Chapter 5
Particle and Fiber Toxicology

Georgia K. Hinkley and Stephen M. Roberts

Abstract Adverse health effects of inhaled particulates have been noted for
centuries, and studies over the last several decades have linked particle and fiber
inhalation to several pulmonary diseases, including fibrosis, silicosis, chronic
obstructive pulmonary disease, emphysema, asthma, hypersensitivity pneumonitis,
and cancer, as well as cardiovascular disease. Inhaled particles and fibers can
produce toxicity through several mechanisms, many mediated by the immune
system. Particle and fiber toxicity is influenced by composition, size and shape of
the material, as well as surface properties, including surface charge, protein corona,
and surface contamination. Dissolution rate within the body can also influence
toxicity. Although less extensively studied, some particles and fibers can also
produce health effects when ingested and as a result of dermal contact. To help
protect against adverse effects of particle and fiber exposure, regulatory agencies in
numerous countries have developed exposure limits for airborne particulates in
general, as well as for specific particles and fibers of special concern.

5.1 Introduction

Particulate matter (PM) was in existence long before dinosaurs walked the earth,
with volcanoes and forest fires contributing naturally to atmospheric PM levels.
Humans have added to the production of particulates through activities such as the
combustion of fossil fuels, production of industrial emissions, refuse incineration,
and mechanical generation of dusts from agriculture, mining, and motor vehicle
traffic. Humans are exposed to PM in air occupationally, at home, and in fact
virtually everywhere they go. Recently, human exposure to PM and airborne fibers
has expanded to include not only natural, anthropogenic and occupational sources,
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but also engineered particles and tubes on a nanometer scale (i.e., nanoparticles,
NPs).

Human health problems associated with the inhalation of particulates such as
silica have been reported since the ancient Greeks [83]. In the modern era, the
toxicity of inhaled PM and fibers has been a concern in human health, many believe
starting with the discovery in the 1930s that asbestos inhalation causes mesotheli-
oma and fibrosis. In addition to asbestos, there were several air pollution incidents
across Europe and the United States in the 1940s and 50s which raised awareness
about the toxicity of inhaled PM. As one example, in December of 1952, London
was trapped under a thick blanket of smog that lasted for 5 days before changes in
the weather caused the air to clear. During this time period, it has been estimated
that 100,000 people became ill, leading to the premature death of over 10,000
London residents [21]. This incident was important for the development of the 1956
Clean Air Act in the United States, one of the first environmental protection
regulations.

This chapter presents an overview of particulate and fiber toxicology, focusing
on inhalation exposure as this is generally considered to be the dominant pathway in
terms of health risk for PM. Situations in which oral and dermal exposure to
particles or fibers have been shown to cause toxicity will also be covered briefly.

5.2 Diseases Associated with Inhalation
of Particles and Fibers

As part of their critical role in oxygenating blood, the lungs are responsible for
filtering, humidifying and heating the air that we breathe. The role of filtration is
very important, preventing systemic exposure to many toxicants in our environ-
ment. However, through the act of filtration, the lungs become uniquely susceptible
to injury and disease. It is for this reason that inhalation toxicology has long been a
key to understanding human health risks when considering environmental and
occupational exposures to substances in air. The following is an overview of the
diseases that can be caused by the inhalation of PM and fibers, with examples of
exposure leading to illness provided from the epidemiological data.

5.2.1 Fibrosis

The flexibility of the lung is functionally a very important aspect of its structure,
and is compromised by fibrosis. When the diaphragm contracts, the chest wall
expands, pulling the lung with it and creating negative pressure inside the lung,
required for air to flow inside. Fibrosis in the lung is the replacement of healthy
tissue with inflexible connective tissue. With increased connective tissue, lung
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flexibility is compromised leading to decreased breathing efficiency. Severe fibrosis
from a chronic exposure cannot only limit activity, but can also cause major organ
failure and increased mortality rates.

Asbestos fibers have long been recognized to cause pulmonary fibrosis in
humans. More recently, PM from several metals and other materials have also
been shown to cause fibrosis in humans during occupational exposure, including
aluminum, beryllium, chromium (VI), coal dust, cotton dust, wood dust, mineral dust,
and livestock associated particulates [16, 35, 97, 105]. Exposure to metal dusts
commonly occurs during welding. Epidemiological studies from five populations in
the United Kingdom, the United States and Japan all show significant risk for fibrosis
associated with exposure to metal dust from welding [97, 98]. After correcting for age
and smoking status, two of these populations showed dose-dependent increases in
risk, while one study was only able to show increased risk in the sub-population with
the longest metal dust exposure period. Like all epidemiological data, these
exposures are complicated by several factors involved in the welding process,
including: welding materials, electrodes used, operating temperature, and exposure
to gases (CO, CO,, NO,), as well as variation in confinement and ventilation of the
work areas [12]. In addition to welding exposure, it has been shown that chronic/
occupational exposure to any form of dust is significantly associated with risk for
development of idiopathic pulmonary fibrosis [61].

5.2.2 Silicosis

Silicosis is a fibrotic lung disease resulting from inhalation exposure to silica dust.
Silica is the most abundant mineral on earth, comprising 67 % of sandstone and up to
40 % of granite. Silica dust is generated during several occupations: quarrying,
milling, mining, sand blasting, grinding, excavation, digging, hammering and even
ceramics and pottery work. These occupations generate silica dust with particle sizes
less than 10 pm, a size sufficiently small enough to be inhaled deep into the lung,
leading to disease. The pathology associated with silica inhalation has led to
Occupational Safety and Health Administrations (OSHA) to set air quality limits of
0.025-0.35 mg/m’ (varies by country) for silica dust generation to limit occupational
exposure [54].

A tunnel digging project in Hawk’s Nest, West Virginia, USA in the 1930s was
probably the first major incident to bring attention to the occupational hazards of
inhaling silica dust. Of 2,500 underground-exposed workers, 88 % eventually devel-
oped silicosis. These events led to 46 of the US states passing occupational safety
laws for silica exposure in 1937 [99]. Between 1968 and 2002, the age adjusted
mortality rate due to silica exposure has decreased by 93 %; with a mortality rate of
8.9 deaths per million in 1968, dropping to 0.7 deaths per million in 2004 [54,
99]. Despite a decrease in the number of annual deaths due to silicosis, the United
States Occupational Safety and Health Administration estimated there were two
million industry workers occupationally exposed to silica dust in 2007 [99]. While



156 G.K. Hinkley and S.M. Roberts

the annual silica exposure in the United States remains quite high, China leads the
way in the number of patients, diagnoses and deaths attributed to silicosis annually.
Between 1991 and 1995, there were 500,000 cases of silicosis diagnosed in China,
with 6,000 new diagnoses and 24,000 deaths annually [54]. The incidence of silicosis
has increased over the last 30 years in some countries; for example, autopsy results
from South African gold miners has shown an increase from 3 % to 32 % and 18 % to
22 % for black and white gold miners, respectively, from 1975 to 2007[54]. However,
as illustrated with the mortality rate of the United States, the opposite trend is seen in
more developed countries due to more stringent occupational safety standards,
e.g. use of respirators [99].

5.2.3 Chronic Obstructive Pulmonary Disease
and Emphysema

Chronic obstructive pulmonary disease (COPD) is characterized by chronic/progressive
irreversible airflow obstruction and is diagnosed by symptoms (e.g., dyspnea, cough,
sputum production) and airflow measurement with a spirometer [95]. COPD has been
associated with occupational exposures for six centuries and is the fourth leading cause
of morbidity and death related to chronic disease [24]. The frequency of COPD has
increased over the last 20 years and there are an estimated 16 million people living
undiagnosed with COPD in the United States alone [95]. While the leading cause of
COPD is cigarette smoking (80-90 % of cases), recognized by “smokers cough”, only
about 80 % of COPD deaths can be attributed to smoking [7]. However, Blanc et al. also
state that there is a synergistic risk relationship between occupational PM exposures
and cigarette smoking with an 18-fold increased risk for COPD for these individuals
compared to non-exposed smokers. Sources estimate that at least 15 % of COPD deaths
are related to occupational exposures, with an estimated 6 % of all COPD cases being
among never smokers [7, 11, 95]. Other groups estimate there is a population attribut-
able risk (PAR) for COPD due to occupational exposure of 31 % for never smokers in
the rubber, plastics, leather and textile manufacturing industries for US workers
[11]. Also summarized by Boschetto et al., a study looking at Swedish workers
shows that 52.6 % of COPD cases among never smokers were attributable to occupa-
tional exposure to mineral and wood dusts. Heavy metal fumes, mineral dust (coal,
hardrock mining and silica) and organic dust (e.g., cotton and hemp) exposures have
also been associated with COPD risk [95]. Ambient air exposure and black smoke
levels have been associated with COPD deaths in a population of emergency depart-
ment admissions in Barcelona [48]. Underground coal mining has shown association
with emphysema (a significant aspect of COPD) by other groups, with increased risk
for emphysema among both never and ever smokers [53, 103].
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Animal models have shown that inhalation exposure to cadmium, coal and silica
dust have led to the development of emphysema and COPD-like symptoms
[11]. However, animal models for emphysema use an ol-antityrpsin deficient
mouse model that is not completely representative of the human condition, and is
most appropriate for genetically susceptible humans. Another confounding property
of analyzing COPD epidemiological data is the lack of consistency in disease
description and diagnosis over the last several decades. Some studies make
associations between occupational exposures and specific symptoms, while others
only use COPD diagnoses for epidemiological analysis [11, 82].

5.2.4 Asthma

Rodent models for asthma are not completely predictive of the human condition.
For this reason epidemiological data are often used to investigate how factors (e.g.,
PM) can influence asthma rates in humans. A problem that plagues all epidemio-
logical studies is the number of confounding variables that are inevitably going to
exist. The interpretation of epidemiological data relating to asthma and PM expo-
sure can be greatly influenced by environmental variability. PM is just one of six
categories of air pollutants generally investigated: SO,, O3, NO,, CO and lead are
also assessed for association with disease [101]. Separating the effects caused by
each pollution component is often not possible, and it is unlikely that a location with
significant contamination from only one category can be found. Factors such as air
humidity must also be considered; high humidity, for example, will significantly
increase airway permeability and associated risk for a given exposure [107]. For
these reasons, finding significant associations between PM and asthma can be
challenging.

While air pollution has long been suspected of being associated with asthma,
several studies investigating the possible correlation between PM and asthma have
failed to find a significant association [4, 40]. When subjects are separated by age, a
significant association between PM pollution and asthma in children was found
[107]. Several other investigators have found this same association when separating
their study group by age [20, 101, 106]. Another study has found significance in a
more diverse age group, but only when analyzing with ethnicity as a factor, showing
asthma incidence in African Americans to be associated with PM in the air [30].

5.2.5 Hpypersensitivity Pneumonitis

Hypersensitivity pneumonitis (HP) in the lung has been observed after inhalation of
several biological dusts and fungi during occupational exposures. These reactions
require repeat exposures to PM less than 5 pm, with these sizes being able to
penetrate deep enough into the lung to elicit an immune response [39]. In some
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Table 5.1 Occupational hypersensitivity pneumonitis-like diseases and the “Trojan Horse”
carrier agents (Adapted from [23])

Hypersensitivity pneumonitis disease Carrier agent Trojan horse allergen
Farmer’s lung Hay Bacteria

Fertilizer worker’s lung Soil Bacteria

Coffee worker’s lung Coffee bean dust Bacteria

Horseback rider’s lung Hay Fungus

Papermill worker’s lung Wood chips Fungus

Wheat weevils disease Wheat flour Fungus

Malt worker’s lung Malt and barley Fungus

cases HP can be directly induced by PM from birds or animals (e.g. fur and feathers)
due to a particular protein allergy; however a majority of HP cases are the result of the
Trojan horse effect, rather than direct particle induced toxicity. Materials such as
wood and grain dusts can act as carriers for fungus and mycobacteria to invade the
lung and induce allergic reactions leading to hypersensitivity reactions after repeat
exposures [39]. These kinds of reactions can be controlled if exposure to the allergic
agent is limited, however with chronic exposures HP can lead to granuloma develop-
ment and even pulmonary fibrosis and emphysema [72]. A non-comprehensive list of
occupational HP-like diseases is provided in Table 5.1, along with the carrier agent
that delivers the fungal/bacterial allergen.

5.2.6 Cancer

Inhalation of PM and fibers has been associated with the development of cancer,
particularly of the lung. One confounding variable in the assessment of PM
exposure and human lung cancer is the typical latency period of decades between
the time of exposure and cancer development in humans [105]. When a long latency
period exists, it is difficult to assume causation, and instead only associations can be
made between lung cancer in humans and exposure to a given particulate. There are
several occupational sources of PM exposure, as well as specific elemental
exposures that have been identified as occupational carcinogens: welding fumes,
wood dust, asphalt fumes, diesel exhaust, coke oven emissions, asphalt fumes,
carbon black, asbestos, cadmium, nickel, silica (quartz), and chromium (VI) [14].

Inhalation of asbestos fibers leading to mesothelioma was probably the first
instance in which human cancer was shown to be caused by inhalation of fibers
or PM. The carcinogenic potential of asbestos and other fibers is related to their
length and biopersistence (Fig. 5.1) [22, 65]. Occupational exposure to welding
fumes has also been associated with lung cancer development in several cohorts
from countries throughout the world. In 1990, the International Agency for
Research on Cancer (IARC) stated that there were 30—50 % more lung cancer
incidents among welders compared to a control population [93]. This group
analyzed standardized incidence ratios (SIR) of lung cancer in Danish welders
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Inhalation/Instillation of Fibers

Fiber Length: Efficientinhalation of fibers
requires a fiber diameter less than 3 pm
and a length less than 50 pm.

| Short Fibers, < 10 um | Long Fibers, > 20 um

Biopersistence: Does this material
| Clearance | experience significant dissolution or
fiber shortening under neutral or
\ slightly acidic conditions?

| Biopersistent: NO I Biopersistent: YES |

| Inflammation = Cancer, Fibrosis |

Fig. 5.1 Influence of fiber length and biopersistence on toxicity (Adapted from [22, 38])

working between 1964 and 1984, with more than 21 years of experience, and found
a SIR of 1.35 (95 % CI 1.06—1.70). Investigators analyzing cancer risk for welders
in Romania, Hungary, Poland, Russia, Slovakia, Czech Republic and the United
Kingdom found an odds ratio (OR) of 1.18 (95 % CI 1.01-1.38) when correcting
for independent metal exposure to chromium, nickel, cadmium and arsenic [57].
A meta-analysis of risk for specific welding-related jobs was performed for
welders in the United States, United Kingdom, Canada, Sweden, New Zealand,
Italy, Norway, France, Uruguay, Netherlands, Germany, Argentina, Finland, and
Denmark finding no difference in risk between welding jobs, with an overall
combined relative risk (CRR) of 1.26 (95 % CI 1.2-1.32) for lung cancer [3].
Investigators analyzing lung cancer risk in Finnish welders born between 1906 and
1945 found significant risk in all exposure groups [90]. For the lowest exposure
group, there was an increased RR for all combined cancers (1.09: 95 % CI
1.05-1.14) and for small cell carcinoma (1.15: 95 % CI 1.04-1.27). The medium
exposure group was associated with increased risk for all combined cancers
(1.16: 95 % CI 1.03-1.31), for squamous cell carcinoma (1.26: 95 % CI
1.04-1.53) and adenocarcinoma (1.42: 95 % CI 1.06-1.91). High exposures were
associated with increased risk for squamous cell carcinoma only (1.55: 95 % CI
1.08-2.24) [90]. As mentioned above, specific welding exposure is affected by the
materials used, ventilation and operating conditions. Large meta-analyses like these
are very important because they include welders from several occupational welding
environments, which may help account for these variables.

Unlike most inhalation exposures, breathing leather dust during shoe making or
repair has been shown to be associated with risk of sino-nasal (rather than lower
respiratory) cancer in five of six analyzed cohorts [10]. Wood dust exposure is also
associated with sino-nasal cancers; however, there are several other systemically
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diffuse cancers associated with wood working as well: digestive, urinary, respiratory,
hemopoietic, lymphatic and Hodgkin’s disease [63]. Several studies, summarized by
[63], have found significant risks for various cancers with hardwood dust exposure:
beech, oak and walnut. Another group found epidemiological associations with both
hard and soft woods with differential tumor development. Hardwood exposure was
associated with adenocarcinoma while softwood dust exposure was associated with
squamous cell carcinoma (SCC) and non-Hodgkin’s lymphoma [25]. In addition, the
type of cancer which developed from softwood exposure seemed to differ based on the
woodworkers’ occupation; joiners, carpenters and loggers developed SCC, while saw
and planing mill workers had an increased risk for non-Hodgkin’s lymphoma. The fact
that the specific wood working occupation affects the type of cancer that develops may
indicate that the particle size of the wood dust generated is important for pathogenesis
and deposition location. For wood dust exposure, it is important to consider whether
the wood was treated and how either inherent or surface bound (e.g., fungi) properties
of the wood may affect the toxicity. Wood that is intended for outdoor use is often
treated with metal-based preservatives (chromium, arsenates, copper) to extend its
lifetime; however these metals may cause toxicity after wood dust inhalation. Some of
the inherent properties of timber that may conceivably be mutagenic were investigated
and found to be innocuous using an in vitro mutagenicity test [62].

In addition to occupational exposures, there is a strong correlation between the
development of lung cancer and exposure to atmospheric PM, with an 8 % increase in
lung cancer mortality for every increase of 10 pg/m3 of fine PM [77]. Large anthro-
pogenic contributions to atmospheric PM levels occur through the combustion
products of fossil fuels, specifically in the form of diesel exhaust (DE). DE is
composed mostly of various gases (e.g., CO,, CO, N,, SOy), hydrocarbons and
their aldehyde derivatives, polyaromatic hydrocarbons and PM (elemental carbon)
[80]. The particle size distribution of the PM fraction in DE has changed over the last
several decades as engine types and operating conditions have evolved. Discussed in
more detail later in the chapter, particle size affects the deposition location within the
respiratory tract and the body’s ability to clear inhaled PM. The surface chemistry of
the PM and adsorbed contaminants can also be variable based on post-emission
reactions with oxygen and sunlight in the environment [80]. DE was placed on the
TIARC'’s category 1 carcinogen list (known human carcinogens) in June 2012 and
there have been several epidemiological studies published that show a significant
association between inhalation exposure to DE and lung cancer [34]. One group of
investigators found an odds ratio of 7.3 (95 % CI 1.46-36.57) for lung cancer among
never-smokers in the highest exposure group of United States underground non-metal
miners [91]. An increased risk for lung cancer due to DE exposure has also been
observed in a population of Chinese industrial workers with 1-19 years of experi-
ence: OR of 12.39 with a 95 % C.I. of 2.4-63.94 [102]. This study did not adjust for
smoking status; however, the estimated risk did account for age and familial/personal
cancer and lung disease history. While these studies focus on chronic exposure to
concentrated DE, it is important to consider that carcinogens may operate on a
no-threshold model, with even low levels of DE exposure being capable of inducing
carcinogenic effects in susceptible individuals.
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5.2.7 Cardiovascular Effects

While an inhalation exposure is likely to target the lungs, there have been cardio-
vascular effects associated with PM in many inhalation studies. In addition, epide-
miological data evaluating risk from air pollution show that increased risk in highly
polluted areas can be attributed mostly to additional cardiovascular deaths. It is
important to consider how particles are able to translocate from the lungs to the
vascular system. It has been shown in rats, using an ex vivo lung perfusion, that
nanoparticles administered to the lung are able to translocate to the circulation
when lung permeability has increased (for example, due to histamine or H,O,, both
of which may result from immune activation) [2].

The extent of particle translocation into the blood stream is size dependent with a
large decrease in bioavailability as particle size increases [47]. Demonstrated with
polystyrene particles, 240 nm seems to be the maximum diameter for uptake and
translocation of particles into the blood stream following an inhalation exposure
[46]. In addition to particle size, protein coating of particles is important for uptake. It
has been shown that coating particles (of various materials: chitosan, poly-maleic-oleic
acid and phosphatidylcholine) with surfactant protein A increases particle uptake into
alveolar macrophages when compared to uncoated particles or particles coated with
bovine serum albumin (BSA) [85]. Surfactant coating of particles has also been shown
to be important for uptake via epithelial cells [47]. As particle size decreases, coating
with surfactant becomes more efficient and may contribute to differences observed in
translocation of particles based on size [26].

One of the major possible mechanisms of toxicity leading to cardiovascular effects
would be interaction of absorbed particles with clotting factors. It was shown by [84]
that TiO, nanotubes are capable of decreasing blood clotting time through enhancing
the formation of the fibrinogen network. In addition, interference with normal clotting
behavior was observed for both positively and negatively charged polystyrene
particles, capable of causing platelet activation [67]. These investigators hypothesize
that positively charged particles are able to bind to sialic acid groups (negatively
charged) on platelets, allowing enhanced platelet-platelet aggregation; the mechanism
of interaction for negatively charged particles remains unknown.

Myocardial infarction and stroke are the two major risks associated with plaque
formation and rupturing in the arteries. Any aspect of a particle or fiber that affects
clotting or plaque stability has the potential to cause devastating cardiovascular
problems. Most research done in this area is based on relative risk analysis of
epidemiological data, with some conflicting trends. For example, some studies
indicate that people exposed to air pollution are most susceptible to cardiovascular
effects if they have increased fibrinogen blood levels [74, 78], while another study
was unable to show such a correlation [89].

While fibrinogen levels have failed to form a solid link between PM air pollution
and cardiovascular risks, there is strong evidence to indicate that levels of C-reactive
protein (CRP) may be used to expose high cardiovascular risk groups in relation to air
pollution. High levels of CRP have been associated with coronary artery disease and
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may be indicative of an unstable plaque present in the vasculature; more recently, an
association between high PM exposure and high CRP levels has been elucidated
[21]. Together, these trends may suggest that exposure to air pollution can induce
CRP production, which in turn makes arterial plaques more susceptible to rupture,
leading to stroke or heart attack. While these associations have shown to be significant
when analyzing epidemiological data, the exact mechanisms underlying cardiovascular
risks and air pollution are not well understood.

5.3 Mechanisms of Toxicity for Inhaled Particles
and Fibers

5.3.1 Immune Mediated Effects

Dysregulation of Neutrophil Activity and Reactive
Oxygen Species Generation

Polymorphonuclear neutrophils (PMNs) are an important mediator for the initiation
of an immune response. Neutrophils are generally the first immune cells to be
recruited to sites of injury and make up a majority of immune cells in the blood
stream. Upon activation, PMNs will release chemokines and proinflammatory
cytokines for the recruitment and activation of additional immune cells. This
response is tightly controlled to prevent both inappropriate activation and down
regulation of the inflammatory pathway. Upregulation of PMN activity can lead to
the development of autoimmune diseases such as systemic lupus erythematosus
(SLE) or rheumatoid arthritis (RA), while down regulation of PMN responses can
lead to increased susceptibility to bacterial infections. Both activation and down
regulation of inflammatory responses have been shown by studies investigating the
interaction of PM and fibers with neutrophils.

A variety of responses can be observed with TiO, particles of various sizes. Small,
1-10 nm, TiO, particles were shown to induce IL-8 production, but were also shown
to prevent PMN apoptosis. Larger TiO, particles, (345 nm—3 pm) were shown to
increase ROS production without causing cytotoxicity, while no response was
registered with exposure of PMNs to 10 pm TiO, particles [31, 52]. In addition to
seeing differences in response based on size, material is also an important determinant
of inflammatory reaction. Release of lactate dehydrogenase (LDH) from neutrophils
was stimulated by 50 nm polymethylmethacrylate (PMMA) particles, while no
response was observed for 50 nm polystyrene particles [70]. Differences in response
based on material can also be observed with poly (lactic) acid (PLA) particles, in
which coating the particle surface with polyethylene glycol (PEG) reduced reactive
oxygen species (ROS) production from neutrophils. Neutrophil activation and
increased mortality has also been shown to occur with nickel and vanadium particles,
leading to LDH and superoxide release, respectively [52].
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Despite the fact that many forms of PM and nanoparticles are capable of eliciting
an inflammatory response that may mediate their toxicity, interaction with
neutrophils can also cause a detoxification reaction. It has been shown that exposure
of carbon nanotubes to myeloperoxidase (MPO) released by neutrophils decreases
their overall inflammatory nature [45]. Using dynamic light scattering, this group
showed that carbon nanotubes exposed to MPO have a decreased length compared to
untreated nanotubes. Like asbestos fibers, there is a known positive correlation
between nanotube length and toxicity; therefore, [45] hypothesized that the decrease
in nanotube size is responsible for the observed decrease in inflammatory response.

T-Helper Cells, Type 1 and 2

The human population has extensive genetic variation, which affects individual
responses to environmental factors. When investigating an inflammatory endpoint
such as asthma, it is important to consider a person’s T helper cell profile. The body
has two major types of T-helper cells, types 1 (Th1) and 2 (Th2). Th2 cells produce
inflammatory cytokines like interleukins 4 and 5, previously shown to be associated
with asthma in humans [33], while Thl cells produce cytokines that are important
for fighting infection. T-helper type 1 cells also help prevent the inflammatory
response by releasing interferon-y which inhibits Th2 cells. All humans have both
Th1 and Th2 cells; the ratio between these two cell types can determine whether a
person is predisposed to allergic and inflammatory diseases and reactions.

During fetal development we are exposed to maternal Th2 cells and are born with a
Th2 dominant profile. Our postnatal environment will determine whether we develop
a Thl or Th2 phenotype as adults. Exposure to mycobacterium in soil has been shown
to induce a Th1 type phenotype. This is the basis for the hypothesis that letting your
children play outside can help prevent allergies. In contrast, inhalation of diesel
exhaust particles and residual oil fly ash has been shown to induce a Th2 profile,
exacerbating the inflammatory response and inducing fibrosis (See Fig. 5.2) [9].

Inflammatory Response and Fibrosis

Inhaled particles can create a pro-fibrotic environment through several immune-
mediated mechanisms (Fig. 5.2). As mentioned above, inhaled particles that lead to
a type 2-dominant T helper cell profile will induce an inflammatory response leading to
IL-13 release; IL-13 will then induce TGF-f1 release, producing several pro-fibrotic
downstream effects. Particles can also create these inflammatory conditions through
the induction of TNF-a release, which, like IL-13 will induce TGF-B1. Both collagen
deposition and release of connective tissue growth factor are downstream effects of
TGF-P1 release, increasing the likelihood of developing fibrosis.
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Fig. 5.2 Potential mechanism leading to fibrosis after PM inhalation [9, 33]

5.3.2 Genotoxic Mechanisms

Animal models can be helpful in assessing general carcinogenicity of a given
toxicant; however, inter-species differences in cancer rates and target tissues
make it difficult to accurately predict human neoplastic responses based entirely
on rodent studies. Specific mechanisms of genotoxicity are investigated in vitro to
add to the weight of evidence for carcinogenic potential of a given fiber or particle.

All forms of cancer follow a general developmental pathway, starting with initia-
tion (gene mutation), followed by promotion (expansion of mutated population) and
then progression (requires additional mutations) leading to cancer development.
Particles and fibers contribute to initiation of carcinogenesis through genotoxic
mechanisms. For an initiation event to occur, a genome mutation in a critical gene
(cell cycle control or repair mechanisms) must avoid DNA repair and be retained
through cell division. There are several possible mechanisms, both direct and indirect,
for PM and fibers to cause DNA damage.

Oxidative stress is a common indirect method of DNA damage that can lead to
tumor initiation. The DNA base pair guanine is susceptible to oxidation, converting
to 8-hydroxy guanine. Guanine traditionally base pairs with cytosine; however,
8-hydroxyguanine does not undergo traditional G-C base pairing. If left unrepaired
during cell replication, this mutation may ultimately lead to a base transversion
from G-C to T-A pairing (illustrated in Fig. 5.3). If this mutation occurs in the
coding region of a gene, there will be changes in the amino acid sequence for that
protein, potentially leading to large downstream effects. The ability of asbestos
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Fig. 5.3 Illustration of possible relationship between unrepaired oxidative DNA damage and
cellular dysfunction

fibers to cause this kind of mutation through oxidative stress has been reported by
several groups and summarized by [44].

Direct DNA damage is also a common source of genotoxicity, with chromosomal
deletions and strand breaks contributing to DNA mutations. Evidence for asbestos
fibers causing this kind of genotoxic damage has also been reported [44]. Although
genotoxicity of fibers and particles is a likely mechanism of their carcinogenicity,
DNA damage is not required for a particle or fiber to be considered carcinogenic.
Non-genotoxic mechanisms can contribute to the promotion of a mutation, rather
than its initiation. This mechanism of action can be tested by analyzing the ability of a
particle or fiber to cause cancer after administration of a known mutagen.

5.4 Particle and Fiber Properties Influencing Toxicity

When characterizing a given particle/fiber exposure or designing an inhalation
study it is particularly important to consider dosimetry issues involved in the
exposure. As with chemical exposures, the standard for describing exposure to
particles and fibers has been on a mass concentration basis. Inhalation toxicology
has studied the effects of micrometer-sized inhalants for several decades, but has only
in the last 20 years started to focus on smaller, nanometer-sized particles. As these
studies have been completed, it has become apparent that lower mass concentrations
of nanometer-sized particles are required to elicit the same responses seen with higher
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concentrations of micrometer-sized particles; and several studies have suggested that
expressing exposure response in terms of particle number or surface area can help to
better estimate risk from a given exposure [51, 58, 68]. As discussed in more detail
later in this chapter, decreases in particle size show an increase in the efficiency of
lung deposition and bioavailability, possibly explaining the observed increased toxic-
ity of smaller particles even at lower number concentrations [79]. One of the largest
realistic challenges that we are facing with this consideration is occupational exposure
monitoring; testing air quality for mass-based contamination is much more straight
forward than testing particle number concentrations in a workplace [37, 58]. Another
problem with using mass concentration as a measure of exposure is that an emphasis is
placed on larger particles under mixed particle size exposure conditions due to the
high mass percentage that large particles will account for [37, 51, 58, 75].

5.4.1 Size

The initial investigations into nanoparticle toxicity were stimulated by differences
in effects that were observed between particles in the nanometer and micrometer
size (based on the diameter of spherical particles). One example of size dependent
effects can be demonstrated using TiO, and inflammatory response in neutrophils,
as described above with three size groups (1-10 nm, 345 nm-3 pm, and 10 pm)
[31]. Differences in response based on particle size have also been observed for
ROS generation after in vitro exposure to PM collected from the Los Angeles basin
area from November 2001 to March 2002 [55]. When analyzing HO-1 expression in
BEAS-2B human lung epithelial cells and RAW 264.7 murine macrophages, the
smallest particles (ultrafine particles, < 150 nm) showed the most significant
induction of HO-1 expression. While larger particles (coarse, 2.5—-10 pm and fine,
0.1-2.5 pm) showed a dose dependent reaction for HO-1 induction, even the
highest dose of both coarse and fine particles (100 pg/mL) showed a much smaller
induction than the ultrafine particles (< 0.1 pm) at a low dose (8 pg/mL) [55]. HO-1
gene expression can be considered an endpoint for the induction of the antioxidant
response element (ARE), indicative of ROS production. This group has also shown
that exposure to ultrafine and fine particles lead to a 70 % glutathione (GSH)
depletion (based on reduced to oxidized glutathione ratio, GSH:GSSG) in RAW
264.7 cells at 12 and 50 pg/mL respectively, compared to no response for coarse
particles at 50 pg/mL.

In addition, it is important to consider the in vivo agglomeration state of PM or
NPs, as this is a more significant determinant for clearance, deposition and translo-
cation compared to primary particle size [47]. For example, if particle agglomera-
tion is observed to increase with particle concentration, it is possible that a low
concentration exposure may be more toxic than a higher concentration because
larger, agglomerated particles are cleared more readily in the upper airways. There
is an inverse relationship between particle size and retention. Mucociliary action
can be considered a major source of particle clearance for large particles, leading to
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ingestion. However, as mentioned earlier, small particles are more efficient at
penetrating the surfactant layer of the lung and it has been hypothesized that this
removes the possibility for mucociliary removal. Micrometer sized particles that
enter the lung are generally cleared within 24—48 h after exposure, while particles in
the nanometer range show more than 75 % retention 48 h after exposure [64].

5.4.2 Shape (Aspect Ratio for Fibers)

There are a few major factors that influence the toxicity of fibers and carbon
nanotubes that have been recognized throughout the literature as important aspects
for predicting associated risk. First, the in vivo fiber or tube length is very important
for determining toxicity, with long particles being most toxic for two reasons. One
reason is that long particles are difficult to clear, penetrating very deep within the
lung. Macrophages are very efficient at phagocytizing foreign objects in their
environment, and will attempt to clear any fibers or nanotubes. This mechanism
of clearance is good for small tubes and fibers because the entire fiber can be
engulfed by the cell; the problem arises when the fibers are too long to be fully
encapsulated by a macrophage. In addition to clearance, long fibers and nanotubes
are more toxic than shorter fibers because they seem to have a higher capacity for
the generation of reactive species. Another important aspect determining fiber
toxicity is the degree to which fibers dissolve or break down in the lung or other
biological environment. The most toxic fiber and nanotube exposures have resulted
in a high number of long, biopersistent particles being deposited deep in the lung.
The relationship between fiber length, biopersistence and toxicity is illustrated in
Fig. 5.1.

5.4.3 Surface Charge

Differences in biological response based on particle surface charge have been
observed for several endpoints. One example, mentioned briefly earlier, is the
effect of polystyrene particles on platelet activation. [67] investigated neutral,
positive and negatively charged polystyrene particles with different effects
observed for all particle surface chemistries. This group showed increased platelet
activation at 50 pg/kg for positively charged particles and at 100 pg/kg for nega-
tively charged particles, while neutral particles were non-toxic, even at doses of
5,000 pg/kg [67].

In general, positively charged particles seem to have more inherent toxicity
compared to neutral or negatively charged particles, as observed by several
groups [5, 86, 108]. This is hypothesized to be due to particle interaction with
negatively charged cell membrane surfaces. Interactions with the plasma
membrane can cause a cell to become leaky and undergo apoptosis or necrosis.
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Fig. 5.4 Potential mediation of toxicity by zeta potential and protein corona formation

If a particle is phagocytized and a phagolysosome is formed, the particle has the
potential to disrupt lysosomal membranes, leading to intracellular release of
cytotoxic lysosomal contents (see Fig. 5.4). This trend was shown in a study by
[15] in which particle toxicity was best correlated with ZP for particles with a
charge greater than 14 mV. Furthermore, it was shown that particle toxicity was
diminished by protein coating, preventing charge-mediated interaction of
particles and membranes.

In addition to the direct effects of zeta potential on toxicity, the role that zeta
potential plays on agglomeration behavior must also be considered [47]. A particle
or fiber with a high absolute value zeta potential (mV > 130l) will be less likely to
agglomerate compared to neutral or weakly charged particles. If toxicity occurs as a
surface area mediated effect, then particle agglomeration will decrease toxicity,
correlating with decreases in surface area. However, it is important to consider the
particle/fiber type and the role that zeta potential may play on toxicity, e.g., cationic
particles causing lysosomal membrane disruption.
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5.4.4 Protein Corona

It has been widely accepted that particles and fibers that enter a biological
environment will quickly become coated with proteins [13, 29, 104], with some
exceptions (e.g., PEG surface coating prevents protein binding). In many cases,
protein coating appears to lessen observed toxicity compared to particle exposures
in a protein-free environment [15]. The exact mechanisms by which proteins
alleviate toxicity are not completely understood and vary based on the mode of
action for a given particle or fiber. One possible protective mechanism is illustrated
in Fig. 5.4. As described above, particles with high positive zeta potentials have
been shown to be toxic, possibly through interaction with negatively charged
membranes. Figure 5.4 illustrates how particles with a protein corona may be
unable to interact with the lysosomal membrane because their charge is masked
at the surface.

In addition to mediating toxicity, endogenous protein coating diminishes biological
activity and immune recognition of foreign particles [92]. However, there are other
studies published that provide evidence that proteins bound to the particle surface
undergo changes in conformation [17]. Based on this observation, it can be theorized
that an immune-mediated reaction may be generated if new, “non-self”, epitopes
are exposed during particle binding, although this has not yet been reported in the
literature.

5.4.5 Particle Surface Contamination

PM, engineered nanoparticles, fibers and nanotubes all have the capacity to induce
toxicity through what is called the trojan horse effect. This means that rather than
the core particulate material itself causing toxicity, contaminants bound to the
surface of particles and fibers may be causing toxicity. PM from the combustion
of fossil fuels may be contaminated with engine lubricants or unburned gasoline. In
support of the trojan horse theory is the knowledge that PM from different sources
cause different toxicities [32]. In addition to source, the season in which the
particulates are generated has been shown to affect toxicity [36]. These trends
suggest that PM toxicity is related not to the core material, but differences in the
environment and climate where it was generated.

Engineered nanoparticles, although created in a controlled environment, are not
exempt from being contaminated in this fashion. It is important for engineered NPs
to be tested for residue surfactant impurities prior to doing any toxicity testing.
Surfactants are amphiphilic molecules that are often used for synthesis of
nanoparticles, but can disrupt membrane function due to their chemical nature.
This form of unintentional toxicity has been reported for CTAB contaminated gold
nanorods in cell culture testing [1]. Like engineered NPs, carbon nanotubes (CNT)
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have several possible sources of contamination from the manufacturing process,
including metals and organics [22]. Metals such as cobalt, iron, nickel and molyb-
denum are used as catalysts for CNT formation. Organics, like carbon dust are used
as a raw material for synthesis and may be found bound to nanotubes. In addition to
contaminants that originate from synthesis, surfactants are sometimes used to
achieve complete dispersion of CNTs before administration to animals or cell
culture during toxicity testing [22]. Due to the various sources of particulate and
fiber contamination, it is very important to consider how surface bound materials
may be confounding your results when conducting or analyzing a toxicity study
involving PM or engineered nanomaterials.

5.4.6 Particle Dissolution

Metals are being used extensively in nanomaterials for both electronics and medical
supplies to take advantage of several inherent metallic properties, including
electromagnetism, conductance, strength and antibacterial function. Metal particles
present a unique situation in particle toxicology, in which observed toxicity may be
caused directly by the particle or by metal ions that have dissolved from the particle
surface. Teasing apart the ion versus particle effects can be challenging, and it is
important to consider this dilemma when designing a study involving metal
particles.

It has been shown for copper and zinc oxide particles that ion dissolution reaches
between 90 % and 100 % after 24 h in a simulated lysosomal environment at pH 5.5
[15]. When analyzing observed toxicity for CuO and ZnO particles it was discov-
ered that ionic dissolution was the particle property which correlated best with the
measured inflammatory response. This was not completely surprising, as both
copper and zinc ions have been previously shown to be toxic [66, 96]. For metal
particles that undergo significant or complete dissolution in a relevant biological
environment, toxicity can likely be predicted based on available ion toxicity data.

Recently, it has become apparent that metal particles are generated over time
as wear debris in metal based hip replacements. Every year in the United States
there are estimated to be 120,000 joint replacement surgeries [76]. The hardware
for hip replacement surgeries are made of various materials: ceramic on ceramic
(C-0O-C), ceramic on plastic (C-O-P), metal on plastic (M-O-P) and metal on metal
(M-O-M). Reported metal toxicity from wear debris in hip replacements is rare,
with very few reported cases. However, when significant wear has occurred on the
metal joint, the effects can be devastating and in some cases permanent. Cobalt,
chromium and titanium are typically the metals used for hip replacements [76].
While titanium is biocompatible, there are well known toxicities associated with
both cobalt and chromium; cobaltism from non-arthroplasty exposures has
exhibited symptoms such as hearing and vision loss [94]. Trivalent chromium
(Cr’™) is an essential trace metal, while hexavalent chromium (Cr®") is a recognized
carcinogen and can induce allergic dermal reactions [6]. In at least five of the
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reported cases of metal toxicity from hip arthroplasty, the toxicity occurred after a
revision surgery replacing a fractured ceramic head with either an M-O-M or
M-O-P device [41, 69, 73, 81, 94]. Despite careful removal of the ceramic pieces
during revision, it is likely that residual ceramic material in the joint is responsible
for increased metal wear. It is estimated that under standard post-operative
conditions (without residual ceramics in the joint) that 10'® particles per year
are generated with an average particle size of less than 50 nm [76]. These wear
debris particles can become embedded in the surrounding soft tissue or be
transported systemically via the lymphatics after phagocytosis by macrophages.
Toxicity probably occurs when the particles dissolve, either in the area of the joint
or in the lysosomal environment of a macrophage, exhibiting symptoms similar to
Co and Cr ionic toxicity. Symptoms reported for these five individuals include
hearing and vision loss (some permanent), dermatitis, several cardiac problems
(e.g. fibrosis, atrophy), T cell cytotoxicity, weight loss, dysregulation of iron
metabolism and paresthesia. Table 5.2 below summarizes the level of Co and
Cr in these five patients for various body fluids, with reference values listed where
available.

5.5 Oral Exposures to PM

Ingestion can also be a significant route of exposure to environmental and occupa-
tional PM. In addition to direct consumption of PM, inhalation exposures can also
lead to ingestion of PM. Large particles or agglomerates can be efficiently cleared
in the upper airways or by mucociliary action after inhalation, and are subsequently
swallowed. The bioavailability of PM and nanoparticles in the gastrointestinal
tract has been shown to be very low for polystyrene and gold particles, with less
than 0.1 % of the administered dose found in any tissue for very small, 1.4 nm gold
particles [42, 88]. Similar to exposure in the lung, systemic uptake of particles in
the GI tract is size dependent with smaller particles being taken up more
extensively.

Despite low oral bioavailability of particulates, when considering gastric
exposure of metal particles, it is likely that dissolution plays a significant role to
increase oral bioavailability. As discussed above, both ZnO and CuO particles
have been shown to experience significant dissolution at pH 5.5 after 24 h in a
simulated lung environment [15]; gastric exposure at pH 2 would likely cause
even more rapid dissolution. When the particles dissolve, their bioavailability is
likely to increase significantly; this trend is demonstrated by comparing tissue
levels of silver between animals treated with particulate and soluble silver
[56]. Oral exposure of both ZnO and Ag nanoparticles in rats has been shown to
increase liver enzymes compared to vehicle controls, with accompanying
histopathological changes observed [50, 71]. Unfortunately, we cannot say
whether the observed toxicities were due to particle or ions. Many methods
currently used to quantify metal concentrations in tissues, such as inductively
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coupled plasma mass spectrometry (ICP-MS) cannot distinguish between
particles and ions. Recently, single-particle ICP-MS (SP ICP-MS) has been
used to tackle this challenge in aqueous systems [60] and is becoming more
common in the analysis of mammalian systems as well.

In addition to particles being absorbed into the blood stream from the GI tract,
immune mediated uptake via Peyer’s patches in the lower small intestine is a
significant source of exposure, especially for large particles. This form of uptake
has been investigated mostly with polystyrene particles [43] which do not show any
form of toxicity. However, if an immune-active particle was orally administered,
both immune suppression and inflammatory activation are possible outcomes,
depending on the material.

Direct damage to the intestinal mucosa caused by particles has not been thor-
oughly investigated in vivo. There is some evidence of ZnO particles causing
intestinal inflammation after oral administration [71], although this could be due
to the release of toxic Zn>* ions. In addition, there have been a few in vitro studies
investigating particle toxicity with an intestinal membrane model, caco-2 cells.
Mechanisms of toxicity observed with the caco-2 model include generation of ROS
and oxidative DNA damage, GSH depletion and disruption of cellular metabolism
[27, 28]. These responses are very similar to observed lung cell culture toxicities
discussed earlier.

Another possible mechanism of oral toxicity for PM or fibers is interference with
the function of intestinal microbiota. Digestion, absorption and digestive immunity
are all affected by our intestinal bacteria. Silver and zinc particles have recently
been exploited in the nanoparticle industry because of their antibacterial properties
[49, 59]; for example, embedded in food packaging materials. If there is release of
those particles into food, oral exposure to antibacterial particles is possible. This
source of toxicity has been investigated by one group in quail [87] where
differences in the amount of gram-positive bacteria were observed.

5.6 Dermal Exposures to PM

Dermal contact with particulates and fibers can cause skin irritation, and in the case of
certain metals such as nickel and cobalt, immune mediated contact dermatitis.
Generally, risks of systemic effects from dermal exposure to particulates and fibers
are considered to be very low. An interesting exception is beryllium. Occupational
beryllium dust exposure can lead to chronic beryllium disease (CBD), a lung disease
characterized by allergic beryllium sensitivity and granuloma formation in the lung.
Sensitization is required, followed by progressive loss of pulmonary function. There
is evidence suggesting that genetics may play a role is susceptibility [19, 100]. CBD
is devastating disease, and the importance of worker protection has been recognized
since the 1940s. A beryllium processing plant in Lorain, OH opened in 1947, only
to close a year later due to the high incidence of lung problems and other health
complaints in workers, as well as in residents of the surrounding town [8]. These and
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other early occupational exposures to beryllium lead to the regulation and monitoring
of beryllium air levels in factories in 1949, limiting beryllium concentrations at 2 pg/
m® (levels at the Lorain, OH plant were over 43,000 pg/m?).

Due to presentation as a lung disease, it has long been assumed that inhalation
exposure to beryllium dust is responsible for both sensitization and development
of CBD. As a result, worker protection has historically focused on limiting
beryllium dust inhalation. Despite the use of the most effective respiratory
protection available, industry workers were still becoming sensitized to beryl-
lium. It was subsequently found that particles were capable of penetrating human
skin during simulated activity and, using a mouse model, that dermal contact with
beryllium was sufficient to produce sensitization [100]. The development of CBD
and the role that dermal sensitization may play is illustrated in Fig. 5.5. Following
dermal sensitization to beryllium, even an inhalation exposure less than the
standard 2 pg/m’, would be sufficient to lead to the development of CBD later
in life. This dermal exposure presents a unique situation due to the downstream
systemic effects that can occur. There is some evidence from a beryllium oxide
ceramics plant that increased dermal protection can help to reduce sensitization
rates among exposed workers, with workers from an old regime being 2.1-8.2
times more likely to become sensitized compared to workers under the new
protection rules [18].
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5.7 Particle and Fiber Exposure Limits

In an effort to protect the public from adverse health effects from particles and
fibers, regulatory agencies in many countries have developed exposure limits. In
some cases, these limits apply generally to particulate material in ambient air, but
most exposure limits are directed to specific airborne particles and fibers of special
concern. These are often developed in the context of occupational exposure
standards because the workplace is viewed as where particle and fiber exposures
are likely to be the highest. Exposure limits can take the form of recommended
guidelines or regulatory agency standards. Although both guidelines and standards
are useful in evaluating potential health consequences of inhalation of measured
concentrations of particles and fibers in air, standards have the additional weight of
being legally enforceable.

Air quality guidelines and standards can vary from one organization or agency to
another for a variety of reasons. These can include differences in exposure
assumptions or in the interpretation of toxicological data upon which the numerical
standards are based, or in the level of protection (i.e., acceptable level of risk) sought.
Examples of occupational exposure limits for several particles and fibers from the
United States (Occupational Safety and Health Administration and the National
Institute for Occupational Safety and Health), Great Britain (Health and Safety
Executive), and Japan (Japan Society of Occupational Health) are shown in Table 5.3.
Exposure limits can also differ for the same material based on exact occupational
activity; see for example cotton dust in Table 5.3. Different exposure limits are
sometimes provided for short time periods of exposure (< 1 h) versus a full work
day of 8 or 10 h exposure; several examples of this can be found in the table.

Until recently, exposure limits were not explicit for nanomaterials; however,
new exposure limits are being developed specifically for very small particles. The
National Institute for Public Health and the Environment (RIVM) of the
Netherlands has developed exposure limits for nanoparticles: e.g., 20,000
partic:les/cm3 for TiO,, ZnO, SiO,, Al,O5 and 40,000 particles/cm3 for C60, carbon
black and carbon nanotubes.

5.8 Conclusions

Despite increased occupational safety regimes, human exposure to PM and fibers
via several exposure routes is unavoidable due to the inherent properties of both the
natural and modern environments that we live in. We’ve known for many centuries
that inhalation exposure to natural PM can lead to adverse health effects in humans.
However, in the last several decades, industrial exposures have broadened our
understanding of the vast impact that PM and fiber exposure can have on large
numbers of people. Industrial exposures causing disease have led to OSHA
guidelines for exposure limits for various materials. Most modern exposures are
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Table 5.3 Occupational exposure limits for particles and fibers for the United States (OSHA and
NIOSH), Great Britain (HSE) and Japan (JSOH)

United States

Great Britain

Japan

Occupational Japan Society
Safety and National Institute for
Health for Occupational Health and Occupational
Administration ~ Safetyand Health Safety Executive Health
Table 5.3 Part I (OSHA) (NIOSH) (HSE) (JSOH)
Aluminum
Total dust T 15 mg/m3 — — 2 mg/m3
Inhalable fraction T — - 10 mg/m> -
Respirable 5 mg/m’ - 4 mg/m® 0.5 mg/m*
fraction T
Aluminum Oxide
Total dust T - - - -
Inhalable fraction ¥ — - 10 mg/m> -
Respirable - - 4 mg/m® -
fraction 1
Asbestos
8-h TWA 0.1 fibers/em® 0.1 fibers/em®  — -
30-min TWA 1 fiber/cm® - - -
Asphalt Fumes
8-h TWA - - 5 mg/m’ -
15-min TWA - 5 mg/m’ 10 mg/m* -
Beryllium ¥ - - 0.002 mg/m* 0.002 mg/m*
Cadmium t - - 0.025 mg/m® 0.5 mg/m®
Cadmium Oxide
8-h TWA - - 0.025 mg/m* -
15-min TWA - - 0.05 mg/m’ -
Carbon Black
Total dust
8-h TWA 3.5 mg/m® - 3.5 mg/m> 4 mg/m®
15-min TWA - - 7 mg/m? -
10-h TWA - 3.5 mg/m> - -
Respirable - - - 1 mg/m®
fraction 1
Cellulose
Total dust
8-h TWA 15 mg/m® - - -
15-min TWA - - 20 mg/m> -
Inhalable dust - - 10 mg/m> -
Respirable dust 5 mg/m’ - 4 mg/m® -
Chromium 1 mg/m® 0.5 mg/m? 0.5 mg/m? 0.5 mg/m?
metal (Cr) T
Coal dust
Total dust T - - - 4 mg/m3
Respirable fraction
8-h TWA - - - 1 mg/m®
10-h TWA - 1 mg/m® - -

(continued)
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Table 5.3 (continued)

Great
United States Britain Japan
Occupational Japan
Safety and National Institute  Health Society for
Health for Occupational  and Safety Occupational
Administration ~ Safety and Health Executive Health
Table 5.3 Part I (OSHA) (NIOSH) (HSE) (JSOH)
Cobalt 0.1 mg/m* - 0.1 mg/m* 0.5 mg/m?
Cobalt Oxide - - - -
Cooper
Total dust
8-hour TWA 1 mg/m® - 1 mg/m® -
15-minuteTWA - - 2 mg/m® -
Cotton dust
Total dust - < 0.200 2.5 mg/m® 4 mg/m®
(Non-Specific) T mg/m’
Waste Processing t 1 mg/m? - - -
Yarn Manufacturing ¥ 0.2 mg/m’ - - -
Textile Mills § 0.5 mg/m’ - - -
Textile Slashing/ 0.75 mg/m’ - - -
Weaving f
Respirable - - - 1 mg/m?
(Non-Specific)
Diatomaceous Earth - - 1.2 mg/m® —
Grain dust
Total dust 10 mg/m3 - - 4 mg/m3
Respirable fraction - - - 1 mg/m’
Graphite
Total dust + 15,000,000 - - 2 mg/m®
Inhalable fraction t particles/ft’
Respirable fraction - - 10 mg/m® -
8-hour TWA
15-minuteTWA - - - 0.5 mg/m*
- - 4 mg/m3 -
Limestone
Total dust + 15 mg/m® - - 8 mg/m’
Inhalable fraction - - 10 mg/m3 -
Respirable fraction 1 5 mg/m’ - 4mg/m® 2 mg/m’
Marble
Total dust 15 mg/m’ - - -
Respirable fraction 5 mg/m’ - - -
Nickel 1 mg/m® - - 1 gm/m’
Portland Cement
Total dust + 50,000,000 - - 4 mg/m®
Inhalable fraction particle/ft®
Respirable fraction - - 10 mg/m® -
- - 4mgm® 1 mgm’

(continued)
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Great
United States Britain Japan
Occupational Japan
Safety and National Institute  Health Society for
Health for Occupational  and Safety Occupational
Administration ~ Safety and Health Executive Health
Table 5.3 Part II (OSHA) (NIOSH) (HSE) (JSOH)
Amorphous Silica - - - -
Total dust T (80 mg/m>)/ - - -
(%Si0; + 2)
Inhalable fraction 1 - - 6 mg/m3 -
Respirable fraction - 23 mg/m® —
Crystalline Silica
Total dust (10 mg/m?)/ - - -
Respirable fraction f (%Si10, + 2)
- - 0.1 mg/m3 -
Talc (w/o asbestos, < 1 %
crystalline silica)
Total dust 20,000,000 - - -
Respirable fraction particles/ft’
- - 1 mg/m3 -
Titanium dioxide
Total dust 15 mg/m5 - — 4 mg/m3
Inhalable fraction - - 10 mg/m® -
Respirable fraction 7 - - 4mg/m® 1 mg/m’
Wood dust
Softwood T - - 5 mg/m3 -
Hardwood } - - 5mg/m’ -
Non-Specific
Total dust - - - 4 mg/m3
Respirable fraction - - - 1 mg/m’
Total dust (non-specific)
Total dust T 15 mg/m’ - - -
Respirable fraction 5 mg/m® - - -

T 8-hour time weighted average

difficult to fully comprehend due to simultaneous exposure to several compounds.
This can be illustrated by the complex analysis of epidemiological data. Estimating
risk for particle exposures is also complicated by dosimetry issues: comparing
mass, surface area and number concentrations. While analyzing human exposure
conditions and outcomes is an intricate process, numerous diseases have been
linked to specific PM exposure in several human populations. These associations
can in some cases be strengthened with animal exposures; however, human disease
progression and presentation is often difficult to simulate in an animal model.
Mechanistic investigation on the cellular and molecular levels can be helpful for
further elucidation of human disease properties and in many cases involve complex
genetic susceptibility. In addition, it is important to consider how intrinsic
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properties of the exposure material can vastly affect the health impacts observed, as
well as how these properties may change over time, altering post-exposure charac-
terization. The prediction and prevention of human disease related to PM exposure
will continue to be a challenge, affecting both occupational safety and our everyday
lives. As long as technology and human exploration expand, so will our potential
exposures to PM and fibers.

5.9 Definitions, Abbreviations and Symbols

ARE Antioxidant response element

BSA Bovine serum albumin

CBD Chronic beryllium disease

CI Confidence interval

CNT Carbon nanotube

cocC Ceramic-on-ceramic

COP Ceramic-on plastic

COPD Chronic obstructive pulmonary disease
CRP C-reactive protein

CRR Combined relative risk

CTAB Cetyltrimethylammonium bromide: a surfactant used in the synthesis of Au nanorods
DE Diesel exhaust

GI Gastro-intestinal

GSH Glutathione
GSSG Oxidized glutathione

HP Hypersensitivity pneumonitis

HSE Health and safety executive UK

IARC International agency for research on cancer
ICP Inductively coupled plasma

JSOH Japan society of occupational health
MOM Metal-on-metal
MOP Metal-on-plastic

MS Mass spectrometry

NIOSH  National institute for occupational safety and health, USA
NP nanoparticle

OSHA Occupational safety and health administration, USA

PAR Population attributable risk

PEG Polyethylene glycol

PM Particulate matter

RIVM National institute for public health and environment, The Netherlands
ROS Reactive oxygen species

SCC Squamous cell carcinoma

SIR Standardized incidence ratio

Sp Single particle

7p Zeta-potential
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