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Abstract

Xenobiotic particles can be considered in two genres: air pollution particulate matter and engineered
nanoparticles. Particle exposures can occur in the greater environment, the workplace, and our homes.
The majority of research in this field has, justifiably, focused on pulmonary reactions and outcomes.
More recent investigations indicate that cardiovascular effects are capable of correlating with
established mortality and morbidity epidemiological data following particle exposures. While the
preliminary and general cardiovascular toxicology has been defined, the mechanisms behind these
effects, specifically within the microcirculation, are largely unexplored. Therefore, the purpose of
this review is several fold: first, a historical background on toxicological aspects of particle research
is presented. Second, essential definitions, terminology, and techniques that may be unfamiliar to
the microvascular scientist will be discussed. Third, the most current concepts and hypotheses driving
cardiovascular research in this field will be reviewed. Lastly, potential future directions for the
microvascular scientist will be suggested. Collectively speaking, microvascular research in the
particle exposure field represents far more than a “niche”. The immediate demand for basic,
translational, and clinical studies is high and diverse. Microvascular scientists at all career stages are
strongly encouraged to expand their research interests to include investigations associated with
particle exposures.
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INTRODUCTION

Xenobiotic indicates being foreign to a living organism. A particle is a piece or minute amount
of something larger. Joined together in the context of humans, a “xenobiotic particle” is a piece
of something foreign that has gained access to our body. Whether intentional or unintentional,
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airborne particle exposures have compromised human health since the first wood fire fouled
acave. Of course, other more immediate causes of human mortality and short life-spans during
that period precluded the realization that pulmonary particle exposure directly affected human
health.

In 1872, R.A. Smith published “Air and Rain. The Beginnings of a Chemical Climatology”
and introduced the concept of airborne toxicants [133]. Convincing proof of principle would
not exist until decades later in the densely populated regions of industrialized nations, where
particle associated morbidity and mortality were realized on a massive scale. Commonly cited
examples include the Meuse Valley, Belgium (1930) and Donora, Pennsylvania (1948) where
dramatic increases in sudden death, illness, and hospitalizations during air pollution incidents
were reported [48;93]. This observation has reliably repeated itself in every industrialized
nation to date. Perhaps the most striking example of this relationship was in London (1952),
where ~12,000 premature deaths were associated with smog exposure produced by
combustion-based industrial processes [6].

Human particle exposures are inescapable in modern day environments. It is given that both
the frequency and severity of these exposures will increase as population density swells and
particle sources diversify. Furthermore and quite alarmingly, the potential for personal particle
exposure is rising independently of population density [149] suggesting that the development
of complex workplaces and domiciles have expanded the scope of human exposure risk from
ambient air pollution, to now include occupational and domestic point sources.

Historically (and understandably), research on the health effects of particle exposure focused
almost exclusively on pulmonary mechanisms. For decades, the prevailing dogma was that the
target organ of inhaled particles was the lung, and associated morbidity or mortality resulted
from compromised pulmonary function or overt failure. This paradigm began to shift between
1993 and 2004, when seminal epidemiological studies revealed associations between particle
exposure and cardiovascular events [31;32;114;115;125]. The most commonly reported
endpoints included arrhythmias, hypertension, ischemic events, and infarcts.

Today, cardiovascular investigations of particle exposure are just as prominent, if not more so
than pulmonary studies in the literature. A strong and sustained research commitment by the
National Institute for Environmental Health Sciences [52] and the Environmental Protection
Agency [76] has populated the field with timely and critically relevant investigations by
principal investigators, non-traditional collaborations, and even specialized research centers.
This commitment has advanced the field considerably, and tremendously broadened our
understanding of the cardiovascular outcomes associated with particle exposures. However, in
most every endpoint, an Achilles’ heel exists specifically: the microcirculation has been
largely ignored. Moreover, many of the macrovascular techniques currently employed in this
field are incapable of illuminating and/or characterizing the sensitive mechanisms operating
atthe microvascular level. Comparatively speaking, an analysis of tracheal ring function would
be considered a poor representation of what particle exposure does to bronchiolar or alveolar
function; yet, aortic ring and conduit artery studies are generally considered representative of
how particle exposure alters a host of microvascular functions. Examples of these technical
disparities include peripheral resistance, ischemia-reperfusion, inflammation, leukocyte-
endothelium interactions, and mechanotransduction. This has produced a plethora of excellent,
but relatively blunt macrovascular studies that consistently indicate endothelial dysfunction,
blood pressure disturbances and/or autonomic changes following xenobiotic particle exposure.
However, these studies even taken as a whole, cannot make the critical link between exposure
and mechanism in physiologically relevant terms. While it is respectfully acknowledged that
all scientific endeavours begin at an introductory level, if they are to evolve, they must in their
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ultimate pursuit to provide meaningful conclusions, match the proper model with the specific
problem.

Therefore, the purpose of this review is to enlighten, excite, and motivate fellow microvascular
scientists of research opportunities that exist in the fertile field of particle exposure.
Furthermore, it is a goal that interested microvascular scientists will expand their research
interests to include particle exposures and perhaps even collaborate.

This will be achieved via three avenues. First, definitions, methodology and limitations will
be discussed. As is the case with any niche, specific jargon carries implicit meaning, complex
techniques are present, and the inherent limitations are not always obvious. Second, the most
prominent hypotheses driving research in particle exposure and systemic health effects will be
discussed. In Figure 1 a flow chart is presented to assist the readers navigation of these pathways
and hypotheses, and to merge their collective influences on microvascular reactivity. It may
surprise the reader how imbedded microvascular principles are in these hypotheses, yet formal
investigations have yet to explore them. Third, future directions of the particle exposure
research field will be discussed. As is the case with other research fields, and particularly so
in terms of microvascular research, a host of factors such as co-morbidities, developmental
state, sex and hormonal status may interact with particle exposures; yet it remains to be
determined what the net outcome would be. If particle exposure research is to truly identify
susceptible mechanisms and clinically relevant effects, for the greater goal of prevention and
treatment strategies; then a significant portion of this research must be focused on identifying
microvascular endpoints. Each subsequent section will highlight the indicated topic, and cite
the most relevant research. Great effort will be made to incorporate potential microvascular
endpoints in every regard, and cite appropriate references. However, it should be noted that a
significant paucity of microvascular research studies exist in xenobiotic particle research.

DEFINITIONS AND TOXICOLOGICAL METHODOLOGIES

Xenobiotic particles can be considered in two genres: Air pollution particulate matter (PM)
and engineered nanomaterials (ENM). Anthropogenic, or man-made, nanoparticles arise as a
by-product of manufacturing or from the breakdown of products produced using ENM.
Engineered nanomaterials are purposefully produced at the nanometer scale [78]. Proper dose
calculation is essential to all toxicological studies, but is especially critical in particle exposure
studies. This section will outline specific characteristics inherent to PM and nanoparticles and
considerations that should be weighed (material characterization, route of delivery, dosage and
time course) to produce a proper investigation of the microvascular effects of xenobiotic
particle exposure.

Particulate Matter

Particulate matter is a mixture of solid particles or liquid droplets suspended in ambient air,
resulting in near universal human exposure [35]. Particulate matter is formed through various
natural and combustion-related processes such as: volcanic activity, windblown dust, forest
fires, and combustion of fossil fuels. Particles are typically described by their size or diameter.
Because individual particles of any type tend to agglomerate, the metric used to describe the
net aerosol characteristics is extremely important. In Figure 2, aerosol distributions are
provided as a function of both particle mass and number. An entire air sample is averaged in
order to classify a given net sample of airborne particles. Independent of the source, PM less
than 10 um (PM1g) encompasses all respirable particles and is referred to as coarse PM.
Particulate matter less than 2.5 um (PM, 5) encompasses fine PM from which the bulk of
cardiovascular health effects emanate. Particles in the ultrafine size range, similar in size to
nanoparticles, are <0.1 um or 100 nm in all dimensions (PMg 1). PM1g will include particles
from PM, 5 (fine) and PMg 1 (ultrafine/nanoparticle) size ranges, likewise PM, 5 will include
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PMg 1, but the net average for any of these definitions does not exceed the indicated size-range.
In regard to mass, larger, coarse particles dominant the profile. Whereas, when considering
particle number, smaller ultrafine or nanoparticles are the dominant mode. Whether particle
mass or number is the appropriate dose metric, is currently a contentious issue that may be
dictated by the specific xenobiotic. The reader is encouraged to equally consider exposures in
both regards.

Deposition fractions (df), the proportion of particles deposited in a particular pulmonary region,
have been extensively modeled for various aerosol types and reported in the literature for
humans [50] and rats [83]. Deposition is greatly affected by particle size (Figure 3A). Particle
deposition into the distal airways is greater as particle size decreases, and the converse is true
for larger, coarse particles. As a rule of thumb, particles are not distributed equally in all lung
regions. For simplicity, representative particle depositions are depicted in Figures 3B and 3C:
where coarse particles preferentially deposit in the upper, tracheobronchi regions; while fine
and ultrafine/nanoparticles access the entire lung, but deposit preferentially in the alveolar
region. For dosing purposes, particle mass deposition can be estimated by the following
formula: Particle deposition= df « minute ventilation ¢ Particle concentration « Exposure time.
For example, a rat exposed to a particle atmosphere of 6 mg/m?3 for 6 hr with aminute ventilation
of 200 mL/min and a df of 0.1 will have a total estimated particle deposition of 29 ug of material.
The underlying assumption is that as particle diameter decreases, the subsequently increased
surface area and particle number enhance the cardiovascular effects stemming from PM
exposure. While it is attractive and helpful to dissect out regional deposition (based on particle
size and pulmonary anatomy) for illustrative purposes, net lung exposures and depositions
must first be calculated as a whole (Figure 4) [135].

Nanoparticles

Nanoparticles, are purposefully derived anthropogenic particles <100 nm in one dimension but
can be microns in length [7;91]. The study of engineered nanoparticles is termed
“nanotoxicology” and is a relatively new sub-specialty of toxicology, proposed in 2004 [33].
Nanoparticles, either as standalone products or as derivatives of ENM, are a disparate group
of elements and compounds that range from nano-elements (e.qg. silver, gold) to complex forms
of carbon (e.g. graphene sheets, buckeyballs, single- and multi-wall carbon nanotubes) to doped
core nanoparticles with complex aliphatic side chains (e.g. silicon dioxide doped with
polyethylene glycol) [28;47;118].

The uses of nanoparticles are limitless, with many uses in modern society. For example,
nanosized titanium dioxide (TiO5), a product that has been on the market for a half century, is
used in photocatalysts, antibacterial surface coatings, as well as in cosmetics and sunscreens
[1;8;131;138]. A tremendous amount of research effort is currently being directed towards
development of novel nanoparticles for medical imaging and drug delivery [8]. Therefore,
while it is clear that nanotechnology holds tremendous potential benefit (both realized and
unrealized), italso carries great risks as the health effects post-exposure are not fully elucidated.

Very little cardiovascular toxicity data exists for nanomaterials. Our laboratory was the first
to demonstrate the effects of particulates and nanoparticle exposure on the systemic
microcirculation [70;71;99;100]. However, these remain as the primary investigations into the
effects of particle exposure on the microcirculation. Hence, given the lack of data available
about the microvascular effects of particulate and nanomaterial exposure, relatively unexplored
avenues of microvascular research are available for the pursuit of critically needed data on the
health effects of particle exposure.
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Material Characterization

Fundamental to the understanding of the health effects of particles is proper characterization
of the exposure material. Material characterization is critical to the issues of repeatability and
consistency, and is essential to the scientific method. Given the inherent significance in
associating exposure with biologic effect, it is strongly encouraged that some form of material
characterization be performed. Particle characterization is important to biological toxicity
because: (1) notall particle sources are equally toxic, due to the variety in chemical composition
[27] (2) particle size greatly affects particle lung deposition (Figure 3) [68] (3) particle surface
area and number can alter the toxicity of relatively similar particles (Figure 2) [101], (4)
solubility of particles can greatly affect toxicity and systemic exposure [150]. Currently,
relaying manufacturer characterization data about nanomaterials is considered a minimum
requirement; it is anticipated that this will be insufficient in the near future. Furthermore,
material characterization should not be viewed as a necessary evil, but as a means to relate
bioactivity with the composition, size, source, and shape of particles, with the ultimate goal of
providing critical information to public health and occupational health agencies charged with
preventing and mitigating exposure related health effects.

Documenting the particle size within the exposure medium of an experiment (e.g. air, instillate,
cell culture medium) should be considered obligatory. Other suggested material
characterizations are surface area, charge, dose or dose delivered (mass/m3 or mass/mL;
surface-area, #/cm? or #/mL) per unit time [87], and chemical composition (e.g. metal content,
carbon content, sulfate). Many standard reference materials offered by the National Institute
of Standards and Technology (NIST) come pre-characterized. However, these materials are
expensive and limited in quantity. Alternatively, collaborative efforts with chemistry or
environmental toxicology laboratories would eliminate the need for de novo determination of
particle composition, characterization, and collection.

Routes of Exposure

Various exposure routes determine the toxicity and amount of material that interacts with cells
or tissues. The most obvious routes of exposure are: inhalation/instillation, injection, dermal,
and ingestion. Given the importance of the microcirculation and the vigorous development of
nanomaterial-based therapies, less obvious exposure routes (e.g. ocular, mucosal, and
implanted medical devices) should not be ignored. However, for the sake of clarity, this review
will focus on the major routes of particle exposure.

Inhalation/Instillation—Of the exposure routes for which xenobiotic particles can enter the
body, pulmonary deposition has been the most extensively investigated. Two experimental
methods are generally recognized for the pulmonary deposition of particles: inhalation and
instillation.

Inhalation: This method creates an artificial atmosphere/environment through which normal
physiology can drive particle deposition. Inhalation exposure requires a considerable amount
of trained personnel and specialized equipment. As such, they are costly and labor intensive,
but are nevertheless, the “gold standard” for pulmonary exposure studies. The two major
exposure systems employed for inhalation studies for rodents are whole body and head/nose-
only [152]. Whole-body exposure requires a significant amount of bulk material/particles, and
may result in dermal or oral exposure since the animals are unrestrained in the exposure
chamber; breathing is “natural” and the technique is efficient for large numbers of animals and
longer-term studies [152]. Head/nose-only exposure systems are designed to limit the contact
of the animal’s body to the exposure atmosphere via a restraint inserted into a plenum. Though
this method more efficiently uses bulk material/particles and prevents exposure via routes other
than inhalation restraint may cause stress in the animals [152].
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Intratracheal Instillation: Direct pulmonary exposure via instillation is performed by lightly
anesthetizing the animal and directly infusing particles suspended in a medium into the lungs
via a ball tipped needle. While a number of factors may prohibit inhalation studies, instillation
has earned the moniker “poor man’s inhalation”. Moreover, dosing is much simpler, consistent,
and often represented as mg/kg in a given volume of vehicle (e.g. 300 pL for rats). The
instillation vehicle can vary depending on the particle characteristics. Particle agglomerates
are usually dispersed via sonication in a buffer solution and often with protein (e.g. fetal bovine
serum) or surfactant [124]. Intratracheal instillation does require some training to avoid
accidentally gavaging the animals and is limited as to the number of repeated doses that can
be performed by the technician and to the animal [100;152]. Additionally, rats and mice are
obligatory nose breathers, which inherently affects particle deposition and distribution in the
pulmonary tract. Particle instillation is artificial in that the delivery of particles to the lung by-
passes the nose and upper airways; in spite of this, the distribution of particles in the lung by
instillation has been shown to be consistent with inhalation as long as the delivered dose is
equivalent [49].

Injection—Traditionally, injection of particles has not been a popular theme. Recently,
infusion of particles has grown in importance with the development of nanoparticles as drug-
delivery vehicles. Therefore, particle intravascular injection has not been investigated
thoroughly in the past, it is rapidly becoming prominent. Injection of particles is justified from
2 perspectives: (1) representation of particle translocation after exposure and (2) as a means
of clinical drug delivery or imaging for therapeutic and analytic purposes. Other injection types
such as intraperitoneal, intramuscular, and subcutaneous are important to consider, although
very little data exists for these exposure routes.

Most of the data for particle intravascular effects comes from the particle inhalation field [8].
Unfortunately, these data are only relevant in terms of particle endothelial interactions that
result from particle translocation ablumenally to lumenally at a very small fraction of the total
inhaled dose. While injection of materials to determine lung involvement following pulmonary
particle exposure must be done with the caveat that the intravascular dose will be low compared
to physiologically relevant exposures. Furthermore, the time course of particle migration into
the systemic circulation is not a highly concentrated bolus introduction of particles but rather
slow and concentration dependent.

Nanoparticles are also playing a large role in acting as a vehicle for pharmaceutical transport
to the specific site of action via infusion. Experimental nanomaterials in development that have
the potential to impact the microcirculation include particles that: are nitric oxide (NO)
releasing [18], inhibitory of retinal neovascularization [61], improve drug delivery across the
blood brain barrier [80], and enhance tissue angiogenesis [88]. Furthermore, contrast dyes for
imaging have been developed with nanomaterials to increase their half-life but may also alter
their excretion from the body [17]. While the biological effects of the pharmaceuticals have
been scrutinized, the biokinetics, fate, and biological half-life of nanoparticles designed for
intravascular use and drug delivery could all play a role in the interactions with blood and
microvascular components [68], but remain to be fully defined. Because nanoparticle infusion
can modulate known effector molecules and cells of the microcirculation, a better
understanding of the direct effects of nanoparticles on the microcirculation is critically needed.

Dermal—Most particle dermal exposures originate from personal care products or from
particles designed specifically for transport of compounds into the body through dermal
absorption. As such, a considerable amount of research has been directed toward identifying
and modeling potential hazards following dermal exposure to particles. Two of the most
ubiquitous materials used for dermal application are TiO, and nanosized zinc oxide (ZnO)
[89]. These metal oxides are relatively insoluble and represent absorption through direct
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penetration into the skin. Penetration of sun-screen formulations of TiO, and ZnO through the
epidermal layers of the skin have been shown to be limited to the stratum cornea [89]. However,
hair follicles appear to be the weak point of the skin and may represent an area of enhanced
dermal penetration of particles [8;89].

Transdermal delivery of drugs was enhanced in 1990 with the advent of lipid nanoparticles as
an alternative to liposomes and other polymer-based carriers [92]. Current technologies under
development of transdermal delivery for the delivery of drugs or materials include:
microneedles for the delivery of materials [34], nanostructured lipid carriers, and solid lipid
nanoparticles [140]. However, while the effects of the drugs the materials are delivering are
known, the effects of these new delivery technologies on the skin remain poorly understood.
Dermal exposure to particles may affect normal skin microvascular functions such as wound
repair and tumor cell metastasis; hence, studies determining the microvascular effects of
particle exposure on the skin as well as particle access and route of delivery to the
microvasculature are critically needed.

Ingestion—Ingestion represents a direct route of particle exposure through its addition to
foodstuffs [134] and a significant secondary route of exposure during the clearance of inhaled
particles [67]. As such, exposure to particles via the gut is an ongoing exposure route that has
received little attention in the literature. Given the specialized endocytic mechanisms of the
intestine, gut exposure to particles may represent a significant point of entry into the systemic
circulation via the portal vein. The hepatic microcirculation is an important site of absorption
for nutrients and metabolism for subsequent systemic distribution. As such, alterations in
hepatic microvascular structure/function by particles may represent a tremendous burden on
human health given the importance the liver plays in the maintenance of homeostasis [148].

Toxicological consideration of primary exposures to particles through food stuffs is a relatively
new phenomenon [22]. However, much like translocation of particles in the respiratory tract,
absorption of particles in the gut is also size dependent with smaller sizes absorbing at a greater
rate [55]. Additionally, the uptake of particles appears to be greater in lymphoid tissues than

in non-lymphoid tissues [51].

A secondary route of gut exposure to particles is particle clearance following inhalation.
Pulmonary exposure to radioactive particles led to a significant burden of particles found in
excretia from rats [67]. Similarly, human exposures have also shown a significant burden of
particles in the gut following inhalation exposure [107]. These data suggest a significant portion
of particles are cleared via the mucociliary escalator and eventually into the gut. However, only
a portion of the inhaled particles would be cleared to the gut following inhalation suggesting
that the dose of ingested particles would be orders of magnitude greater for particles introduced
through the diet. Consistent with pulmonary exposure to particles, translocation of materials
from the gut lumen to the portal vein is a slow concentration- and size-dependent movement,
which would not represent a bolus infusion into the portal circulation. Therefore, alterations
in the hepatic microcirculation following bolus infusion of particle must consider this caveat.

Dose Response and Time Course

Dose response is the establishment of a threshold dose, a maximum effect level, and an effective
concentration at 50% (ECsp) for a given toxicant in a model system. We have performed this
work in this regard to particle-induced attenuation of endothelium-dependent arteriolar
dilation, demonstrating a clear dose-response relationship [101]. However, dose-response
relationships with other xenobiatics, other microvascular beds, and the mechanisms behind
these alterations remain to be fully explored.
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Time course is the lag between exposure and the beginning of a measured biologic effect.
Epidemiological studies focusing on particles have demonstrated associations between
exposure, morbidity, and mortality with a lag of 2 to 48 hours [15;108;109]. Several clinical
studies have found strong indicators of cardiovascular alterations (e.g. a preferential increase
in diastolic blood pressure) during particle exposure [3] or after a lag of 48 hr [154]. In animals,
combustion source particles have been shown to alter pulmonary microvascular permeability
during exposure [97], as well as microvascular reactivity in intraseptal coronary arterioles
[21;23;24] and mesenteric venules [65] immediately following exposure. Animal exposures
to particles have shown a reduction in in vivo vasodilation following active hyperemia [66], a
dose-dependent attenuation of endothelium-dependent vasodilation [99-101], as well as
cerebral microvessel thrombosis [94] 24 hr post-exposure. Particle exposure has also been
shown to attenuate endothelium-dependent dilation in isolated coronary arterioles 24 hr post
particle exposure [70;71]. Overall, the effects of particle exposure on the microvasculature
have been initially studied during [97], immediately following exposure [21;23;24;65] or 24
hr post-exposure [66;70;71;99-102]. Hence, a critical evaluation of time course of particle-
induced microvascular effects remains to be clarified and must be broadened to include all
mechanisms of microvascular reactivity and tone.

CURRENT HYPOTHESES

It has been documented that particle exposure has an impact on cardiovascular homeostasis.
However, the mechanisms behind these effects are largely unknown. Currently, there are a
number of proposed hypotheses on how particle exposure modulates microvascular
dysfunction. These hypotheses suggest that after exposure the systemic effects are caused by
(1) an innate inflammatory response, (2) alterations in autonomic control, (3) translocation of
the particles into the systemic circulation. However, the idea of these mechanisms interacting
with one another cannot be ignored. Each of these hypotheses will be discussed in greater detail
below.

It should also be noted that attention to experimental methodology should be considered when
analyzing the microcirculation. Currently, a popular method used to assess general vascular
function is through the monitoring of the changes in force generated by aortic rings in response
to various pharmaceutical agents. Ring studies lend themselves well to the particle toxicology
field because they are high throughput and do not require extensive surgical preparations or
equipment. However, since this method almost exclusively uses conduit arteries, and the need
to preconstrict these rings, it does not accurately represent macrovascular or microvascular

physiology.

Assessment of vascular function can be more accurately examined with isolated microvessels
or intravital microscopy. However, there are inherit limitations and benefits with these
methods. In vitro isolated microvessel preparations allows for coincubation of the microvessel
with particles and can be a high throughput method (depending on the microvascular bed being
investigated and number of isolated microvessel stations); however this method removes the
microvessel from the tissue, thereby removing other physiological influences. In the in vivo
intravital microscopy preparation the arterioles are examined in an intact tissue bed. This
method may be beneficial in determining the mechanisms by which vascular dysfunction is
occurring as well as acquiring real-time measurements after particle exposure; nevertheless
other physiological influences are present that may or may not be controlled or accounted for.
These limitations and benefits need to be considered when determining which procedure or
combination of the two should be utilized to evaluate the effects of particle exposure on vascular
reactivity.
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Inflammatory Response

Microvascular dysfunction may occur through either local inflammation or a systemic cascade
following particle exposure. This hypothesis is predicated to particles entering the lungs and
activating resident macrophages and epithelial cells; thus increasing local inflammation. This
change in the inflammatory state of the lungs can activate or recruit naive circulating
polymorphonuclear leukocytes (PMNs) as well as increase the levels of cytokines and
chemokines in the blood. These newly activated PMNSs and cytokines are able to circulate
throughout the body and may trigger the release of additional inflammatory markers capable
of increasing leukocyte adherence, and/or reactive stress in the systemic microvascular beds
despite no direct interaction with the particles

Both clinical and animal studies have shown that pulmonary particle exposure produces a
variety of systemic effects. Clinical studies in children and adults exposed to particles, found
increases in circulating pro-inflammatory markers: tumor necrosis factor-o (TNFa),
interleukin-1p (IL-1B), interleukin-6 (IL-6), endothelin-1 (ET-1), C reactive peptide (CRP);
markers of vascular activation and adhesion however are a little more unclear, as there is a
marked decrease in vascular adhesion molecule-1, E-, and L- selectin levels, while P-selectin
is elevated [20;29;39;77]. Due to the variation within human subjects, some studies that
evaluate these inflammation markers found no significant differences after particle exposure.
These null results may be due to the health and age of the participants [9]. These vascular
adhesion molecules and inflammation markers that are altered clinically after particle exposure
can modify endothelial function, thus potentially affecting microvascular reactivity.

Animal studies have also found increases in circulating levels of inflammatory markers (TNF-
a, IL-1B, and IL-6), increases in vascular activation markers (E-selectin and leukocyte
adherence) and increases in markers indicative of a prothrombogenic environment (platelet
activation, fibrin, and von Willebrand Factor (VWF)) [54;96]. These markers have been shown
to alter microvascular function in a variety of pathologic states, therefore it is reasonable to
speculate that these factors may be altering the microcirculation after particle exposure in a
similar manner [26;132].

The possibility of cytokines and chemokines being released as a secondary response to
increased lung inflammation has also been shown in cell culture studies. Primary naive cells
(cardiac myocytes and endothelial cells) were exposed to monocytes or the cellular media from
cultures that had been previously exposed to particles [30;141;142]. The release of
inflammatory and vascular activation markers, as well as changes in gene expression were
measured in the cells that were not directly exposed to particles [30;141;142]. However, proof
of this secondary response is harder to assess in vivo and has not been investigated thoroughly
in animals.

Changes in local vascular reactive stresses, which include both oxidative and nitrosative
reactive species, have also been evaluated. Significant increases in vascular reactive stresses
was shown after various particle exposures [70;71;99;102]. These changes in reactive stress
and inflammation may be mediated by changes in monocyte nicotinamide adenine dinucleotide
phosphate (NADPH)-oxidase activity, superoxide dismutase, myeloperoxidase, and/or
tetrahydrobioprerin [25;56;100]. Further research must clarify the source of systemic reactive
stresses and determine if they are primary or secondary to the increases of other cytokines and
vascular activation parameters.

One physiological outcome associated with increased local microvascular reactive stress and
inflammation is vascular dysfunction. In humans, this vascular dysfunction has been assessed
by changes in flow-mediated dilation and reactive hyperemia of the brachial artery and
microvasculature; both of which are altered after particle exposure [12;123]. Alterations in
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vascular reactivity were also evident when patients were infused with endothelial-dependent
and -independent agonists after particle exposure [86].

While the clinical standard for non-invasive studies in humans, these techniques are indirect
and may not be sensitive enough to measure post particle exposure effects and/or mechanisms.
Animal studies provide the opportunity to more directly and extensively test endothelial
function and the effects of particle exposure on the microcirculation. Isolated microvessels and
intravital microscopy have been used to examine the coronary and spinotrapezius
microvascular beds, where a reduction in the ability of arterioles to dilate in response to
endothelial agonists and significant increases in local reactive stresses were found [25;71;
101]. In the hepatic microcirculation there was an increase in platelet adhesion and fibrinogen,
but no changes in pro-inflammatory markers [59;60]. The studies that address microvascular
function are limited and need to be broadened and more extensively researched with a wider
array of particle exposures, time course, dosages, and microvascular beds (e.g. liver, kidney,
lungs, and mesentery).

Autonomic Control

This hypothesis suggests that particle exposure alters autonomic control via sympathetic and
parasympathetic innervations in the lungs, heart, vasculature, and other systemic organs [11].
Because these tissues are ripe with a host of receptors, particle exposure may stimulate
pulmonary reflex arcs that lead to changes in sympathetic and parasympathetic neural control.
Examples of changes in these systems include altered heart rate and blood pressure which are
indicative of changes in microvascular control. Therefore, changes in autonomic control can
also directly affect the microvascular function of essentially any organ [128]. However, this
remains to be definitely shown after particle exposure.

Both clinical and animal studies measure heart rate variability (HRV) through the use of
personal electrocardiogram (ECG) monitors or monitoring a subject’s pulse. Changes in the
ECG wave readings or pulse changes can be analyzed and used to assess changes in autonomic
control. However this measurement is indirect and may lack the specificity and sensitivity
needed to determine changes in autonomic control after particle exposure. Additionally, the
use of this measurement may be part of the variable results from animal studies and other
parameters to assess sympathetic and parasympathetic influence more accurately need to be
used.

Clinical studies have shown that after particle exposure there is reduced HRV, an increased
heart rate (HR), and/or an increased diastolic blood pressure in healthy young, middle aged,
and elderly adults who were exposed to xenobiotic particles [77;79;144]. One study that
compared the impact of air pollution in Toronto, Ontario, Canada and Ann Arbor, Michigan
on healthy men found very different results between locations [16]. In Toronto, patients had
an increased blood pressure, and reduced HRV where as the Ann Arbor patients only had an
increased blood pressure [16]. These variations in results highlight potential differences in
particle composition and indicate that certain subpopulations maybe more susceptible to
autonomic alterations than others. These studies are somewhat limited given that they do not
assess the source of these alterations (parasympathetic or sympathetic control).

Several animal studies have been completed to address the source of the alterations in HRV
and HR; however, the results are mixed. Studies using rodents attributed the reduced HRV
described after particle exposure to changes in sympathetic control [46;110;120;139].
However, these autonomic changes may also be due to alterations in parasympathetic control
[120;139]. Studies addressing changes in HR and/or blood pressure (animal and human) are
also limited and the alterations in HR were attributed to reduced baroreflex sensitivity [45;
73;121]. These data collectively show the need for more experiments with various animal
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strains and particles to help clarify the control of HRV, HR, and blood pressure differences
after exposure.

Currently, research directly examining changes in nerve control after particle exposure in the
vasculature are largely absent. A recent study in our laboratory found that after particle
exposure an a-adrenergic blockage reduced basal arteriolar tone and upon perivascular nerve
stimulation yielded differential results in the presence of adrenergic receptor antagonist,
thereby suggesting a change in sympathetic neurotransmitter release [66]. Further research
needs to be completed assessing potential changes in nervous control of the vasculature in
various microvascular beds, including the lung, mesentery, skeletal muscle, and coronary.

Direct Contact

Direct interaction of the particles with target tissues may also allow particles to exert
microvascular effects. This hypothesis assumes that the particles, primarily ultrafine or
nanoparticles, translocate into the systemic blood or lymphatic circulation. This exposure may
be from dermal exposure through the skin’s surface, inhalation (or instillation experimentally)
through the pulmonary epithelium, ingested through the intestinal wall, or simply injected
[37;84;85;90;104;147]. In some cases, exposures may impact additional or secondary tissue
beds. Particles, cleared from the respiratory tract via the mucosal-cilatory elevator after
inhalation or instillation, are then ingested thereby entering and exposing the gastrointestinal
system [104]. Moreover, microvascular interaction and subsequent toxicities of particles used
as drug delivery carrier molecules or other therapeutic purposes can be considered a serious
problem, in addition to incidental exposures. Thus, the role of and impact on the
microcirculation within the scope of therapeutic direct tissue-particle interactions or upon
secondary impact to unintentional exposures is severely understudied.

Conflicting results emphasize the importance of particle characterization, as crossing through
the body’s natural barriers is highly influenced by the size, area, shape, aggregation/
agglomeration, solubility, porosity, charge, dosage, time course, and chemical composition of
the particle [37;44;105]. Alarmingly, particles have shown the propensity to cross cellular
membranes by non-phagocytic mechanisms [86]. Therefore, the same factors influencing
toxicity within the tissue of original exposure (lung, skin, GI) and systemic tissues are also
associated with a secondary impact (liver, kidney, brain, olfactory bulb, heart, blood, skeleton)
[69;103;119;129]. In some cases, secondary impacts may lead to other toxicities and/or
inflammatory effects due to increased accumulation. The impact on secondary organs was
shown to peak at 7 days post-exposure, with smaller particles (20-nm v 80-nm particles)
showing a greater propensity for translocation [69;129]. The overall accumulation of particles
can lead to a systemic pro-thrombotic, pro-inflammatory, pro-oxidant environment, capable
of many acute and long-term detrimental vascular effects [56;60;151]. As these particles have
been readily found in secondary target tissues and within the vascular wall [19;119], the role
of the vasculature to aid in the translocation as a transport mechanism and the impact of direct
particle interaction with the microcirculation are areas that require further exploration.

While notable, the redistribution of the particles within the systemic circulation is only
remarkable if the particle has the propensity to become, or is biologically active, or overwhelms
the clearance organ (e.g. liver or kidney) by composition or accumulation [150]. The particles
may be composed of or coated with highly reactive surface metals, which may act to catalyze
a redox or Fenton reaction, thereby generating high levels of reactive oxygen species (ROS)
within a cell or tissue [10]. The concentrations of these highly reactive surface metals can
significantly increase above physiologically relevant concentrations, as local intracellular
levels of toxic metals continue to rise due to particle uptake, specifically within macrophage
populations [82]; for example, a fivefold greater particle deposition in the liver than the lung
18-24 hours after instillation [104]. These local concentrations can not only lead to cellular
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production of reactive species (both oxidative and nitrosative), but cellular death [147]. While
it is attractive to speculate accumulation leading to a more intense microvascular dysfunction,
this has yet to be shown.

Given the direct interaction between the particles and the pulmonary epithelium, traditional
models considered almost exclusively inhaled particles, presuming that they would exit the
lung. However, it has become increasingly clear that nanoparticles are gaining access to the
body via non-pulmonary routes intentionally and unintentionally. Therefore, cell culture co-
incubation techniques with non-pulmonary cells, are leading the way to initiate the general
acceptance of the therapeutic and biological effects of a given particle [2;64;117]. However,
while these co-culture experiments are considered novel with regard to the local and immediate
biological effect, they do not provide a glimpse into functional or systemic alterations
associated with particle exposures found in in vivo conditions. Additionally, morphological
changes associated with primary cell culture of endothelial cells may add confounding
variables and a misinterpretation of results.

Combined Interactions

It is imperative that the above hypotheses are also considered to work in combination. This
combination can be in series for example, direct particle interaction leads to inflammation
within the lung, which in turn spills over into the vasculature or in parallel, as direct particle
interactions acting along with autonomic alterations. This is most likely to be the biological
pathway responsible for alterations to the cardiovascular homeostasis in diverse populations
described after exposure and understanding these complex interactions can aid in future
prevention and treatment strategies. These diverse populations may give way to the
development of interaction based on individual systemic alterations including but not limited
to diagnosed comorbidities, age, and sex. This combination may come in multiple forms: (1)
that of a time-course of change, where initially an autonomic irregularity leads to altered
mechanisms of cardiovascular regulation during the early stage post-exposure and subsequent
inflammatory or oxidative mechanisms perpetuate said dysfunction during late stages post-
exposure or (2) where direct interactions lead to the development of reactive oxygen species
initiating a delayed inflammatory response [10]. While it seems reasonable to hypothesize that
oxidative or nitrosative stress (reactive oxygen or nitrogen products) may be the common link
between the above hypotheses leading to systemic microvascular dysfunction, it remains
speculative at this point and unproven at the level of the microcirculation.

Oxidative stress has been evaluated mechanistically from both ends of the experimental
spectrum with respect to particle exposures. The mechanism often associated with in vivo
vascular dysfunction and the interruption of microvascular signaling pathways has been shown
as an increase in local reactive species [102]. Monocyte recruitment and ensuing release of
radicals has also been evaluated as a mechanism of early atherosclerosis due to endothelial
dysfunction after nano- and fine particle exposure within a cell culture model, suggesting that
the direct interaction hypothesis can give rise to inflammatory and/or reactive stress cascades,
activating nearby endothelial cells [155]. Lastly, the oxidative stress may be an effect of direct
exposure to the particle or metallic composition as they translocate into the cell, initiating direct
contact with mitochondria, leading to greater cellular ROS production [147]. Despite this
evidence, it remains to be shown definitively, that any one hypothesized mechanism initiates
a second at the microvascular level.
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FUTURE DIRECTIONS

Pathology

Studies within the field of epidemiology have shown a link between particle exposures and
subsequent elevated rates of cardiovascular mortality and morbidity. The mechanisms behind
this connection are not fully elucidated at the tissue of primary exposure (i.e. pulmonary
circulation), tissues of secondary impact based on accumulation (i.e. liver or kidney), or due
to direct or indirect systemic responses [15;95]. There are primary diseases that stem from
particle exposures (i.e. asthma, cancers, fibrosis, chronic obstructive pulmonary disease, etc)
currently being investigated; however, targeted microvascular explorations into these post-
exposure conditions are also warranted [40;106;146]. However, because of the potential for
particle exposure to exacerbate compromised vascular function, this section will focus on
interactions between particle exposure and pre-existing conditions.

Individuals with an underlying medical conditions are most susceptible to the effects of particle
exposures. These conditions include, but are not limited to, pulmonary disease (e.g. COPD,
asthma, emphysema), cancers, diabetes (type 1 and type 2), hypertension, metabolic syndrome,
obesity, and cardiovascular disease, may be exacerbated by pulmonary particle exposures
[37;41;136]. The pulmonary system is clearly impacted after inhalation or instillation
exposures. Many groups are exploring these exposures, which may culminate in a
hypersensitivity or acute pulmonary inflammation leading to long-term fibrotic consequences
in some cases [81;106].

With respect to the cardiovascular system, shortly after exposure, healthy adults have shown
alterations in reactivity of conduit arteries and increases in heart rate during non-strenuous
activities [12;13]. During exercise, particle exposures have lead to a greater lung deposition,
reduced muscle microvascular blood flow (due to impaired reactive hyperemia) and a reduced
exercise work capacity [41;122;130]. Many groups have shown or hypothesized that
individuals with preexisting cardiovascular dysfunction may be at greater risk, as vascular
reactivity is already compromised; therefore, particle exposure may intensify their symptoms.
These findings are consistent with epidemiological studies of cardiovascular episodes reported
after high particle exposures [12;41;113;143]. These exposures may acutely lead to
extrapulmonary effects of endothelial dysfunction increasing inflammation, plasma viscosity,
platelet activity, autonomic activity, and ROS to which existing compensatory mechanisms
become overridden [36;38;137;153]. In cell culture, particles have been shown to increase
inflammation, decrease NO bioavailability, cause injury, and inhibit growth in endothelial cell
lines [153;155]. Additionally, long-term particle exposures representative of an occupational
or domestic environment, may also act to aggravate pre-existing atherosclerosis through
cytotoxic interactions with oxidized low-density lipoproteins and chronic induction of lectin-
like oxidized low-density lipoprotein receptor-1 (LOX-1) [14;98].

The challenge inherent to any field in the initial stages of development is to study and
characterize the microvascular outcomes in the absence of confounding variables, otherwise
it is impossible to distinguish the distinct effect and consequence of the initial insult. While
these findings are critical to the current understanding of xenobiotic particles at this point,
nearly every pathological state includes microvascular involvement. Therefore, it is critical to
identify the outcomes associated with particle exposures.

Developmental State (Young/Juvenile/Old)

Age and growth are complex factors involved in microvascular health. Influences include
arteriolar tone [75], mechanistic mediators [58;126], myogenic responsiveness [127],
hemodynamics [112], and vascular density [4], factors which may also be influenced by particle
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interactions. How developmental status may affect particle toxicity and clearance from the
primary and secondary exposure routes has yet to be determined.

Epidemiological evidence supports the very young and old being at greatest risk to a variety
of adverse effects, including those from particles; as cellular and biochemical compensatory
mechanisms associated with anti-inflammatory and anti-oxidant handling are altered with
aging. While these age-related changes can lead to decline in endothelium-dependent responses
and inflated inflammatory effects in older animals, young animals with naive immune systems
have not yet been evaluated [37;116]. At this time, we speculate, in the young where vascular
reactivity is not as robust as those in mature population, particle exposures may have an
augmented effect because compensatory mechanisms are not fully developed. [75;126].

Sex/Hormonal Status

Sex and hormonal status has been shown to affect the microcirculation clinically in cases of
arterial compliance [43], intermittent claudication [42], systemic and coronary arteriolar
reactivity [5;57], and blood flow [72]. Therefore, the sex and/or hormonal status of the subject
exposed to particles may also play a role in the intensity of the vascular effect. It has been
shown that females exhibit many mechanistic differences within the endothelial regulation of
the cardiovascular system, which are generally associated with age and hormonal status
compared with their male counterparts [53]. Particle exposures may exacerbate these
differences, as female rats have exhibited a two-fold greater particle accumulation within the
kidneys than male counterparts [62;63]. However, after particle inhalation, male rats display
a sex-specific endothelial dysfunction at six-months of age, suggesting hormonal protective
mechanism within the matched female cohort [116]. As sex differences pertaining to hormonal
status play an active role in microvascular function, particle exposure may aggravate these
differences with respect to regulation and females may show an even greater protective effect
after particle exposures.

The majority of the mechanistic studies performed up to this point focus on representative
young, healthy, sexually mature, male rats to determine the methods of vascular disruption
associated with particle exposures. The addition of a variety of disease comorbidities, hormonal
fluctuations, and/or aging as additional dependent parameters to more accurately describe the
vascular pathologies associated with exposure to a variety of particles is within its infancy.

SUMMARY AND CONCLUSION

The definitions, hypotheses and concepts discussed herein represent the most important and
current concepts in the field of xenobiotic particle toxicology. We have strived to present them
from the cardiovascular perspective, and wherever possible, from the microvascular
perspective. As is the case with any subspecialty, exceptions and caveats exist that are outside
the scope of this discussion. It is our greater hope that the reader will identify such exceptions
or caveats in regard to their specific microvascular research interests, and pursue them. In this
regard, we extend our assistance to all interested investigators.

Cardiovascular effects (but not microvascular effects) of human particle exposures have been
well-documented for some time. Despite tremendous efforts to increase the quality of ambient
as well as indoor air, particle exposures will persist. This may be the result of a variety of
reasons ranging from the simple fact that population density continues to increase in some
proportion with global energy demands; to the continual introduction or breakdown of new or
existing products and protectants (i.e. technology, surfaces, paints, surfactants, insulation,
flame retardants, etc.) in our workplaces and homes. Moreover, these statements pertain only
to pulmonary exposures, yet we have made a clear case herein that not all particle exposures
are pulmonary in origin, or completely contained in the lung. Regardless, an obvious and
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present threat to human health is developing that has the potential to transcend geographic,
environmental, occupational, and domestic as well as socioeconomic boundaries. Whatever
form or path this threat takes, we feel it is safe to speculate that the microcirculation will play
a critical role, or be a major endpoint.

It is also important to indicate that at this time, the collective threat that particle exposures
impose on human health are but a fraction of those generated by heart disease or cancer. With
that said, it may be germane to briefly highlight the history of similar research. While research
associated with smoking and tobacco use is under the same xenobiotic umbrella, it is an entirely
different line of investigation. The series of events associated with tobacco policy are strikingly
similar to the pattern that particle research is currently displaying. Obvious health effects
associated were identified in 1950 [74]. The mechanisms of these exposure-dependent health
effects were elucidated in the following decades, yet the incidence of use increased [145].
While multiple reasons exist for this latter effect, in regard to public impact and policy, the
known morbidity and mortality rates were simply not high enough to change the momentum
of popular opinion [111]. Furthermore, the gross economic burden of tobacco related
morbidities would not become obvious until the 1980’s [145]; and it would not be until the
1990’s that strong public policy started to become commonplace in progressive regions to
decrease the impact on human health [111]. In all, it required greater than half a century for
research to begin to impact public health policy.

While convenient to compare the two, particle research differs vastly from tobacco research
in that the health effects, and epidemiological outcomes of particle exposure are already largely
known, and repeatable. The general public opinion in regard to particle exposure is in favor of
cleaner air, and safer personal and occupational environments. Research over the past two
decades has and continues to assist policy decisions in countries throughout the world.
Currently and unfortunately, the weakest link in particle research is definitive mechanisms,
and these mechanisms are initially observed in basic research. We have only recently
documented some of the mechanisms through which particle exposures induce systemic
microvascular effects. However, our studies to date have at best scratched the surface of a very
deep and broad field. First, consider that fossil fuels from different geographical or refining
sources produce differential emissions. Second, not all emissions are regulated or even
considered equally. Third, ENMs are being produced faster than their toxicity can be assessed
in even a single vascular bed, let alone a tissue or whole organism. Fourth (but not finally), the
environment we live in; either from the global or domestic perspective, changes constantly,
and it is only reasonable to anticipate that it will continue to do so. Each of these require a
pointed investigation to merely identify a mechanism(s), and only then is it prudent to consider
a discovered mechanism in terms of development, sex, co-morbidities or any other possible
factor that may interact with the microvascular effects of xenobiotic particle exposures.
Therefore, any forward thinking process that considers the impact of particle exposure on future
human health, should include a microvascular component. Given analogous history, it is hoped
that future mortality rates and fiscal projections are not the rate limiting steps necessary to
bring about effective policy changes that will prevent, diminish or treat the health effects of
particle exposures. But rather, definitive microvascular studies will characterize the
mechanisms though which xenobiotic particles induce biologic effect and thereby, serve as a
contributing force that unifies basic, translational, and clinical science in effort to drive greater
health effects policies.

Peer review has rightfully requested a “smoking gun” that links pulmonary particle exposures
with systemic effects. This has proven to be a warranted, but daunting challenge. However,

the scope of future investigations in our opinion has recently broadened with the explosion of
ENMs. Ata minimum, the production of ENMs and therefore, complex exposures to them has
mandated that non-pulmonary routes be considered as important, if not more so in toxicologic
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assessments. Therefore, traditional dogma that the lung must be part of the physiologic axis in
response to particles is no longer present. In essence, this opens virtually any possibility for
microvascular scientists of all backgrounds to explore how xenobiotics influence their models.

In conclusion, the microvascular scientist is uniquely poised to examine the biologic changes,
differences, and outcomes associated with acute and chronic xenobiotic particle exposures,
reduce their intensities, and develop post-exposure treatments in a naive and/or pathological
environment. The initial cardiovascular observations/associations have been made. In a period
when extramural funding is perhaps at it’s most difficult; substantial Federal and private
funding is available in this field. Moreover, there is no better time to initiate investigations than
when the number and scope of scientific unknowns are the greatest. Please consider this review
an official “call to arms” for microvascular scientists to the field of xenobiotic particle
exposures.
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Figure 1.

Flow diagram depicting the potential routes of xenobiotic particle exposures, the major
hypotheses influencing microvascular reactivity, and the potential interplay between these
routes and hypotheses.
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Figure 2.

The observed makeup of particle aerosols is a function of the metric of interest. For the mass
distribution of particles (blue line) the dominant mode is generally larger than 1 um, whereas
on a number basis (red line) the dominant mode is usually less than 0.1 um. In between those
ranges is a mode where the majority of the surface area occurs, usually around 0.2-0.3 um.
While it is accepted that particles < 1 um exist (nanoparticles), these particles tend to form
aerosol agglomerates, which are represented within this distribution.
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Figure 3c

Figure 3.

Figure 3a. Particle deposition within the regions of the lung (tracheobronchi and alveolar) with
respect to particle size.

Figure 3b. Schematic of course particle (green) preferential deposition within the upper regions
of the pulmonary system.

Figure 3c. Schematic of fine and ultrafine/nanoparticle (red) deposition. These smaller
particles are found throughout the lung, but preferentially deposit within the alveolar region.
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Figure 4.

Deposition and penetration characteristics of inhaled particles. Collection efficiency (y-axis)
is the proportion of deposited mass based on particle size (x-axis). Inhaled particles less than
~20 um in diameter penetrate the airway and deposit in the tracheobronchial (red line) and the
gas exchange (i.e. alveolar, blue line) regions of the lungs. Total deposition (black line) is the
sum of these regions. Although the mechanisms of particle deposition vary by size, it occurs
relative to the particle diameter, with smaller particles penetrating deeper into the airway. Note
that the greatest total deposition in either region occurs at the particle size limits (i.e. ultrafine

PM and nanoparticles, fine, and course PM).
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