the
production of reactive oxygen species from hydrogen peroxide. It
has been demonstrated that the resulting oxygen reactive species
may cause DNA damage. However, it is also important to appreciate
that reactive oxygen species are not always harmful, and at certain
concentrations may actually have a protective effect due to their
ability to modulate gene expression of hypoxia-inducible factor-1
[16], a protein that promotes longevity in Caenorhabditis elegans
[17]. Other components of UFPs include polycyclic aromatic
hydrocarbons and polar organic chemicals such as ketones and
quinines. Intracellular enzymes in bronchial epithelial cells can
convert the polyaromatic carbons to redox cycling quinones by
cytochrome P450 1A1. The resulting species can be converted to
semiquinones by NADPH cytochrome P450 reductase, which can
donate electrons to oxygen to create superoxide moieties (O3).

Because of their role in cellular respiration, energy processing
and utilization of oxygen, mitochondria are the most active
subcellular sites of ROS production. The rich electron environment
of the mitochondria can lead to electron leakage through pertur-
bation, a direct way that reactive oxygen species can be generated.
But activation of mitochondrial enzymes such as NADPH oxidase
also leads to the generation of large quantities of Oz, which is
involved in the mechanism by which phagocytes initiate intracel-
lular killing of pathogens. Increased levels of ROS production by
inflammatory cells increases methacholine induced airway hyper-
responsiveness, and lead to increased levels of exhaled markers of
oxidative stress, increased pulmonary extracellular production of
superoxide dismutase and glutathione peroxidase and reduced
antioxidant levels [18].

The Fenton Reaction
Fe™ + H,0, — Fe™ + OH + OH

Fig. 2. The Fenton reaction.

(2009), doi:10.1016/j.jaut.2009.11.009
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5.2. Effects of UFPs on Th1/Th2 balance

Another mechanism by which UFPs produce cellular inflam-
mation involves the modulation of Th2 and Th1 balance through
the generation of specific cytokines. Inflammation is associated
with activation of MAPK and NFkB, leading to the expression of
proinflammatory cytokines and chemokines (a Tier Two response).
DEP exposure can lead to a Th2 paradigm, and a suppression of the
Th1 response, as evidenced by a mouse study in which DEP-
induced oxidative stress causes an inhibition of TLR-induced
dendritic cell maturation and a suppression of IL-12 secretion [19].
Interestingly, DEP alone resulted in a non-specific stimulation of
cytokine production and an increased total IgE, but failed to
demonstrate active IgE isotype switching as evidence by the lack of
deleted switch circular DNA. A subsequent study showed that DEP,
when injected before or together with LPS, strongly inhibited the
LPS-induced IFN-y response, while only slightly inhibiting the LPS-
induced IL-10 response. The LPS-induced TNF-o response was
unchanged. The authors found that DEP was unable to inhibit the
IFN-y response by anti-CD3 mAB-activated NKT cells. They
concluded that it is through Toll like receptor (TLR) ligand induction
of IFN-y that DEP is able to promote a Th2 response, which is
independent of the effects produced as a result of generation of
reactive oxygen species [20].

A 2006 study by Takano et al. investigated the contribution of
various parts of the DEP towards the modulation of the immune
system and found that different DEP components caused different
effects on the immune system. For example, washed DEP, which
basically contain only the residual carbonaceous nuclei, when
combined with lipopolysaccharide (LPS), was able to increase lung
expression of proinflammatory chemokines and cytokines and
resulted in exacerbation of lung injury in male ICR mice. On the
other hand, the organic chemical component of DEPs resulted in
a Th2 shift, characterized by eosinophilic lung inflammation, goblet
cell proliferation and enhanced lung expression of IL-5 and eotaxin
[21]. DEPs also augmented the LPS stimulation of TLR4 expression
[22]. In a mouse study looking at differential effects of DEP
components, it was observed that when the carbonaceous nuclei
was combined with LPS and instilled into the trachea of mice, the
expression of both COX 1 and 2 increased in the lung. On the other
hand, combining the OC component of DEPs with LPS led to
a decrease in COX2 gene expression compared to LPS alone [23].

5.3. The adjuvant effects of ultrafine particles

UFP can also act as adjuvants to enhance the inflammatory
response. Activation of alveolar macrophages causes release of
proinflammatory mediators [24,25]. In 2001, Heo et al. showed that
either the carbonaceous core of DEPs or the organic extracts, when
injected with ovalbumin into mice, were able to augment oval-
bumin specific IgG, IgG1 and IgG2a as compared to ovalbumin
injected alone [26]. When peripheral blood monocytes from
allergic patients were exposed to either DEP-PAHs or Der p1
separately, there was an increase in chemokines IL-8, RANTES as
well as TNF-o, but a synergistic effect was noted with simultaneous
exposure of DEP-PAH and Der p1[27]. An in vitro study of the effects
of a mixture of polyaromatic hydrocarbons derived from DEPs on
peripheral blood mononuclear cells (PBMCs) extracted from
healthy subjects revealed that DEP-PAHSs increase secretion of IL-8
and CCL5, but inhibit release of MCP-1 in a dose dependent manner
[28]. This effect appeared to be modulated at the transcriptional
level, as production levels of mRNA for IL-8, CCL5 and MCP-1 par-
alleled the protein secretion. Intranasal exposure to combined
ovalbumin and carbon black particles also led to an increase in
CD4+ T cell proliferation in peribronchial lymph nodes, which was

significantly greater than that seen by exposure to ovalbumin alone
[29]. Intranasal instillation of DEPs and ragweed pollen in humans
led to an increased production of ragweed specific IgE and IgGgy,
Increases in mRNA levels for the Th2 cytokines interleukins IL-4, 5,
10 and 13 with a concomitant reduction in expression of interferon-
v was observed [30,31]. Exposure of DEPs and soluble egg antigen
to intestinal mucosa led to an enhanced systemic Th1 and Th2
response in mice [32]. The effect of ultrafine carbon black particles
on the migration and maturation of myeloid dendritic cells in vitro
showed an upregulation of CD80/CD86 expression after exposure
to ovalbumin plus carbon black particles. There was an associated
increase in cytokine expression, including IL-4, IL-5, IL-10, IL-13 and
interferon-y. Interestingly, there was no proliferation or activation
of plasmacytoid dendritic cells (pDC), which are thought to induce
tolerance via the airways. The mechanisms of action of UFPs and
nanoparticles are illustrated in Fig. 3.

5.4. Autoimmunity and UFPs

While most of the research on the adverse immune effects of
UFPs and nanoparticles has focused on the importance of a Th2
cytokine milieu on the development of allergic diseases, there is
sufficient evidence that under the right conditions, these particles
can generate predominantly Th1 effects and lead to autoimmune
diseases as well [33—36]. Autoimmunity is a result of an interaction
between genetic, environmental and epigenetic factors [37—41].
Numerous genes may have a role in development of autoimmunity,
and may influence regulation of apoptosis, tolerogenicity, and other
potential mechanisms [42]. Environmental exposures may play
a role as well, an example being the development of autoimmune
thyroiditis after exposure to pollutants such as polyaromatic
hydrocarbons that may be carried on UFPs [43]. ETS exposure has
also been associated with autoimmune thyroid disease [44].

Evidence of a link between autoimmune diabetes and air
pollution was demonstrated in a mouse study, in which the rate of
developing frank diabetes was measured in NOD mice exposed
twice weekly to aerosolized EHC-93 particles (ambient urban
particulate matter). It was observed that EHC-93 exposed mice had
higher titers of anti-insulin antibodies, and accelerated the onset of
diabetes, although the cumulative incidence of diabetes was
unchanged [33].

N-hexadecane, a component of DEP, injected intraperitoneally
into normal Balb/c mice led to the production of lupus-related
autoantibodies [45]. Diesel exhaust particles have been associated
with a higher risk of collagen-induced arthritis in mice [46,47].
Particulates have been shown to stimulate both Th1l and Th2
cytokine release [32], but what determines the ultimate skewing
may lie in the presence or absence of appropriate cofactors [48].
The gastrointestinal tract is itself a major immune organ and it has
been shown that particulate matter, including ultrafine particles, is
processed differently in the GI tract compared to soluble antigens.
When processed by antigen presenting cells, particulates are able to
stimulate MHC class Il restricted T cell hybrids with a 5-fold greater
efficiency compared to soluble antigen [49]. Alternatively, macro-
phages may also present ultrafine particles in the context of an
alternative MHC Class I pathway, leading to increased proliferation
of CD8+ T cells. With regard to synthetic nanoparticles, many food
additives contain large amounts of particles in this size range with
active highly charged surface molecules, and this may lead to
increase in adsorption of luminal or environmental antigens [49].

Other mechanisms may play a role. The link between oxidative
stress and cell damage, subsequently leading to cell death and
either apoptosis or unprogrammed cell death is an intriguing one in
the search for the pathogenesis of autoimmunity. Apoptosis is
a highly regulated mechanism, one in which clearance of cell debris
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Immune and non-immune effects of UFPs and nanoparticles
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Fig. 3. Immune and non-immune effects of UFPs and nanoparticles. UFPs and nanoparticles exert their effects on a variety of cells and biological processes. The effects of these
particles on cellular signaling can either be stimulatory, or in the case of some synthetic nanoparticles, suppressive, leading to either exacerbation of inflammatory processes such as

allergic disease or asthma, or potentially a mechanism to treat these diseases, respectively.

UFPs also have the potential, by virtue of their effects on climate change, to influence the

prevalence and severity of allergic diseases such as asthma and allergic rhinoconjunctivitis.

is done in a controlled fashion with efficient processing by
phagocytic cells and prevention of release of potentially highly
antigenic material as targets for the development of antibodies
[50]. Impairment in apoptosis has been suggested as a potential
contributing cause of autoimmunity [51]. Normally functioning Fas
and Fas ligand interactions are important in clearance of immu-
nocompetent effector cells, and aberrations in this system has been
implicated in the development of autoimmunity [52].

Oxidative stress induced apoptosis has been shown to be factor
in the biliary damage of primary biliary cirrhosis (PBC). Reduced

levels of glutathione-S-transferase and the production of hypo-
chlorous acid can occur as a result of oxidative stress from exposure
to UFPs [53]. High levels of exposure can lead to a Tier 2 or Tier 3
response which overwhelms the process of normal apoptosis. HOCI
has been shown to induce apoptosis in biliary epithelial cells (BEC)
and increase activity of caspase-3 and expression of pJNK and p53,
mechanisms that have postulated to play a role in the generation of
UFP induced cellular damage. In dyslipidemic ApoE—/— mice
exposed to diesel exhaust particles, oxidatively damaged DNA and
liver inflammation was detected [54].
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In addition to their role as adjuvants in allergic diseases, air
pollutants may also trigger an immune response to normally
innocuous or self-antigens. Airborne particulate matter, including
UFPs, may stimulate bone marrow leading to a systemic inflam-
matory response, which results in the release of inflammatory cells,
including monocytes [55] and proinflammatory cytokines or co-
stimulators [56]. The release of these proinflammatory cytokines by
diesel exhaust particles and the resulting oxidative stress have been
shown to lead to the maturation of dendritic cells [57—59].
Downstream effects may include enhanced antigen presentation by
airway dendritic cells. This enhanced presentation of antigen by
highly activated antigen presenting cells (APC) along with the
appropriate costimulatory molecules may be able to generate
peripheral tolerance in self-reactive T cells that have failed to
develop central tolerance in the thymus, contributing to the
development of autoimmunity [60]. Systems genetics analysis for
genetic variants may be beneficial to understanding the genetic
interactions within the thymus, and to potentially identify those
who are at risk for environmentally triggered autoimmunity [61].

These are several potential mechanisms by which UFPs may lead
to autoimmunity. It is likely that the pathogenesis of UFP induced
autoimmunity is multifactorial, with multiple mechanisms playing
arole. Retrospective case control studies have shown a relationship
between the early onset of type 1 diabetes and exposure to ozone
or particulate air pollution [62], as well as a relationship between
children with type 1 diabetes and exposure to cigarette smoke,
ozone and sulfate [63]. A higher risk of lupus or rheumatic disease
was also observed in a community exposed to elevated levels of
airborne petroleum products and mercury [64]. A study of dietary
microparticle intake in patients with Crohn's disease showed that
those patients who took a “low-microparticle diet” for four months
had a reduction in Crohn's disease activity index [2]. The effect of
a conjugate consisting of ultrafine TiO, bound to LPS on peripheral
blood mononuclear cells was conducted on 28 patients with
ulcerative colitis, 21 patients with Crohn's disease and 36 controls.
The results indicated that the conjugate was able to stimulate
peripheral blood mononuclear cells to secrete interleukin-1 (IL-1)
30—60-fold above that observed in cells not incubated with the
conjugate. The increase appeared to be greater in patients with
inflammatory bowel disease, and there was minimal stimulation
with TiO, or LPS alone. Moreover, intestinal (colonic) biopsy spec-
imens from these subjects cultured with TiO,-LPS conjugate led to
a 2—3-fold increase in IL-1 secretion compared to cultures with
TiO, or LPS alone. The data supported a role of ultrafine dietary
particles in overcoming normal intestinal cell tolerance to endog-
enous molecules as a contributing factor in autoimmune gastro-
intestinal disease [65].

5.5. Pulmonary inflammation and cardiopulmonary system injury

A comparative study on the effects of exposure in mice to
ultrafine particles (<0.18 um), fine particles (<2.5 um) and filtered
air was conducted using a mobile toxicology inhalation laboratory,
in which the Apolipoprotein E-deficient mice (genetically suscep-
tible to atherosclerosis), were exposed to concentrated ambient
particle mixes in whole-body exposure chambers [66]. Mice
exposed to an environment with a higher content of UFPs experi-
ence a higher number and larger size of atherosclerotic plaques
than those mice in the other two chambers. The authors attribute
this to the higher concentration of UFPs in the UFP chamber. It was
also proposed that it was the higher propensity for UFP to stimulate
oxidative stress that led to the development of plaques. An increase
in liver lipid peroxidation was found in both the UFP and the FP
exposed mice, which led to an increase in phase II antioxidant
responses mediated through Nrf2, as well as higher levels of

glutathione 2-transferase Ya, catalase, superoxide dismutase and
NADPH-quinone oxidoreductase. Also observed were higher
hepatic malondialdehyde (MDA) levels in the UFP exposed mice.
MDA is a marker of oxidative stress. The anti-inflammatory prop-
erty of HDL, measured by the number of migrated monocytes, was
diminished in the UFP group as well. The level of exposure of FP and
UFP in this study was estimated to be about 2—6 times that which
we would normally expect in humans sitting in cars on freeways.

5.6. Non-inflammatory mechanisms of cardiac injury

Because of their small size, UFPs can also penetrate directly into
the blood and lymphatic circulation by transcytosis or endocytosis,
and thereby can gain access to multiple organs including heart,
spleen, lymph nodes and bone marrow. Many of the ROS on the
surface of these particles can directly induce DNA strand breaks and
lead to cardiac injury via a non-immunologic mechanism [67]. DEPs
exposure can lead to altered heart rate which is thought to be
a direct effect on pacemaker activity [68]. While the mechanism for
the enhancement of thrombosis associated with DEP instillation
into hamster lungs may be immune-related [69], direct trans-
location of DEPs into the circulation may also be a contributing
factor [70,71]. It has also been demonstrated that DEPs can induce
platelet aggregation in the hepatic microvasculature as a result of
prothrombotic changes that are not related to inflammatory reac-
tions [72].

5.7. Effects on the nervous system

There is also evidence that UFP exposure can induce activation
of the immune system in the brains of mice. This was shown by an
increase in expression of the transcription factors NFkB and AP-1, as
well as an increase in glial fibrillary acidic protein (GFAP) after
particulate inhalation. Activation of JNK was also noted at lower
exposure concentrations of ultrafine particles [73]. The systemic
inflammation resulting from exposure to ultrafine particles
produces oxidative stress that may also play a role in neuro-
degeneration [74].

6. What is known about the cardiorespiratory
effects of UFPs in humans?

A summary of current data from in vitro, animal and human
studies of exposure to DEP, DEP and allergen together, ultrafine
particles and nanoparticles is shown in Table 4. Holgate et al.
exposed human subjects to a high ambient concentration (300 pg/
m>) of diesel exhaust for 1 h. Findings included a marked neutro-
philic response in the airways and increases in peripheral blood
neutrophil and platelet counts. There was upregulation of IL-8 and
increase in expression of IL-8 mRNA. Clinical effects seen in control
and asthma subjects exposed to 100 pg/m?> of diesel exhaust for 2 h
included an increase in airway resistance in both groups. An
increase in IL-10 staining in biopsy specimens of airway mucosa
was seen in subjects with asthma. P-selectin expression was noted
to be upregulated in bronchial biopsy specimens from control
subjects [75].

Twenty-nine healthy adults were exposed to either UFPs or
filtered air, in conjunction with exercise in a cross over study to
determine the effects on oxidative damage to DNA and the capacity
to repair such damage. The exposure was controlled and designed
to simulate real-life ambient air particles, and physical exercise was
also employed to simulate real-life conditions in which the venti-
lation rate and thereby the extent of exposure is increased during
exercise. The air in the exposure chamber was monitored for
particle size distribution and numbers, as well as concentration of
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Table 4
Immunological and clinical effects of ultrafine particles.

Particulate preparation In vitro studies

Animal studies

Clinical or epidemiologic
studies in humans

DEP o Inhibition of LPS-induced .
dendritic cell responses .
¢ Increased chemokine production
L]
DEP with allergen o Synergistic increased in .
chemokine and MAP kinase activation
L]
UFP o Increased chemokine and cytokine generation .
(IL-4, IL-5, IL-8 IL-10, IL-13, interferon-vy)
e Increased adhesion molecule expression .
o Direct effects on neutrophils, mast cells
and eosinophils
o Effects on epithelial cells via
proinflammatory mediators
o Increased cytokine mRNA expression in
respiratory tract mucosa
e Increased migration and maturation of
myeloid dendritic cells in lung tissue
o IgE isotype switching in humans (Th2 switching)
o Increased goblet cell hyperplasia with
exposure to OC on surface of UFPs
o Inhibition of allergic responses
o Induction of oxidative stress and
mitochondrial damage
o Increased DNA breaks and oxidative stress
Nanoparticle o Increased oxidative stress and .

apoptosis of BEAS-2B cells
Induction of cellular damage and
micronucleus formation in V79 cells

Proliferation of goblet cells
Enhanced lung expression of
chemokines and cytokines with
proinflammatory activity
Increase expression of IFN-y

e Increase in airway
resistance, increase in
neutrophils in bronchial wash in
control subjects, lack of effect in
mild asthmatics

DEP with LPS enhanced COX2 gene
expression in mice

DEP with ovalbumin increased

allergen specific IgE and IgG1 levels in mice

Enhanced allergen

specific IgE and Th2

skewing

Nasal challenge leads

to in vivo IgE isotype switching

Increased systemic oxidative stress
and early atherosclerosis in mice
Increased JNK activation and CNS
inflammation in mice

No effect on pulmonary
function, airway NO
production

Pulmonary fibrosis and lung tumor in rats
Reduced lung function and increased
lung function when administered in
conjunction with LPS

gases. Peripheral blood mononuclear cells were isolated from the
subjects and analyzed for DNA strand breaks, activity of 7,8-dihy-
dro-8-oxoguanine-DNA glycosylase (OGG1) and oxidized purines
as formamidopyrimidine DNA glycolase (FPG) sites. Exposure to
UFP for 6 h and for 24 h was associated with an increased number of
DNA breaks. Exercise caused a further increase but did not reach
statistical significance. Types of DNA breaks included frank breaks,
alkaline labile sites and transient repair breaks. mRNA expression of
repair enzymes was not found to be upregulated by exposure to
UFPs [76].

A study of 14 asthmatics and 17 controls exposed in a controlled
environmental chamber to a concentrated sample of ultrafine
particles collected from Los Angeles freeways demonstrated subtle
changes in pulmonary function and cardiac parameters, including
a 0.5% drop in arterial blood oxygen saturation as measured by
pulse oximetry and a 2% drop in morning FEV1 the day after
exposure. There was also subtle evidence of autonomic cardiac
function disruption in that heart rate variability was noted to be
reduced on holter monitoring. These observations occurred in both
groups of subjects. Unfortunately this was a small study and the
results were not convincing, and further large-scale studies may be
needed to determine if the clinical effects observed in this study
truly exist [77]. Brugge et al. reviewed the existing literature to
determine if there was sufficient evidence of cardiac and pulmo-
nary health risks as a function of exposure to freeway pollutants
[78]. They determined that UFP, black carbon, nitrogen oxides and
carbon monoxide levels are all elevated in proximity to highways
(freeways) that carry greater than 30,000 vehicles per day. They
analyzed the rates of respiratory disease, cardiovascular health
effects and cancer as a result of living near highways and found that
most of these studies have demonstrated the strongest correlation

between cardiovascular health outcomes and exposure to partic-
ulate matter. Living near high volume freeways is also associated
with a higher prevalence of wheezing or asthma, and reduced lung
function or slow development of lung function has also been
observed. Reduction in FEV1 and FVC was also noted to occur in 19
asthmatic children who were wearing personal PM monitors [79].

Studies on the development of asthma suggest that early
childhood exposure may be an important factor in determining
susceptibility to highway pollutants. Interestingly, girls seemed to
be more likely to develop asthma as a result of highway pollutant
exposure. Data from the Six-Cities Study and the American Cancer
Society Study from the mid 1990s and their accompanying follow-
up studies done in the early 2000s demonstrated a link between
particulate matter exposure and lung cancer, although there are
significant confounding factors [80,81]. The observation of DNA
damage from exposure to UFPs discussed above provides further
support for the hypotheses of a link between DEP exposure and
cancer. These studies provide strong if not completely conclusive
evidence of the link between human health and UFP exposure.
However, UFP exposure in humans is complex, and it is clear that
further studies are important to define clinical effects so that we
may establish standards for safe levels of UFP exposure.

7. Regulatory and therapeutic considerations in terms of
the health impacts of UFP

Multiple regulatory agencies have defined guidelines for expo-
sure limits for particulate matter PM, 5 and PMo. The World Health
Organizations 2005 global update on air quality guidelines are
10 pg/m> annual mean concentration and 25 pg/m> 24 h mean
concentrations for PMy5 and double those limits for PMyg. In
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September 2006, the US Environmental Protection Agency (EPA)
tightened the 24-h PM, s standard from 65 pg/m> to 35 pg/m?>.
The United States EPA currently also defines safety standards as
15 ug/m3 annual mean PM,s concentration, and a 24 h mean
concentration of 150 pg/m?> for PMy. Similar standards have been
defined by the State of California, which has slightly more strict
guidelines than the USEPA, the European Union and Canada. These
standards are shown in Table 5. In the United States, once the EPA
has established a new National Ambient Air Quality Standard
(NAAQS), it will then identify and designate areas in which stan-
dards have been met (attainment), or not met (nonattainment), or
in which there is insufficient data to determine if standards have
been met (unclassifiable). Designations are based on three years
of air quality monitoring data. As of August 2008, the EPA has
notified 25 states that they currently meet fine particle standards.
It is important to note that published safety limits for PM, 5 and
PMjg are either lacking, obsolete or currently being formulated in
many other countries, especially in Asia, where air pollution is an
immense problem.

Assuming that monitoring programs have been or will be
developed, the positive impact on human health will only be
realized if one takes the next logical step of implementing proce-
dures that will effectively reduce exposure to harmful particulates.
These standard measures involve the reduction in emission of
anthropogenic pollutants encountered in industrial plants and
factories, traffic emissions and other sources. The long term bene-
fits of a monitoring program make take years to come to fruition.

At the present time there are no regulatory guidelines for “safe”
(or “hazardous”) level of exposure to UFPs. These standards are
clearly necessary, but it is important to realize that in establishing
such standards, one cannot simply utilize or modify existing FP
standards. This is because UFPs and “engineered” nanoparticles
may have very different immune and non-immune health effects
based on the unique properties associated with their size and
surface characteristics, as described above. Since we are spending
more and more time indoors, it is important to be aware that UFPs
may originate indoors as we develop new materials for cleaning,
disinfecting and energy conservation. Additionally, UFPs that are
generated in outdoor environments may be better able to penetrate
into indoor environments because they can escape removal by
standard HEPA filters. UFPs have the potential to exacerbate indoor
and outdoor allergen associated diseases by their ability to act as
adjuvants [82]. Further research needs to be done in order to
establish “safe exposure limits”. However, in the meantime, the
public awareness of global warming and its relationship to air
pollution has fueled public policy so that California has prohibited
construction or placement of new schools within 500 feet of
a major freeway. Whether or not measures such as these are able to
effectively reduce cumulative exposure to UFPs over the long run is
yet to be determined. It is also important to take into consideration
the rapid development occurring in various global regions,
including Asia and South America, which are now increasingly

Table 5

Safety standards for non-particulate and particulate pollutants.
Type of particle WHO USEPA California EU Canada
Mean annual concentrations
PMio 25 Revoked 20 40 70
PMy 5 10 15 12 25
UFP None None None None
Mean 24-h concentrations
PMo 50 150 50 50 120
PM, 5 20 35 None None
UFP None None None None

important in defining the global landscape of air pollution sources
[83]. These changes will need to be accounted for in developing
models for high exposure areas, and high exposure populations,
since weather patterns also contribute to the dispersion of these
particles. When developing future guidelines for ultrafine particle
exposure safety standards, it will be important to take these global
changes into consideration.

8. Ultrafine particles, climate change and seasonal allergies

In addition to the above-mentioned direct effects of UFPs on
human health, including their properties of adjuvants leading to
the potential exacerbation of allergic asthma, allergic rhino-
conjunctivitis and atopic dermatitis, UFPs may exert their influence
indirectly in a rather unexpected way that is just now becoming
evident. It is evident that our planet is experiencing changes in
climate, including global warming and changes in precipitation
patterns. The International Panel on Climate Change (IPCC) esti-
mates that there has been an increase in temperature of approxi-
mately 2.4 °C over preindustrial era levels [84]. This increase has
been attributed to anthropogenic sources, and while other factors
may coexist, it is likely that emission of greenhouse gases, and the
role of particulate matter in the production of atmospheric brown
clouds [85] contribute significantly to climate change. The relative
magnitude of the role of UFPs or nanoparticles on climate change is
unclear, but maintaining the current trend will inevitably induce
changes in vegetation over the long run which will potentially
impact the incidence of allergic diseases in future years [86].
Interestingly, the reverse process may also become evident. If
climate change continues unchecked, the resultant effects,
including acceleration of the melting of the polar ice caps, rainfall
and change in land mass/water interfaces may lead to the unex-
pected release of significant amounts of UFP components into the
atmosphere or water supply. Thus climate change, a product of air
pollution, may in fact itself lead to higher levels of air pollution [87].
This has the potential to create a vicious cycle leading to progres-
sively higher rates of allergic or inflammatory diseases that are
known to be associated with ultrafine particle exposure, as dis-
cussed above.

9. What is nanotechnology and why must we be concerned
about the safety effects of nanotechnology?

Nanotechnology is a relatively new field of technology that takes
advantage of the unique properties of particles in the “nano” size
range. Nanotechnology is now a major part of almost every
industry, including food science, genetic engineering, cosmetics,
applied physics, device physics, health, textile, materials science,
interface and colloid science, as well as chemical, mechanical,
biological, and electrical engineering. Various new sub-disciplines
have arisen in recent years, including nanomedicine, nano-
lithography, DNA nanotechnology, molecular nanotechnology,
molecular electronics, and nanorobotics. Types of nanoparticles
include nanoclusters, nanopowders, and nanocrystals. Nano-
particles may exist as a single entity, or can aggregate. They have
been studied in the context of drug design, potentially as a method
for delivery of drugs to reach molecular targets or penetrate nor-
mally intact physiologic barriers by virtue of their size character-
istics. Some examples of the use of nanotechnology in medicine are
shown in Table 6. New imaging methodology that is based on the
supramagnetic properties of nanoparticles is being developed.
Nanoparticles can be conjugated with ligands such as monoclonal
antibodies for more tissue specific targeting [88]. The interaction
between nanoparticles and the cell membrane is of particular
interest because of applications in drug delivery and targeting [89],
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Table 6
Medical uses of nanotechnology.

Specialty Type of technology Function Particles used or process Rationale or possible mechanism of action
Pharmacology Drug synthesis Lipid based 1. Takes advantage of ability of nanoparticles to penetrate around and
Drug delivery Polymer based through cells
Nanoshells 2. Change in volume of distribution due to better targeting of drug
Carbon nanotubes 3. Reduced side effects
Nanofiltration 4. Altered clearance of drug
Nanocrystals 5. Combination of drugs with macromolecules
6. Purification and sterilization of drug to remove harmful contaminants
Surgery Nano-welding Gold coated nanoshells 1. To seal or fuse tissues in order to control bleeding during surgery
Neurology Neuro-electronics Nanoelectronics-based 1. Control of nerve impulses by external computers for treatment of
sensors paraplegia
Oncology Drug delivery Sensor test nanochips 1. Increased surface to volume ratio may improve binding to tumor cells
Diagnosis Fluorescent quantum 2. Designer nanoparticles for multifunctional uses
dots 3. Carbon nanotubes may be heated with local effects only
Selective killing of tumor cells Dendrimer 4. Photodynamic therapy can be used to selectively heat nanoparticles
Radiology Imaging Quantum dots 1. Used in conjuction with MRI imaging to improve images
Bioimaging Nanorobots 2. Increase contrast of nanoparticles

Immunology Infectious  Vaccine design

diseases Allergen immunotherapy Adjuvants
Genetics Cell repair Nanomachines
Gene delivery
Nephrology Diagnosis and management of Nanoscale artificial
kidney disease kidney
Nutrition Food science TiO as food coloring

Food packaging
nanoparticles
Homogenation
Milling
Coatings

Nanoemerging vaccines

w

. Targeting nanoparticles to desired sites of action

. Purification of vaccines
. Photokilling of bacteria
. Methyl vinyl ether and maleic anhydride nanoparticles

W N =

—_

. Nanoparticles can open and close cell membranes and travel into cells, and
can repair DNA at the molecular level

1. Nanoscale robots will be able to execute curative and reconstructive
processes in live subjects

1. Whitening agent
. Nanoparticles can be used to kill microorganisms
3. Food packaging with nanomaterials for preservation of food

N

phototherapy [90], biomedical imaging tools [91] and gene delivery
[92]. Cell membrane penetration by synthetic nanoparticles is
dependent on electrical charge and the ability to disrupt the
phospholipid bilayer without destroying the cell. Other mecha-
nisms of cell entry include disruption of endolysosomal
membranes or chaperoning of nanoparticles by cell-penetrating
peptides (CPPs). Nanoparticles can also be trapped inside endo-
somes and thereby never come into contact with cytosol based
regulatory factors. Design of nanoparticles with cell-penetrating
ability involves synthetic arrangement of surface coatings, such as
alternating anionic and hydrophobic groups.

The potential benefits are far-reaching, but as with any new
technology, one must be cognizant of the inevitable side effects.
Nanoparticles of substances traditionally believed to be inert, such
as titanium dioxide, may take on a different set of reactive prop-
erties. Adverse effects of engineered nanoparticles may be easier to
study than ambient UFPs because the former tend to be more
homogeneous in shape, size, and surface characteristics. At this
time, there are no human studies to show that nanoparticles
produce human disease, but there is experimental data to indicate
that there may be potential hazards. For example, when cultured
human lung epithelial cells BEAS-2B were treated with cerium
oxide nanoparticles ranging from 15 to 45 nm, a number of cyto-
toxic effects were observed, including increase in reactive oxygen
species, reduction in glutathione levels and the induction of HO-1,
catalase, glutathione-S-transferase and thioredoxin reductase, all
markers of oxidative stress. Production of cytosolic caspase-3 and
chromatin condensation was observed, ultimately leading to
apoptosis [93]. In an animal study of photocatalytic titanium
dioxide (TiO;) nanoparticles, intraperitoneal injections of

nanoparticles followed by challenge with aerosolized ovalbumin
was found to promote a predominant Th2 response with elevated
IgE and IgG1 and infiltration of neutrophils, eosinophils and
lymphocytes into the bronchoalveolar fluid [94]. A similar finding
was reported in mice that were challenged with ovalbumin in the
presence of single and multiple walled carbon nanotubes, where-
upon they developed an allergic immune response characterized by
an increase in ovalbumin specific IgE, eosinophilic infiltration and
release of Th2 cytokines [95].

Surface characteristics may also play a role in induction of
cellular damage, as shown in a study comparing vanadium pent-
oxide-coated ultrafine titanium dioxide particles and uncoated
titanium dioxide particles. The study showed that the former were
much more reactive and had a greater ability to induce DNA
damage in V79 hamster lung fibroblasts [96]. Another study
looking at the effect of particle size on toxicity revealed that
nanoparticle preparations of titanium dioxide had an increased
effect on IL-8 mRNA expression, IL-8 protein release and gluta-
thione (GSH) depletion compared with the same mass of fine
particle titaniuim dioxide. The authors suggested that when
evaluating toxic levels of nanoparticles, surface area may be
a better parameter to use than mass [97]. Lung tumors and
pulmonary fibrosis in rats exposed to ultrafine preparations of
TiO2 have been described. Increased mutation frequency has also
been described in cultured human lymphoblastoid cells exposed
to ultrafine TiO, particles [98]. TiO, nanoparticles have been
shown to be cytotoxic in mouse fibroblast cells by a mechanism
thought to be consistent with oxidative stress, as levels of ROS
were observed to increase with increasing concentrations of TiO,
[99]. Other studies have confirmed the in vitro effects of titanium
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dioxide on cultured human bronchial epithelial cells, with expo-
sure to TiO, nanoparticles leading to increased apoptosis,
increased oxidative stress, and reduced expression of glutathione.
The release of multiple proinflammatory cytokines including IL-1,
IL-6, IL-8, TNF-o. and CXCL2 was seen. The observed localization of
TiO, nanoparticles inside the cell in a perinuclear pattern may
shed some light on how the behavior of nanoparticles differs from
larger size fractions of particulates [100].

An example of the “two-edged sword” nature of new technol-
ogies such as nanotechnology is the use of titanium dioxide
nanocoatings in hospitals and other institutions as a means of
disinfection. The theory is that a thin layer of nanoparticles of
titanium dioxide can be applied as a coating to walls and other
surfaces. Applications of this characteristic include self-cleaning
glass and solar cells. Titanium dioxide in its normal state has low-
solubility and has not been linked to any significant toxicity. As
nanoparticles, titanium dioxide generates oxygen reactive inter-
mediates that are toxic to viruses and bacteria, thereby exerting its
intended function. But these particles may also have similar effects
on humans. Multiple studies have been done which demonstrate
that particulates that are normally considered to be low-solubility,
low-toxicity when prepared in the fine particle range take on
a significantly different set of toxicity characteristics when gener-
ated as nanoparticles (see above). Titanium dioxide and other
nanoparticles are also being used as additives to food [101], sun-
creams [102,103], and tanning lotions, as well as in the treatment of
water pollution [104], and their benefits are boundless [105], but it
is important to appreciate that the same unique effects that we are
trying to harness to provide benefit for the human race may at the
same time produce harmful effects.

Zinc oxide nanoparticles are components of pigments and UV
absorbers in personal care products, coatings and paints. They are
present in powders or solutions, and can be adsorbed on the skin or
inhaled. Inhalation of finely dispersed particulates in metal fumes,
especially zinc and magnesium oxide particles results in a flu like
illness with symptoms of fever, chills, arthralgias, headaches,
fatigue, nausea and muscle aches. Respiratory symptoms
mimicking bronchitis have been reported, and the illness resolves
several days after removal of the inciting fume. Exposure to
nanoparticles in paint sprayers may be responsible for Ardystil
syndrome, a cryptogenic organizing pneumonia described in textile
paint workers exposed to polycationic paint components [106].
Carbon nanotubes, which are cylindrical fullerenes used in photo-
voltaic cells, other electronic components and materials science,
are long fibers of nanoscale thickness that are similar in shape to
asbestos fibers [107]. The shape of these particles leads to a condi-
tion known as frustrated phagocytosis, which is the inability of
macrophages to completely engulf a foreign substance [108].
Clearance from lung tissue is thus impaired and this leads to pro-
longed cellular exposure to ROS and a higher production of
inflammatory mediators such as TNF-a, [109].

Exposure to nanoparticles is not always proinflammatory. For
example, fullerene nanomaterials were found to function as
radical scavengers and thereby reduce oxidative stress [110]. The
authors reported that antigen-challenged cells that were pre-
incubated with fullerene nanoparticles showed a significant
inhibition of mast cell and basophil mediator release, with
a concomitant reduction in tyrosine phosphorylation of Syk, and
an inhibition of IgE-mediated cytoplasmic ROS levels. The fact
that fullerenes were able to inhibit features of anaphylaxis in
a mouse model, including histamine release and a fall in body
temperature suggests a potential therapeutic role in the treat-
ment of allergic diseases. Alternatively, nanoparticles can also be
used as a vehicle to deliver negative signaling molecules that may
inhibit allergic or inflammatory responses, opening a new avenue

for treatment of asthma, heart disease, multiple sclerosis, rheu-
matoid arthritis and cancer.

10. Standards for safe levels of exposure for synthetic
nanoparticles

From a regulatory standpoint, the EPA is currently in the process
of formulating research needed to help understand the risks of
exposure to nanoparticles. These risks may or not be similar to
those seen with ambient ultrafine particles because of the more
homogeneous nature of preparations of nanoparticles. A report
released in 2006 outlined the need for research directed at
assessing exposure to nanoparticles, the chemical components of
nanoparticles and the properties and effects of nanoparticles in
biological systems. In addition, the report also addressed the need
for studies related to ecologic effects of nanoparticles on the
environment, and the potential health effects of nanoparticles. The
report also recommends the study of sampling methods for
nanoparticles and the development of low-emitting nanomaterials
(http://nano.gov/NNI_EHS_research_needs.pdf). It would also be
important to define exposure safety limits with regard to how these
tiny particles may gain entry into the human body, e.g. contact,
ingestion or inhalation. The development of safety guidelines
should take into account the physical, chemical and bio-
physiological properties of nanoparticles and their constituents,
because these characteristics may produce varying levels of bio-
logical activity on living systems [111]. The resulting screening
methods and regulatory guidelines should therefore be developed
based not only on size, but also shape and composition.

11. Summary

Nanotechnology is one of the most intensely studied areas of the
early 21st century. The development of nanotechnology signifies
a revolutionary change in modern science and engineering that
promises to re-design the world that we live in. Its wide ranging
potential will impact medicine, environmental science and other
industries. Already, nanotechnology is being used in the develop-
ment of treatments for cancer, in construction of ultra-strong
materials, and also, ironically, in cleaning up the disasters of the
previous industrial revolution, including pollution, chemical
toxicity and global warming. However, the resultant release of
nanoparticles may present significant potential health effects
related primarily to the respiratory, cardiac, and neurologic
systems, as has been demonstrated to be the case with anthropo-
genic UFP exposure. UFP exposure has been associated with an
increase in allergies, asthma and autoimmune diseases. However,
there are currently no clearly defined safe levels for exposure to
ultrafine or nanoparticles, and there is of yet scant solid evidence
upon which to base such regulatory standards. Any new technology
carries both the hope of the future and the fear of the unknown.
Like other revolutionary breakthroughs in science, our goal should
be to learn as much as possible about the physical and biochemical
nature of nanotechnology so that we can embrace the potential
benefits, while at the same time, manage and control any adverse
health effects that may result from exposure to these engineered
particles.
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