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Humans have been exposed for thousands of years to partic-
ulate matter (PM) from natural and anthropogenic sources.
Since the first third of the twentieth century, health problems
related to dust exposure in miners have been documented
[1]. Early epidemiological data have shown evidence of the
relation between inhalation of PM and several lung diseases,
including lung fibrosis and lung cancer [2]. TheMeuse valley
fog of 1930 [3], the Donora smog incident of 1948 [4], and
the London great smog event of 1952 [5] were the foundation
to create a legislation regarding to air pollutants. In the
US, the Clean Air Act was enacted in 1972. Before 1970,
the main efforts in this field were aimed at measuring the
PM suspended in the air and its relation to death increases
associated to lung diseases. During the 1970s and 1980s,
the measurements of environmental particles improved, and
efforts to quantify particles with different aerodynamic sizes
gave a view on how the particles could be related to differ-
ent diseases. These methods helped to identify sources of
different particles, leading to specific actions to control the
emission of PM. During the 1990s and the first decade of
this century, a great effort has been done to determine the
cellular and molecular mechanisms related to the particle
toxicity, and many studies have shown that particle size
and composition play central roles in the biological effects.
During the last 20 years, a great concern has grown regarding

the use of nanoparticles (NPs) and its possible impact on
workers and final users. To present, it is evident that inhaled
particlesmay have local and systemic effects, and that the size,
the composition, and the physicochemical characteristics of
these airborne particles play a central role in their toxicity.

Despite all the clinical, epidemiological, and toxicological
evidence, we are far from understanding the toxicology of
particles, in part by the combined effects and interactions of
various substances mixed within the particles. In addition,
the lack of evidence of a threshold value makes it difficult
to set safe limit values. Therefore, a constant growth in the
total number of publications related to urban PM and NP is
easy to observe when a simple search is done on PUBMED.
When the words “particles” and “air pollution” are searched,
101 publications are found from 1900 to 1970. The number
rises to 149 from 1971 to 1980. During the 1980s, the first
efforts were done to evaluate the effects of particles with
different aerodynamical sizes but the number of publications
remained in 150. Later on, during the 1990s, the evaluation of
particles with different aerodynamic sizes (PM

10
, PM
2.5
, and

ultrafine particles) made the number of publications to grow
up to more than 600. The continuous evaluation of urban
particles and the arising use of nanomaterials led to almost
2000 publications during the first decade of this century. If
the rate of publications on these fields keeps the same rhythm
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Figure 1

as the first two years of the present decade, we will find about
2400 publications for the 2011–2020 decade (Figure 1).

The previously-mentioned numbers gave a clear idea of
why a special issue on particulate matter and nanoparticles
toxicology is important for this field. In this special issue,
we are publishing a selection of studies dealing with particle
sampling and characterization, in vitro toxic effects charac-
terization using traditional and novel models, in vivo effects
of PM, and in vivo and in vitro effects of different types of NP.

We also include three reviews, discussing the cellular
effects of diesel particles, another one discussing the evidence
relating the exposure to particles and other inhaled pollutants
to the increased risk of Alzheimer and Parkinson’s diseases.
Finally, a review of the state of the art in the in vivo and in
vitro toxicological characterization of particles was prepared
for this issue by the guest editors, where we discuss the latest
evidence of local and systemic effects induced by inhaled
particles.

Great efforts have been done during the last 50 years to
understand the toxicology of particulate matter, and much
information is available helping to understand the risks of
exposure to different types of particles. Nevertheless, there is
much to do in the field, and the efforts presented here will be
of great value to push further the frontiers of our knowledge
on the particulate matter toxicology field.

Abderrahim Nemmar
Ernesto Alfaro-Moreno

Irma Rosas
Per Schwarze

Tim S. Nawrot
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Epidemiological and clinical studies have linked exposure to particulate matter (PM) to adverse health effects, which may be
registered as increased mortality and morbidity from various cardiopulmonary diseases. Despite the evidence relating PM to
health effects, the physiological, cellular, and molecular mechanisms causing such effects are still not fully characterized. Twomain
approaches are used to elucidate the mechanisms of toxicity. One is the use of in vivo experimental models, where various effects
of PM on respiratory, cardiovascular, and nervous systems can be evaluated. To more closely examine the molecular and cellular
mechanisms behind the different physiological effects, the use of various in vitromodels has proven to be valuable. In the present
review, we discuss the current advances on the toxicology of particulate matter and nanoparticles based on these techniques.

1. Introduction

Exposure to particulate matter (PM) is associated with
increases in visits to emergency rooms and mortality [1].
The Meuse valley fog of 1930 [2], the Donora smog incident
of 1948 [3], and the London great smog event of 1952 [4]
triggered the studies of health effects related to the exposure
to PM in large cities and later on the legislation regarding the
level limits of PM. For instance, in the US, the Clean Air Act
was enacted in 1972.

Inhaled particles penetrate into the respiratory tract
where they target different anatomical sites, depending
among other properties on the aerodynamic size. Particles are
categorized according to aerodynamic size, PM

10
, thoracic

particles, (≤10 𝜇m) and PM
2.5

(≤2.5 𝜇m), or fine fraction.
The particles with a range of aerodynamic sizes between 10
and 2.5 𝜇m (PM

10-2.5) are know as coarse fraction. If the

aerodynamic size is equal or less than 0.1 𝜇m, the particles are
called ultrafine particles (UFP), and one of the main sources
of this type of primary particles is diesel exhaust (DEP).
Engineered particles, measured by their geometric size and
with at least one dimension smaller than 0.1𝜇m, are known
as nanoparticles (NP) [5]. The primary anatomical target of
particles with different sizes is summarized on Figure 1.

Air Quality Standards have been adopted by many
countries around the world to protect public health and
welfare against the adverse effects of air pollution. In fact,
member countries of theWorldHealth Organization (WHO)
have adopted a constitution that sets guidelines on air
pollutants. The WHO, which has representation from nearly
200 countries, recommends daily PM

10
concentrations not to

exceed 50 𝜇g/m3 [6]. Many countries, however, have chosen
to set Air Quality Standards that are more relaxed or more
stringent than the WHO Standard. Air Quality Standards
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Figure 1: Schematization of the size and main target for particulate matter and nanoparticles.

are generally created or revised according to national policy
and scientific information that demonstrates a plausible
association between health-related illnesses and exposure to
pollutants. The limits for PM

10
and PM

2.5
that are used in

different countries and regions are shown inTable 1 (Modified
from [6]).

Despite all the efforts for measuring the health impact
of inhaled particulate matter, we are still far from fully
understanding all the effects andmechanisms related to those
effects, and also, we still do not understand what is the role
of the length (size), shape, and composition of particles in
their biological effects. In the present paper, we reviewed
the relevant information related to three main aspects of the
problem: (1) the determination and role of the chemical and
biological components of particles, (2) the evaluation of the
in vivo effects, both at pulmonary and systemic targets, and
(3) the evaluation of the mechanisms of the cellular effects
of particles with different sizes, shapes, and composition.
Among the large amount of articles that are published in
these fields, we choose those that we consider are helping
to understand the different problems and also those articles
that are opening new questions, pushing the limits of our
knowledge forward.

2. Characterization of Particles

Combustion particles from traditional fuels (biomass, coal,
wood, crude oil, and diesel with high content in sulfur) are
now found in much lower concentrations in air than 30–
40 years ago due to improved and cleaner technology. The
relative size distribution has changed, and other pollutants
have gained prominence, such as ultrafine PM (UFP) [7].
These new and lighter airborne PM is found not only in big
cities but also in large and small towns. Interestingly, they
differ in composition with regard to various heavy metals
and polycyclic aromatic hydrocarbons (PAHs) and are often
found to have a higher oxidative and toxic potentials.

Depending on the source and composition of the PM
different subsets of components may be found on different
fractions. PM

2.5
comprises the soot fraction and particles

grown from the gas phase with subsequent agglomera-
tion. PM

2.5
includes inorganic ions such as sulfate, nitrate,

and ammonia, as well as combustion-form carbon, organic
aerosols, metals, and other combustion products. PM

10-2.5
is dominated by mechanically abraded or ground particles
including finely dividedminerals such as oxides of aluminum
silicate, iron, calcium, and potassium [8].
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Table 1: Comparison of the WHO guidelines and standards from
different countries. Modified from WHO air quality guidelines,
global update, 2005, a report on a Working Group meeting, Bonn,
Germany, 18–20 October 2005 [5].

Selected air quality guidelines and standards

Source PM10 (𝜇g/m3) PM2.5 (𝜇g/m
3)

1 year 24 hours 1 year 24 hours
WHO [2] 20 50 10 25
European Union 40 50 25
United States 50 150 12 35
California 20 50 15 65
Japan 100 12 65
Brazil 50 150
Mexico 50 120 15 65
South Africa 60 180 15 65
India (sensitive
populations/
residential/industrial)

50/60/120

China
(Classes I/II/III) 40/100/150 50/150/250 35

UFPs are composed of both primary and secondary
particulate matters [9].The primary fraction is the one that is
emitted directly from the emission sources and often includes
agglomerate/aggregates of smaller particles [9]. Their size is
generally in the range between 30 and 100 nm [10, 11].The pri-
mary fraction is generally associated with diesel engines and
automobiles and biomass combustion which are thought to
initially have been emitted at around the 30 nm diameter size
(the so called nucleation mode) and later coagulate into the
larger fraction of the ultrafine mode. The secondary fraction
is composed of particulate matter formed in the atmosphere
and includes sulfuric acid and sulfates and organic reaction
products of low volatility [9]. Photoreactions of oxides of
nitrogen (NOx) and sulfur dioxide (SO

2
) are involved in

this process; both of which are products of combustion.
This fraction size is generally in the range between 100 and
200 nm, which is partially distinguishable from other directly
anthropogenic sources.

The role of composition on toxic effects has been explored
during the last decade by different authors.Thedogma during
the 1990’swas that the size of the particlewas the predominant
factor of toxicity, the smaller particles being the more toxic
[12]. Nevertheless, during the last 15 years, evidence has
linked surface area, reactivity, and different components of
the particles with their toxicity [13–15]. The first efforts
were done by collecting samples from associated to different
sources such as indoor and outdoor [16], different cities [17],
or regions within a large city [18] and comparing their in vitro
toxic effects. In some cases, partial chemical characterizations
or determinations of the presence of some components
were empirically related with differences in the intensity of
toxic effects [19–21]. Later on, comprehensive characteriza-
tions were correlated using different statistical models [13–
15]. Currently, the characterization of size, physicochemi-
cal, and chemical composition is necessary to understand

the toxicology of particles. For instance, for nanoparticles
(NP), the determination of particle size, the dynamics of
agglomeration and aggregation, the area, and the charge are
mandatory for any toxicological evaluation [22]. In the field of
urban particles, considering that they are complex mixtures,
there are no standard measurements of physicochemical and
chemical components, but the determination of total carbon,
black carbon, transitional metals, nitrates, sulfates, oxidative
potential, and polycyclic aromatic hydrocarbons is among the
most evaluated components [23, 24]. A recent report of a
meta-analysis and multisite time series evaluating elemental
carbon, organic carbon matter, sulfate, and nitrate on PM

2.5

and in its relation to hospital admissions demonstrates that
changes in elemental carbon content are associated with car-
diovascular hospital admissions [25]. The authors conclude
that a stronger communication between risk assessors and
epidemiologist would help to better understand the role of
the components of air pollutants on population effects.

Among the many components that are present in PM,
the biological components seem to play a central role in
the biological effects. There is increasing evidence that when
PM is inhaled the biological component is responsible for
stimulating alveolar macrophages and respiratory epithelial
tissue to release proinflammatory cytokines and chemokines.
The biological components may also have synergetic effects
with other components of the PM, such as diesel exhaust
enhancing IgE production and thus facilitating allergic sen-
sitization [26].

These biological components may be released by passive
or active mechanisms from plants, soil, biofilms, solid, or
liquid sources to become suspended in the air. The measure-
ment of protein associated with PM is considered as a general
indicator of how much of the PM comes from a biological
source. It represents about 1–4% of the total mass of PM

10
for

urban and rural areas [27, 28].
Airborne biological particles or dust containing bio-

logical agents and/or substances of biological origin are
important components of the coarse and fine PM. These
components are represented by different types of primary or
secondary (fragmented biological cells) biological aerosols
[29]. The biological matter is predominantly comprised by
plant pollen, spores, and microorganisms (mold and bacte-
ria) or microbial metabolites [30, 31] and is related to allergic,
toxic, and infectious responses in exposed individuals.

PM may be an efficient carrier of secondary allergens
or proinflammatory compounds [32–34]. Recently, good
correlation has been found for major allergens, mainly from
pollen, and asthmatic patients. In fact, pollen from grasses,
weeds and trees, among others were found onto different
size of particles [35]. Most of the primary allergens (intact
pollen, 10–100 𝜇m) cannot reach the small airways; however,
the secondary pollen allergens present in PM

2.5
can easily

penetrate there [36].
Endotoxin lipopolysaccharides (LPSs) are other proin-

flammatory compounds from microbial origin present in
PM. Endotoxin is a component of the cell wall of gram-
negative bacteria, and its main source is debris deposited on
urban or rural soil.When the LPS is resuspended and inhaled,
it stimulates alveolar macrophages and respiratory epithelial
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Figure 2: Schematization of the main acute, subacute, and chronic effects induced by inhaled particles and nanoparticles. In the acute side
it is interesting to highlight that a high-caloric- and fat-rich diet provides a scenario facilitating proinflammatory effects of particles. Also,
Tnymoquinone, eugenol, simstatin, and lovastin have a protective effect in vivo. In the subacute and chronic side, it is interesting to highlight
the presence of tissue alterations, lung infiltration by T cells, and increases in the risk of COPD.

tissue to release cytokines/chemokines, initiating an inflam-
matory cascade [37, 38]. Another biological component with
similar effects is the 𝛽-1,3-Glucan, a glucose polymer which is
structural component of most fungal cell walls. 𝛽-1,3-Glucan
has been used as an indicator of the presence ofmold [39, 40].

3. In Vivo Studies

Themain target for inhaled particles is the respiratory system,
but there is strong evidence that systemic effects can be
induced.We are presenting some of the most relevant studies
regarding the local and systemic effects induced by inhaled
particles. In Figure 2, we summarize some of the most
relevant acute, subacute, and chronic effects induced in vivo
by particles.

3.1. Respiratory Effect of Particles

3.1.1. Acute Effects. Several studies have investigated the res-
piratory effects of particulate air pollution and nanoparticles.
While most of the studies have focused on the respiratory
effects following inhalation, intratracheal or intranasal instil-
lation, others have investigated the effects of intravenous,
intraperitoneal, or oral administration.

It is well established that pulmonary exposure to partic-
ulate air pollution causes inflammation and oxidative stress
[41–43]. It has been demonstrated that acute (within 24 h),
single-dose intratracheal instillation of diesel exhaust parti-
cles (15–30 𝜇g/mouse), a relevant type of PM

2.5
, causes lung

inflammation characterized by influx of inflammatory cells,
increases total proteins, a marker of epithelial permeability,
and oxidative stress [41, 42]. The release of interleukin-6
(IL-6) was found to increase in bronchoalveolar lavage (BAL)
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fluid at 18 h but not at 4 or 24 h [42]. Similarly, at 18 h time
point, airway resistance tomethacholinemeasured invasively
using forced oscillation technique increased significantly and
dose-dependently following exposure to DEP [42]. Pretreat-
ment with thymoquinone, a constituent of Nigella sativa,
ameliorated DEP-induced pulmonary effects [42].

Acute exposure (24 h) of healthy mice by intranasal
instillation to PM

2.5
(5 or 15 𝜇g/mouse) collected from the

urban area of Sao Paulo caused lung inflammation and
oxidative stress and worsened lung impedance in dose-
dependent pattern [44]. The same research group has more
recently reported that pretreatment of mice with eugenol,
a methoxyphenol component of clove oil with anti-inflam-
matory and antioxidant properties, prevented the changes
in lung mechanics, pulmonary inflammation, and alveolar
collapse elicited by acute exposure to DEP [45].

The statins are hydroxy-methyl-glutaryl-CoA reductase
inhibitors, broadly used in the treatment of hyperlipidemia.
They play a key role in the primary and secondary prevention
of atherosclerotic heart disease and stroke. Moreover, they
have been reported to have potential benefits for a variety of
other cardiovascular and noncardiovascular diseases, includ-
ing cancer, respiratory and neurological disorders [46, 47].
Interestingly, Ferraro and coworkers [48] reported that resid-
ual oil fly ash (ROFA) and Urban Air Particle (UAP) from
Buenos Aires produced an acute pulmonary injury in mice,
characterized by a neutrophilic inflammation, a rise in O

2

−

generation, and production of the proinflammatory tumour
necrosis alpha (TNF𝛼) cytokine. Simvastatin pretreatment
had no significant effect per se on any of these biomarkers
but prevented the pulmonary cytotoxicity and inflammation
induced by ROFA and UAP. More recently, Miyata and
coworkers [49] found that pulmonary exposure to PM

10

in rabbits accelerated the turnover of polymorphonuclear
leukocytes (PMNs) by shortening their transit time through
themarrow. Interestingly, they found that lovastatin dampens
these systemic responses by decreasing the levels of PM

10
-

induced circulatingmediators (IL-6), thereby suppressing the
bone marrow stimulation. The effect of statins was predom-
inant on PMNs in the postmitotic pool as evident by the
use of 5-bromo-2-deoxyuridine (BrdU/G3). Interestingly,
statins also reduced the retention of these newly released
PMNs in the lung tissues. These results corroborate the
previous finding from the same research group reporting
that PM

10
particles induced systemic inflammatory responses

characterized by an increase in systemic proinflammatory
mediators such as IL-6 [50].

The metabolism of L-arginine plays an important home-
ostatic role in the airways, through synthesis of the bron-
chodilating molecule, nitric oxide (NO), from L-arginine,
by the nitric oxide synthase (NOS) isozymes. The arginase
isozymes (arginases 1 and 2) convert L-arginine into L-
ornithine and urea and thus compete with the NOS isozymes
for substrate. Arginase overexpression contributes to airways
hyperresponsiveness in asthma, and its expression is further
augmented in cigarette smoking asthmatics [51]. It has been
recently reported that arginase is upregulated following
exposure to O

3
and concentrated ambient particles inmurine

models of asthma and contributes to the pollution-induced
exacerbation of airways responsiveness [52].

The question, whether a diet challenge increases the
inflammatory response in the alveolar and the blood com-
partment in response to carbon nanoparticles (CNP) was
investigated by Götz and coworkers [53]. In their study,
mice were fed a high-caloric carbohydrate-rich or a fat-rich
diet for six weeks and were compared to mice kept on a
purified low fat diet, respectively. Bronchoalveolar lavage
(BAL) and blood samples were taken 24 h after intratracheal
CNP instillation and checked for cellular and molecular
markers of inflammation. The authors reported an increase
in BAL proinflammatory factors in high-caloric groups and
reductions in serum concentrations of anti-inflammatory
factors in fat-rich group. They concluded that extended
feeding periods, leading to manifest obesity, are necessary
to generate an increased susceptibility to particle-induced
lung inflammation, although the diet challenge already was
efficient in driving proinflammatory systemic events.

Barlow and coworkers [54] assessed the effects of intratra-
cheally instilled PM

10
collected from London onmacrophage

clearance in rats ex vivo. These authors concluded that acute
PM
10

exposure has an effect on macrophage phagocytosis
and chemotaxis that may be deleterious to particle clearance
within the alveolar region of the lung.The decrease in chemo-
tactic ability may represent one mechanism that promotes
inflammation after increases in ambient PM levels. They also
concluded that further investigation is warranted to deter-
mine the effects of chronic PM

10
exposure on macrophage

clearance mechanisms.
NPs induce inflammatory responses and oxidative stress

but may also have immune-suppressive effects, impairing
macrophage function and altering epithelial barrier func-
tions. The question related to whether exposure to NP may
increase the risk of pulmonary infection has been recently
investigated [55]. It has been demonstrated that Cu NP expo-
sure impaired host defense against bacterial lung infections
and induced a dose-dependent decrease in bacterial clearance
[55]. Moreover, it has been demonstrated that acute exposure
to DEP by inhalation exacerbates lung inflammation induced
by lipopolysaccharide [56].

In an interesting study, the impact of pulmonary exposure
to carbon black NP on emphysematous lung injury induced
by porcine pancreatic elastase (PPE) was investigated in
mice [57]. It has been demonstrated that carbon black
NP exacerbates PPE-induced pulmonary inflammation and
emphysema. This enhancement may be mediated, at least
partly, via the increased local expression of proinflammatory
molecules.

TiO
2
nanoparticles have several industrial applications,

and, as such, also have different sizes, shapes, chemistry, and
crystalline structures [58, 59]. TiO

2
occurs in four crystalline

polymorphs of which rutile and anatase are most common
[60]. Rutile is considered as a more inert form, whereas
anatase is an active form of TiO

2
. Anatase and rutile TiO

2

particles, delivered at similar surface area doses, increased
release of lactate dehydrogenase, interleukin-8, and reactive
oxygen species, as well as depressed mitochondrial activity
in dissimilar patterns in cultured human epithelial cells [61].
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In vivo, it was observed that ultrafine anatase TiO
2
particles

produced increases in bronchoalveolar lavage inflammatory
indicators, cell proliferation, and histopathology compared
to ultrafine rutile TiO

2
particles [62]. However, with both

crystalline forms of TiO
2
particles, pulmonary effects were

observed at 24 h and resolved by oneweek after exposure [62].
Furthermore, it has also been demonstrated that the intratra-
cheal instillation of rutile TiO

2
nanorods caused upregulation

of lung and systemic inflammation and triggered platelet
aggregation [63].

TiO
2
-based photocatalysis has attracted extensive interest

because of its great advantages in the completemineralization
of organic pollutants in waste water and air [64, 65]. As a
popular photocatalyst, TiO

2
has been widely studied because

of its various merits, such as optical-electronic properties,
low cost, and chemical stability. Characteristics of TiO

2

nanoparticles can bemodified by several methods to improve
their performance. In this context, TiO

2
nanorods are doped

with iron in order to increase their photocatalytic activity [63,
64]. It has been recently demonstrated that exposure to SiO

2
-

coated rutile TiO
2
nanoparticles (cnTiO

2
) caused pulmonary

neutrophilia, increased expression of tumor necrosis factor-
alpha (TNF𝛼) and neutrophil-attracting chemokine CXCL1
in the lung tissue. Uncoated rutile and anatase as well as
nanosized SiO

2
did not induce significant inflammation [66].

More recently, pulmonary exposure to well-characterized
rutile Fe-TiO

2
promotes pulmonary and systemic inflam-

mation and oxidative stress. It also enhances thrombotic
potential, heart rate, and systolic blood pressure (SBP) and
induces hepatotoxicity. Moreover, rutile Fe-TiO

2
showed

direct toxicity on human lung cancer cells NCI-H460-Luc2
and human hepatoma cells HepG2 [67].

3.1.2. Subacute and Chronic Effects. It has been demonstrated
that rats exposed for 6 months to urban air pollution
developed secretory cell hyperplasia in the airways and
ultrastructural ciliary alterations of the epithelium of the
airways, suggesting that chronic exposure to urban levels of
air pollution may cause respiratory alterations [68]. More-
over, rats submitted to prolonged exposure to low levels of
air pollution experienced deteriorated respiratory defenses
against infectious agents [69]. Recently, it has been reported
that intranasal instillation of DEP over 60 days increased the
expression ofMuc5ac in the lungs and the acidmucus content
in the nose compared with the 30-day treatment. Moreover,
DEP exposure enhanced the total leukocytes in the BAL and
the nasal epithelium thickness compared to saline-treated
control group [70].

Chronic exposure to PM
2.5

resulted in prominent inflam-
matory responses in the lung typified by increased levels
of oxidized phospholipid derivatives as well as a systemic
inflammatory response [71]. In a subsequent study, the same
group has extended some of their observations and reported
that exposure to PM

2.5
resulted in increased T-cell infiltration

and increased activation of T-effector cells (evidenced by
an increase in CD4+CD44+CD62L− and CXCR3+ T cells in
the lungs) and suggests a phenotypic switch to a Th1/Th17
phenotype in lung Teff cells. These results have important

implications for how PM
2.5

may detrimentally modulate
pulmonary and systemic immune responses [72].

Chronic obstructive pulmonary disease (COPD) is char-
acterized by not fully reversible airflow obstruction that
is usually progressive and associated with an abnormal
inflammatory response of the lung to noxious particles or
gases. The major etiological factor for COPD is chronic
oxidative stress as a result of long-term smoking, use of
biomass fuels, and air pollution exposure [73]. Lopes and
coworkers recently reported a study in which the effects of
chronic exposure (2 months) to ambient levels of PM on
development of protease (papain) induced emphysema and
pulmonary remodeling were investigated in mice [74]. They
found that mean linear intercept and the total amount of
collagen fibers in parenchymawere significantly greater in the
lungs of mice that were treated with papain and exposed to
ambient particles compared to thosemice treatedwith papain
and exposed to filtered air for 2 months. These increases in
destruction of lung parenchyma and in lung collagen content
observed only in the group of mice treated with papain and
exposed to ambient particles were associated with an increase
in the amount of 8-isoprostane expression in lung tissue,
suggesting that the increase in oxidative stress is a possible
mechanism to explain these alterations [74].

Different types of NPs can cause various inflamma-
tory reactions in the lung. In mice lungs, the toxicity of
single-wall carbon nanotube (SWCNT) in causing epithelioid
granulomas and interstitial inflammation 7 and 90 days
after intratracheal instillation has been shown to be greater
as compared with other NPs, like carbon black or quartz
particles [75]. However, the significance of the SWCNT-
induced inflammation has been a matter of scientific debate.
Initially it has been reported that intratracheally instilled
SWCNT in rats causes discrete granulomas that were not
dose-responsive, and an absence of signs of inflammation
in BAL suggested the possibility that large agglomerates of
SWCNT caused the granulomas [76]. A second study in rats,
using SWCNT aspiration, also reported slight change in the
differentials of BAL and a relative lack of histopathologic
evidence of inflammation [77]. Studies in mice demonstrated
significant inflammation, confirmed that SWCNT-induced
inflammation was often granulomatous, and, most impor-
tantly, demonstrated that inflammation was present whether
the SWCNTs were inhaled or aspirated [75, 78]. It was
concluded that SWCNT inhalation was more effective than
aspiration in causing inflammatory response, oxidative stress,
collagen deposition, and fibrosis as well as mutations of K-
ras gene locus in the lung of C57BL/6 mice [79]. Similarly
to SWCNT, multiple wall carbon nanotube (MWCNT) expo-
sures by inhalation at concentrations of 5mg/m3 or less for
14 days produced slight evidence of pulmonary inflammation
but suppressed T-cell-dependent immune functions [80].
However, the intratracheal instillation of shorter MWCNT
failed to show the occurrence of inflammation or fibrosis
[81]. Recently, it has been demonstrated that inhalation of
MWCNTs for up to 13 weeks caused granulomatous inflam-
mation and pleural thickening at exposure concentrations
greater than 6mg/m3. However, influx of inflammatory cells
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in BAL fluid and interstitial fibrosis wereas demonstrated at
exposures above 0.4mg/m3 [82].

Pulmonary inflammation caused by NP may also result
in changes in membrane permeability, which in turn can
result in particle translocation beyond the lung and affecting
cardiovascular system [83]. Indeed, it has been shown that
NPs have the potential to enter the brain [84] and blood
circulation [85, 86] and subsequently other major organs
causing inflammation and oxidative stress in these organs.

3.2. Extrapulmonary Effects of Particles

3.2.1. Possible Mechanisms Involved. Despite the consistency
of the epidemiologic observations, the pathophysiological
mechanisms linking air pollution to adverse cardiovascular
events remain unclear. There are three primary hypotheses
that are being investigated to explain the extrapulmonary
effect of NP [87, 88], and in Figure 3, we summarize the main
mechanisms proposed for the systemic effects. The first one
relates the effect of particles to their ability to impact the auto-
nomic nervous system. Studies showed that particulate air
pollution exposure is associated with rapid changes in auto-
nomic nervous systembalance, favoring sympathetic nervous
system activation and parasympathetic withdrawal leading
to changes in the pattern of breathing, heart rate, and heart
rate variability. Decreased heart rate variability indicates the
existence of a state of cardiac autonomy dysfunction and is a
risk factor for sudden cardiac death because of arrhythmias
[89]. The mechanisms responsible for the increase of the
sympathetic drive remain unclear butmay involve activations
of pulmonary neural reflex arcs anddirect effects of pollutants
on cardiac ion channels [89]. Inhaled particles may affect
the cardiovascular system through inflammatory mediators
produced in the lungs and released into the circulation [87,
88]. It has been suggested that inhaled particles may lead to
systemic inflammatory response through the release of IL-
6, TNF𝛼 or histamine, and oxidative stress within the lungs
and/or systemically [87, 88].

Moreover, several studies have shown that nanoparticles,
owing to their small size, could avoid normal phagocytic
defenses in the respiratory system and gain access to the sys-
temic circulation and therefore to different extrapulmonary
sites [85, 86, 90–93]. The UFP can pass from the lungs
into the blood circulation in hamsters [86]. Others [91–94]
have also reported extrapulmonary translocation of UFPs
after intratracheal instillation or inhalation in other animal
species. However, the amount of UFPs that translocated into
blood and extrapulmonary organs differed amongst these
studies. It has also been shown that, following intranasal
delivery, polystyrene microparticles (1.1 𝜇m) can translocate
to tissues in the systemic compartment [95]. Recent studies
[96–98] have provided morphological data illustrating that
inhaled particles are transported into the pulmonary capillary
space, presumably by transcytosis. Recently, Elder et al. [91]
demonstrated that the olfactory neuronal pathway represents
a significant exposure route of central nervous system (CNS)
tissue to inhaled UFPs. These authors showed that, in rats,
which are obligatory nose breathers, translocation of inhaled

nanosized particles along neurons is a more efficient pathway
to the CNS than via the blood circulation across the blood-
brain barrier. They speculated that given that this neuronal
translocation pathway was also demonstrated in nonhuman
primates, it is likely to be operative in humans as well [84, 91].
In humans, the literature on the translocation of UFPs from
the lungs into the blood circulation is still conflicting [85, 99,
100]. However, given the deep penetration of nanoparticulate
matter into the alveoli and close apposition of the alveo-
lar wall and capillary network, such particle translocation
seems plausible either as a naked particle or after ingestion
by alveolar macrophages [98]. Naked particles have been
reported to be taken up (and/or adsorbed) by erythrocytes
[101] and can presumably be distributed to various organs.
The distribution of radiolabelled ultrafine carbon particles,
commonly known as “Technegas”, has been investigated after
their inhalation by nonsmoking healthy human volunteers
[85]. The size of the individualized particles was in the order
of 5 to 10 nm, as we confirmed by electron microscopy of the
particles. Radioactivity, which was largely particle-bound, as
assessed by thin layer chromatography, was detected in blood
already after 1 minute, reaching a maximum between 10 and
20min-, and remaining at this level up to 60min. Gamma
camera images showed substantial radioactivity over the liver
and other areas of the body. The presence of radioactivity in
the liver is compatible with an accumulation of particles in
Kupffer cells, as is known to occur with colloidal particles
[102]. More recently, Péry and coworkers [103] developed a
physiologically based kinetic model for (99m) technetium-
labelled carbon nanoparticles (Technegas). The model was
designed to analyze imaging data obtained from the study of
Nemmar and coworkers [85]. It included different transloca-
tion rates and kinetics for free technetium and small and large
technetium-labelled particles.The authors concluded that the
percentage of small particles able to translocate was estimated
at 12.7% of total particles, whereas the percentage of unbound
technetium was estimated at 6.7% of total technetium
[103].

Nurkiewicz and coworkers have studied the effects of
inhaled particles and nanoparticles on systemic microvascu-
lar endothelium. First, they demonstrated that rats exposed
to ROFA or TiO

2
presented a reduction in their capacity

to respond to the Ca2+ ionophore A23187, which induce
arteriolar dilatation [104]. In other studies, the same group
has shown that exposure to ROFA or TiO

2
NP, by instillation

or inhalation, induce systemic microvascular dysfunction
[105, 106]. They also found that the nitric oxide (NO)
signaling seems to be involved in the endothelial systemic
effects of the particles [107].

3.2.2. Acute Effects. Several studies demonstrated that expo-
sure to UFP or DEP caused pulmonary inflammation and
prothrombotic events in ear vein of rats or femoral vein
and artery of hamsters [108–112]. Mutlu and coworkers [113],
showed that exposure to PM triggers IL-6 production by
alveolar macrophages, resulting in reduced clotting times,
intravascular thrombin formation, and accelerated carotid
artery thrombosis [113]. The occurrence of oxidative stress in
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Extrapulmonary toxicity

Via Target Effect

Olfactory neural pathway Autonomic nervous system

Inhalation Lungs Release of inflammatory mediators
i.e., IL-6, TNF𝛼, histamine

leading to systemic inflammation

Translocation of inhaled particles

Endothelium Systemic endothelial dysfunction

Erythrocytes

Liver and other organs

Circulation Prothrombotic effects

Changes in the breathing pattern

Heart rate variability ↓

Figure 3: Summary of the main systemic effects associated with particle exposure and the possible mechanisms related to those effects.

the DEP-induced acute thrombotic tendency in pial cerebral
venules, activation of circulating blood platelets, and lung
inflammation have been reported in mice [25]. Moreover,
the same authors showed that the antioxidant pretreatment
with cysteine prodrug L-2-oxothiazolidine-4-carboxylic acid
prevented DEP-induced inflammatory and the resulting
thrombotic complications [25]. More recently, the acute (4
and 18 h) effects of DEP on pulmonary and cardiovascular
parameters and the protective effect of thymoquinone were
investigated in mice [41]. Four h after DEP administration,
there were no significant changes in the cells in BAL,
lung histology, or pulmonary function test. However, at
18 h after exposure, both lung inflammation and pulmonary
function were significantly affected. Conversely, at both 4 h
and 18 h,DEP caused systemic inflammation characterized by
leukocytosis, increased IL-6 concentration, and reduced SBP.
DEP reduced platelets number and aggravated pial arteriole
thrombosis. The addition of DEP (0.1–1𝜇g/mL) to untreated
blood induced platelet aggregation.The cardiovascular effects
observed at 4 h after DEP exposure did not appear to result
from pulmonary inflammation but possibly from the blood
translocation of DEP and/or their associated components
[41]. However, at 18 h, DEP-induced significant changes in
pulmonary and cardiovascular functions and caused lung
inflammation. Pretreatment with thymoquinone effectively
prevented DEP-induced cardiorespiratory toxicity [41].

It has been reported that TNF𝛼 is a strong agonist for
plasminogen activator inhibitor 1 (PAI-1) expression and has
been found to play an important role in PAI-1 regulation in a
variety of diseases. In amouse endotoxemiamodel, TNF𝛼has

been found to contribute to the lipopolysaccharide-induced
PAI-1 expression [114]. Budinger et al. [115] demonstrated
that ambient PM-induced upregulation of PAI-1 disappeared
upon treatment of mice with a TNF𝛼 inhibitor [115]. In line
with the later findings, it has been recently demonstrated
that repeated exposure to DEP-induced airway inflammation
and hyper-reactivity, systemic inflammation, increased SBP,
and accelerated coagulation. TNF𝛼 productionwas increased
both in BAL and plasma. Pretreatment with curcumin sig-
nificantly inhibited the release of TNF𝛼 and prevented the
respiratory and cardiovascular effects of DEP [116].

An important aspect of the epidemiological associations
between air pollution and eithermorbidity ormortality is that
the acute adverse effects appear to be most marked in people
with preexisting compromised cardiovascular function, such
as hypertension or diabetes [89]. To give credibility for
these observations, several experimental studies have been
designed to test whether and to what extent the effects of par-
ticulate air pollution are aggravated, using an animal model
of angiotensin II-induced hypertension. Indeed, exposure
particulate matter with diameter ≤2.5 𝜇m (PM

2.5
) was found

to potentiate angiotensin II-induced hypertension [117, 118].
In addition, PM

2.5
increased angiotensin II-induced cardiac

hypertrophy, collagen deposition, and cardiac and vascular
RhoA activation, suggesting that cardiovascular health effects
are indeed the results of particulate air pollution exposure
[118]. Evidence for exacerbation of thrombotic but not res-
piratory events was also reported in angiotensin II-induced
hypertension in mice [119, 120]. With respect to diabetes
mellitus, it has been shown that DEP equally increased
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airway resistance and caused infiltration of inflammatory
cells in the lung of both diabetic and nondiabetic mice.
However, the occurrence of oxidative stress, the presence
of lung apoptotic cells, and the increase of total proteins,
albumin and TNF𝛼 in BAL fluid were only seen in DEP-
exposed diabetic mice suggesting an increased respiratory
susceptibility to particulate air pollution [121]. Moreover, the
same research grouphas shown that systemic and coagulation
events are aggravated by diabetes in mice acutely exposed to
DEP [122]. These authors stated that they may be relevant to
the exacerbation of cardiovascular morbidity accompanying
particulate air pollution in diabetic patients.

Novel evidence that pulmonary deposition ofDEP poten-
tiates the renal, systemic, and pulmonary effects of cisplatin-
induced acute renal failure (ARF) has been recently reported
byNemmar and colleagues [123].These findings highlight the
importance of environmental factors such as particulate air
pollution in aggravating ARF.

Several studies have showed that nanoparticles, owing
to their small size, could avoid normal phagocytic defenses
in the respiratory system and gain access to the systemic
circulation and therefore to different extrapulmonary sites
[83, 84, 90–93, 103, 123]. To specifically determine the effect
of translocated particles, it has been recently demonstrated in
both normotensive and spontaneously hypertensive rats that
24 h following their systemic administration, DEP affected
blood pressure and caused pulmonary inflammation assessed
by BAL [124, 125]. In a subsequent study in rats, it has been
reported that i.v. administration of DEP (0.02mg/kg) caused
acute systemic effects mainly at 6 h and 18 h but not at 48 h or
168 h following particle exposure. While DEPs were found in
lungs, heart, liver and kidneys, the histopathological changes
were only seen in the lung. This implies that, at the dose
and time-points investigated, DEP can cause inflammation in
the lungs but not in other organs, suggesting that pulmonary
tissue is the predominant site for inflammation based on the
mode of delivery of DEP in this study [126]. Furthermore,
it has been shown that ultrafine TiO

2
induces acute lung

inflammation after i.p. administration and exhibits additive
or synergistic effects with LPS, at least partly, via activation
of oxidant-dependent inflammatory signaling and the NF-
kappaB pathway, leading to increased production of proin-
flammatory mediators [127]. Geys et al. [128] have investi-
gated the toxicity of quantum dots which have numerous
possible applications for in vivo imaging. QDs causedmarked
vascular thrombosis in the pulmonary circulation, especially
with carboxyl QDs. QDs were mainly found in lung, liver,
and blood.Thrombotic complications were abolished, and P-
selectin was not affected by pretreatment of the animals with
heparin.

3.2.3. Subacute and Chronic Effect. Akinaga and coworkers
[129] reported a study in which mice were continuously
exposed, since birth, in two open-top chambers (filtered
and nonfiltered for airborne particles ≤0.3 𝜇m) placed 20m
from a street with heavy traffic in downtown Sao Paulo,
24 h per day for 4 months. They found that air pollution
inducedmild but significant vascular structural alterations in

normal individuals, presented as coronary arteriolar fibrosis
and elastosis.

PM has been shown to cause significant decreasing
patterns of heart rate, body temperature, and physical activity
in mice lacking apolipoprotein (ApoE−/−) over 5 months
of exposure to concentrated ambient PM, with smaller and
nonsignificant change for C57 mice [130].

Sun and coworkers demonstrated that ApoE−/− mice
exposed to concentrated regional northeastern PM

2.5
for 6

months (6 h/day for 5 day/week) in conjunction with high-
fat chow potentiated plaque developmentmarkedly increased
vascular inflammation (CD68+ macrophage infiltration and
inflammatory nitric oxide synthase (iNOS) expression) and
vessel wall markers of oxidative stress [131]. Plaque pro-
gression was accompanied by alterations in vasomotor
tone, including decreased endothelial-dependent vasodila-
tory function and heightened vasoconstriction to adrenergic
stimuli. The same research group confirmed their findings
by another set of experiments which was performed using
an identical protocol of exposure but involving an apoE−/−

model and a double-knockout (DK) model of ApoE−/−
and low-density lipoprotein (LDL) receptor deficient mice
(DK mice) to concentrated ambient PM

2.5
for 6 h a day

for 5 days/week for up to 5 months. Although quantita-
tive measurements showed that PM

2.5
exposure increased

atherosclerotic lesions in the apoE−/− mice, changes pro-
duced by PM

2.5
in DK mice were not statistically signif-

icant [132]. In subsequent set of experiments, it has been
shown that chronic ambient exposure to PM

2.5
increased

tissue factor expression in macrophages and smooth muscle
cells in atherosclerosis [133]. They also reported specific
recruitment ofmonocytes intomicrocirculatory tissue niches
(i.e., adipocytes) in response to long-term PM

2.5
exposure

[134]. These experiments suggest a key role for PM
2.5

in the activation and mobilization of innate immune cell
populations.

Long-term cardiovascular effects of inhaled nickel
hydroxide NPs (nano-NH) in hyperlipidemic, ApoE−/− mice
were investigated by Kang and coworkers [135]. Mice were
exposed to nano-NH at either 0 or 79𝜇g Ni/m3, via a whole-
body inhalation system, for 5 h/day, 5 days/week, for either
1 week or 5 months. Inhaled nano-NH induced significant
oxidative stress and inflammation in the pulmonary and
extrapulmonary organs, indicated by upregulated mRNA
levels of antioxidant enzyme and inflammatory cytokine
genes; increased mitochondrial DNA damage in the aorta;
significant signs of inflammation in BAL fluid; changes in
lung histopathology; and induction of acute-phase response.
In addition, after 5-month exposures, nano-NH exacerbated
the progression of atherosclerosis in ApoE−/− mice [135].

Emmerechts and coworkers have investigated how
continuous traffic-related air pollution exposure affects
haemostasis parameters in young and old mice. Young (10
weeks) and old (20 months) mice were placed in an urban
roadside tunnel or in a clean environment for 25 or 26 days.
They found in old mice that subchronic exposure to polluted
air raised platelet numbers, von Willebrand factor, soluble
P-selectin, and microvesicles, collectively substantiating



10 BioMed Research International

a further elevation of thrombogenicity, already high at old
age [136].

There is a potential for neurodegenerative consequence
of particle entry to the brain. Histological evidence of
neurodegeneration has been reported in both canine and
human brains exposed to high ambient PM levels, suggesting
the potential for neurotoxic consequences of PM entry [137,
138]. PM-mediated damage may be caused by the oxidative
stress pathway which can enhance the susceptibility for
neurodegenerative diseases. The relationship between PM
exposure and central nervous system degeneration can also
be detected under controlled experimental conditions [137,
138]. Morphometric analysis of the central nervous system of
ApoE−/− mice exposed to concentrated ambient air pollution
showed that the brain is a critical target for particulate
air pollution exposure and implicated oxidative stress as
affecting factor that links PM exposure and susceptibility to
neurodegeneration [137, 138]. Further experimental studies
are needed to clarify the effect and mechanisms underlying
the neurotoxicity of particulate air pollution.

4. In Vitro Studies

In vivo models give a good insight of the toxic effects
of particles, and considering the multiple interactions of
different cell types in the lung, the complex responses are
well documented, but the cellular mechanisms related to the
specific responses become very difficult to clarify. In this
regard, the in vitromodels are used as a main tool to evaluate
the cellular mechanisms related to the exposure to particles.

There are several approaches to evaluate the toxic effects
of particles on cells that have been suggested or pointed
as targets of PM and NP. Single cell cultures, cocultures,
multiple cocultures, exposure under submerged conditions,
and exposure under air-liquid interface are among the main
strategies. We are discussing some of the most significant
advances on the evaluation of PM in vitro toxicology. In
Table 2, we summarize the most relevant in vitro evidence
supporting the observed in vivo effects.

4.1. Particle Properties Linked to Primary Cell Interaction. In
the lung, the particles may interact with the lung lining fluid
and the epithelial cells. In addition the particles may be taken
up by macrophages and other immune cells by phagocytosis
or pinocytosis. The interaction of particles with the cellular
plasma membrane and its receptors and ion channels may
directly trigger a biological response. The important DEP-
induced reactions often start from constituents leaking from
the particles including metals and various PAHs, including
derivatives like nitro-PAHs and various oxo-PAH (quinones).
The relative position of such components on the particle is
most likely of importance since just adding back extracted
components may result in less effects than the native particle
exerts [139]. Furthermore, the combination of particle con-
stituents like endotoxins and chemicals in organic fraction
may elicit more than additive cytokine response effects [15].
On the other hand, with regard to genotoxic effect, the

Table 2: In vitro evidence that supports and provides plausible
mechanisms for the in vivo observed effects induced by PM and NP.

In vitro evidence supporting the observed in vivo effects
In vivo observed effect In vitro evidence

Oxidative stress ROS increases via NADPH-oxidase
in lung epithelial cell exposed to PM.

Local and systemic
inflammation

Secretion of IL-1b, IL-6, IL-8, TNFa,
MCP-1, and so forth, by lung cells,
macrophages, and cocultures.

Hyperplasia Proliferative stimuli induced by
extracts of DEP components.

COPD Increased cytotoxicity on exposed
cell cultures.

Systemic and endothelial
dysfunction

Endothelial cell activation by direct
contact with particles or indirectly
induced in cocultures where
pneumocytes, macrophages,
and other cell are exposed.

Particle translocation

Changes in the TEER values related
to tight junctions
Macrophage-dendritic
transepithelial cells network
alterations in the GJIC.

response will be higher in the extracts as more of the
carcinogenic PAH will be available to the cells [140, 141].

Although particle uptake in epithelial cells has also been
reported to occur [142], most biological responses triggered
by particles in these cells do not seem to depend on particle
uptake [143]. Particles as such have been reported to trigger
biological effects via acellular reactive oxygen species (ROS)
formation. However, DEP-induced immune responses in
A549 cells were reported to depend on activation of cellular
ROS-formation via the NADPH oxidase [144]. Furthermore,
emerging evidence suggests that particle constituents are
able to bind to or otherwise activate various membrane
and cytosolic receptors. Obviously, both AhR-ligand binding
as well as reactive electrophilic PAH metabolites covalently
binding to DNA are caused by chemical constituents released
from the particle [143, 145].

4.2. In Vitro Studies with Implications to Various PM-Induced
Cardiovascular Effects and Various Lung Diseases Including
Cancer. As we have seen in previous sections, damage of the
lung epithelial lining may have important implications with
regard to pathogen diseases, asthma, and allergy. Direct or
indirect induced chronic inflammation is also considered to
be central element in various cardiovascular diseases, COPD,
and a likely part of cancer development.

Regarding the latter, there is growing evidence suggesting
that air pollution exposure increases risk of lung cancer
[146, 147]. The components generally considered being of
most interest for such effects are particles in the ultrafine
(PM
0.1
) and fine fraction (PM

2.5
) including DEP and wood

smoke particles (WSP) [148]. However, more recent in vitro
evidence indicates that also the larger PM

10
particles might

play a role in cancer development through mechanisms
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such as damage to the lung epithelial cells, disruption of
tight junction and gap junction, effects of cell proliferation
including cytotoxicity, release of inflammatorymediators like
chemokines and cytokines, changes in gene expression via
receptor binding, and various forms of cellular DNA damage,
including epigenetic changes. It is also possible to study
in vitro effects of particle exposure on the later stages of
cancer development like chromosomal instability and cell
migration, which are important parts of tumor promotion
andmetastasis.However, we are not aware of that such studies
have been published.

4.2.1. Tight Junction. Tight junctions between the epithelial
cells represent an important barrier for the body protecting
the rest of tissue and organs from exposure to various
pathogenic intruders like virus, bacteria, fungi, air pollution
PM, and various particle-bound allergens. Exposure to such
components can result in infections and allergic/asthmatic
reactions. If combined with PM exposure, the end result
may be more chronic inflammatory reactions, which is
considered to be an important part of many pulmonary
diseases including COPD and cancer development. Geys and
coworkers showed that the transepithelial electrical resistance
(TEER) is linked to the tight junctions and the correlation
between the TEER value and the translocation of particles
through cellular monolayers [149]. Using an in vitro triple cell
culturemodel consisting of human epithelial cells (16HBE14),
monocyte-derived macrophages and dendritic cells, it was
recently demonstrated that macrophages, and dendritic cells
create a transepithelial network between epithelial cells to
capture antigens without disrupting the epithelial tightness
[150]. Using a similar model, Lehmann and coworkers [151]
observed that a high concentration of DEP (NIST 2975,
125 𝜇g/mL) canmodulate the tight junction occludingmRNA
in the cells of the epithelial defense system. In this connection,
it is also interesting to note that NIST 2975 DEPs have been
reported to increase the release of metalloproteinase MMP-
1 from human lung epithelial cells (A549 and NCI-H292).
MMP-1 is involved in the degradation of collagen and can
thus damage the lung epithelial barrier [144]. These findings
suggest that DEP can contribute to structural changes in the
epithelial liningwith inflammatory and possible carcinogenic
implications.

4.2.2. Gap Junction Intercellular Communication (GJIC).
GJIC is one way of intercellular exchange of low molecular
weightmolecules between adjacent cells. Chemically induced
alterations in this type of communication have been found to
result in abnormal cell growth and behavior and is considered
to be an interesting assay for in vitro studies of chemicals
that may act as tumor promoters [152]. Bay/bay-like regions
of PAH have been reported to be potent inhibitors of GJIC
[153]. Interestingly several high molecular weight PAHs with
known strong carcinogenic properties possessed only weak
(dibenzopyrenes) or no inhibition potency (dibenzofluoran-
thenes, naphtho[2,3-a]pyrene, and benzo[a]perylene) [154].
Furthermore, the PAH-induced inhibition of GJIC occurs
in the absence of PAH metabolism and aryl hydrocarbon

receptor (AhR) binding [155]. More probably, unmetabolized
PAH changes GJIC through direct interaction with unknown
factor(s) in the cellular membrane. In line with this, DEP has
been reported to inhibit GJIC [156–158].TheGJIC-effects of a
fractionatedDEP extract were found to be due to components
in the polar fraction, while the less polar nitro-PAH fraction
showed the strongest mutagenic potential (Ames test) [158].

4.2.3. Cell Proliferation and Cytotoxicity. Measuring cellular
proliferation and cytotoxicity has been used as one of the
primary toxicity tests for particulate matter [15, 16, 159].
With relatively simplemethods, differences in the intensity of
cytotoxicity have been demonstrated. Equal masses of urban
PM collected in different cities, or within a large city, asso-
ciated with different sources presented differences in cellular
proliferation and cytotoxicity [16, 17]. These results were of
main interest to evaluate the role of different components
of the toxic effects of particles and therefore identifying
components such as endotoxin, organic carbon, and some
elements, as the components associated to the cytotoxicity
[14, 16, 17].

Increased cytotoxicity is often followed by proliferative
stimuli considered to be of great importance for both fix-
ation of the primarily DNA lesion as well as for tumor
promotion phase. A number of compounds in DEP are
cytotoxic; other compounds are known to be DNA dam-
aged thus resulting in G1-arrest and/or accumulation in S-
phase due to reduced DNA synthesis [160, 161]. However,
DEPs also include compounds which may affect cell pro-
liferation in other ways. Two nitrophenols isolated from
DEP 3-methyl-4-nitrophenol (4-nitro-m-cresol, PNMC) and
4-nitro-3-phenylphenol (PNMPP) have been reported to
have estrogenic and antiandrogenic activities. Most inter-
estingly, proliferation of MCF-7 cells was stimulated by
PNMC, PNMPP, and estradiol-17beta and the antiestrogens
4-hydroxytamoxifen and ICI 182,780 inhibited the prolifer-
ation [162]. Crude extract of DEP exhibited both estrogenic
and antiestrogenic activities. Estrogenic activity of crude
extract and some fractions was induced through estrogen-
receptor- (ER-) mediated pathways. In particular, the acid
polar fraction of DEPs, which contains phenols, induced
high levels of estrogenic activity compared to other fractions
[163].

An important part of the known carcinogens found on air
pollution particles is various PAHs. Some of these have also
been reported to have mitogenic potency. More specifically,
weak mitogenic effects have been reported, suggested to
occur via increased Ca2+, activation of epidermal growth fac-
tor receptor (EGFR) and insulin receptor [164–167]. Further-
more, disruptions of contact inhibition via AhR-dependent
induction of JUN-D/cyclin [168] have been observed. This
type of effect obviously would also result in increased cell
proliferation. Most interestingly, it is known for a while that
several of these have so-called “stealth properties” [169–171].
This is a property by which reactive metabolites are able to
covalently bind to the DNA without easily being detected by
the cells defense system.More specifically, some reactive PAH
metabolites bind to DNA without triggering a G1-arrest. An
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increase in p53 seems to be induced but not a p21waf1/cip1-
inhibition of p53 transcriptional activity. Furthermore, some
PAH seems to induce mdm2 which may reduce the p53
activation [172, 173]. AhR-dependent inhibition of E2F1-
dependent apoptosis [174] reduced p53 nuclear translocation,
stimulation of cell survival signals, and inhibition of DNA
damage induced apoptosis have been reported after exposure
to certain PAH [175, 176]. Most importantly, such chemicals
would change the balance between cell death and cell survival
and cell proliferation following a DNA damaging event.
If not compensated with increased DNA repair, the end
result would necessarily be increased formation of mutation.
Furthermore, reactivemetabolites that react to a larger degree
with DNA than other macromolecules in the cells will have a
higher mutagenic potential [177, 178]. In line with this, it has
recently been reported that several environmental pollutants
including the carcinogenic PAH benzo[a]pyrene may change
plasma membrane characteristics, thereby altering cell phys-
iology and the balance between life or death of a cell [179].

4.2.4. Inflammatory Mediators. Several cytokines have been
found to function as proliferation and/or survival factors,
for example, IL-6, IL-8, and IL-1𝛽 [180] and which may
have implications for several lung diseases including cancer
development. Thus, a number of studies in vitro have elu-
cidated the inflammatory potential of various air pollution
particles [181]. In studies with BEAS-2B bronchial epithelial
lung cells DEP from a pre year 2000 engine increased the
release of chemokines such as IL-8 [182]; whereas EURO-4
DEP-induced typically IL-6 and IL-8, but also to a certain
degree CCL5, CXCL10, and IL1𝛽 [139]. Increased CCL5
(RANTES) after DEP exposure (pre year 2000 engine) has
also been reported by Hashimoto et al. [183]. Often the
induced expression and release of pro-IL-1𝛽 found to be
due to a combination of endotoxins and other particle
components [184]. In general, oxidative stress is considered
an important mechanism of particle-induced toxicity and
inflammation [181] in addition to other pathways of particle
effects. Direct ROS-formation by DEP may arise from enzy-
matic metabolism of organic compounds such as PAHs or
directly [185, 186]. Possible mechanisms also include a direct
activation of the membrane bound NADPH oxidase enzyme,
inducing the formation of ROS near the plasma membrane
[187]. A correlation between NADPH oxidase activation and
proinflammatory response has been reported using both in
vitro and in vivo systems exposed to air particles [188]. As
seen typically in studies of air pollution collected from cities,
there seems to be large seasonal differences in PM

10
and

PM
2.5

both with regard to chemical composition and their
biological effects as measured as proinflammatory cytokine
release and cytotoxicity [184]. The summer PM

10
exhibited

a higher proinflammatory potential, partly due to biological
components such as LPS as also previously reported by others
[189, 190]. Typically induced cytokines reported include IL-
6, IL-8, and IL-1𝛽. However, it should be emphasized that
no simple mechanism exists that explains all cellular effects,
and in some cases contradictory results have been observed
for IL-6 and IL-8 [191]. Furthermore, oxidative stress alone

seems to be insufficient to induce proinflammatory responses
in lung cells, pointing also to other mechanisms [192, 193].
Moreover, the mechanisms of particle-induced toxicity are
likely to change with increasing concentrations.

Of particular interest, recent studies show that DEP may
induce Ca2+ influx through proteinase-activated receptor-2
(PAR-2) mediated activation of TRPV4 channels in human
bronchial epithelial cells. This effect is probably linked
to IL-8 responses in bronchial epithelial cells induced by
multiple compounds found in ambient air [194]. Studies
also suggest that DEP exposure activates EGFR signaling
[194]. The activation of EGFR signaling through cleavage
and release of membrane bound transforming growth factor
(TGF-𝛼) by the metalloproteinase TNF𝛼 converting enzyme
(TACE or ADAM17) seems to be a universal mechanisms
of IL-8 regulation in airway epithelial cells by multiple
endogenous and exogenous compounds, including DEP and
various air pollution components [194]. It is also possible
the particle/DEP-linked formation of reactive metabolites
more directly could interfere with various cell signaling
pathways or effect organelles, thereby initiating inflammatory
reactions.

The vascular endothelium plays a central role in the
inflammatory process and cytokine production, and various
cellular signaling pathways trigger this response. Considering
the evidence that particulate matter can translocate from the
lungs within few minutes after exposure [85], the inflamma-
tory signal could reach the vascular endothelium by direct
exposure to particles. In this regard, several studies have
shown that PM and NP induce endothelial dysfunction after
exposure [16, 195–198]. The expression of early (E-Selectin,
P-Selectin) and late adhesion molecules (ICAM-1, VCAM-
1, PECAM-1) was associated with the presence of endotoxin
[199], the size of the particles [200], and the oxidative stress
induced by the particles and nanoparticles [201, 202]. Despite
the evidence provided by these studies, there is no certainty
of the amount of particles that can translocate, and there-
fore, the experimental conditions of exposure are always of
concern.

In vivo, the epithelial cells ormacrophages, or any cell that
is interacting with a particle, have an interaction with other
cell types, and those interactions may exacerbate or inhibit
the inflammatory response.Therefore, the single cell cultures
have the limitation of not evaluating those interactions.
Cocultures of two or more cell types may help to improve
the in vitro studies. A study using multiple cell cocultures
of human lung epithelial cells, macrophages, mast cells, and
endothelial cells demonstrated that when cocultures were
exposed, a stronger cytokine production was observed in
comparison to the responses obtained on single culture [203].
These types of models help to evaluate if the first contact of
PM orNPwith relevant cells is enough to induce an endothe-
lial activation that may lead to systemic effects. In this regard,
a modification of the model described by Alfaro-Moreno et
al., using a coculture where the endothelial cells and epithelial
cells are seeded on both sides of a membrane, demonstrated
that by exposing the epithelial cells, an activation of the
endothelial cells was evident within 24 h of exposure [204].
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It is interesting to note that inflammatory diseases
like asthma and COPD have been suggested to confer an
increased risk of lung cancer, although this implication may
not be straightforward [199, 200]. The hypothesis is based
on that the release of inflammatory mediators (chemokines
and cytokines) like IL-1𝛽 directly or via increased cyto-
toxicity (release of DAMP molecules) may result in an
increased number of neutrophils/macrophages in the lung.
Thus, several in vivo studies on other chemicals have reported
that the recruitment of such cells will result in increased
release of ROSmolecules that might exacerbate the increased
toxicity and thereby amplify the inflammatory process. Aug-
mented inflammation in a tissue will increase the oxida-
tive/nitrosative stress and lipid peroxidation (LPO), thereby
further generating excess ROS, reactive nitrogen species, and
DNA-reactive aldehydes. Miscoding etheno- and propano-
modified DNA bases are generated interalia by reaction of
DNA with these major LPO products [201]. The resulting
highly cytotoxic environment will also create surroundings
that favor selection of cells with mutations in p53, making
them more resistant to cell death [202]. Additional putative
mechanisms include impaired or imbalanced DNA repair
pathways. In this way, persistent oxidative/nitrosative stress
and excess LPO are induced by inflammatory processes in
a self-perpetuating process and cause progressive accumula-
tion ofDNAdamage in target organs including the lung [201].

However, the role of particle-induced inflammation in
lung cancer development is very complex. During the latest
years, it is becoming increasingly clear that cytokines and
chemokines can have a profound role in not only progression,
but also rejection of tumors [205].

4.2.5. Changes in Gene Expression via Receptor Binding. Cer-
tain changes in phenotypes might give increased probability
to development into cancer cells. Regarding exposure to
urban air particles, it is well known that some of these like
DEP and wood initiate various AhR responses [145, 161,
206]. This is explained by the fact that potent AhR ligands
such as PAH and dioxins are released from the particles.
The activation of the AhR results in increased metabolism
of xenobiotics, and changes in the balance between several
metabolic and detoxification pathways are often seen [177].
These types of changes may have important implications for
the cells, as more or less reactive metabolites are central for
cancer initiation, promotion and for inflammatory reactions.
Furthermore, this receptor has also very important physi-
ological functions that extend beyond specific metabolism
of xenobiotic, including effects on proliferation, contact
inhibition and migration, and immune regulation [145]. All
these process may have important implication for cancer
development.

4.2.6. Epigenetic Changes. Gene transcription is activated
when specific CpG sites are demethylated and histones are
acetylated, and, conversely, silenced when sites are methy-
lated and histones deacetylated. Furthermore, in addition to
oncogenes, tumor suppressors and miRNAs are the major
regulators of signaling in the cancer phenotype [207, 208].

Thus, possible implications of air pollution particle-induced
epigenetic changes should clearly be explored in vitro systems
as these endpointsmay become important biological markers
for epidemiological studies in the future.

4.2.7. Genotoxicity. It is well documented that different types
of particles, their extracts as well as single components
attached have genotoxic effects in human and animal studies
in vivo [209] as well as in vitro. After exposure of cells
in culture to different types of PM, several studies have
shown that cells may be arrested in various parts of the
cell cycle [160, 161, 210, 211]. Most often, such effects have
been linked to DNA damage. Various forms of DNA dam-
age have been reported after exposure to PM. The DNA
damage includes DNA single-strand breaks, alkali-labile
single-strand DNA breaks, and various forms of oxidative
DNA damage including oxidized guanines measured as 8-
oxo-7,8-dihydroguanine (8-oxoGua) and lesions detected as
formamidopyrimidine DNA glycosylase (fpg) sites by the
comet assay [161, 205]. Often this type of damage is associated
with the formation ofmicronuclei and chromosomal damage.
In line with this, positive effects of DEP on chromosome
aberration and sister chromatid exchange have been reported
in V79 cells without any additional activation system added
[212]. The organic extract of PM

2.5
was reported to generate

DNA breakage and micronucleus formation using BEAS-
2B cells as a model system. Testing of various fractions in
comet assay with fpg in this system suggested a possible
role of ROS and that aliphatic/chlorinated hydrocarbons,
PAH/alkylderivatives, and nitro-PAH/ketones/quinonesmay
be important causative agents of the genotoxic effects [213].
Furthermore, it should be noted thatDEP-extractable organic
matter (EOM) has been reported to have a substantial higher
capacity than the individual classic carcinogenic PAH with
regard to induce oxidative damage to DNA in HepG2 cells
[214].

While many reports focus on DNA breaks and/or
oxidative-DNA damage with regard to cancer development
[209], others link the PM-induced genotoxic and carcino-
genic effect to the “classic” carcinogenic PAH giving rise
to DNA adducts, often analysed by the 32P postlabelling
study [214]. Such PAH needs to be metabolically activated
to reactive, electrophilic metabolites that covalently bind to
DNA. Both acellular as well as various cells in vitro are
used. The adduct levels formed are linked to PAH levels
in extracts, fractionated extracts, or single PAH compound
tested separately [214]. The results from such studies indicate
that most DNA adducts detected in cells incubated with
extractable organic matter (EOM) from ambient air have
their origin in the low concentrations of carcinogenic PAH
representing a very low part of EOM total mass (0.03–
0.17%; [199]). In general, the bulky DNA adducts are more
often associated with high potency to form gene mutations,
considered to be of particular important for the initiation
phase of cancer development.

An important point in evaluating genotoxic potential is
the use of a metabolic activation system with sufficient ability
and capacity to activate these carcinogenic PAHs. Certain
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types of lung epithelial cells (e.g., Clara and type II) in vivo
have a relatively high level of CYP enzymes due to exposure
to AhR ligands (various PAH, dioxins) linked to ambient
air particles. Accordingly, several publications have shown
DNA adducts, DNA breaks and oxidative DNA damage(s)
after exposure to ambient particles [215–218]. Thus, lung
epithelial cells will in the in vivo situation have a clear capacity
to activate various carcinogenic compounds including PAH.
However, in contrast, the various lung epithelial cell lines as
well as primary lung cells from laboratory animals used in
vitro have amuch lower capacity to activate such compounds.
Such cells are thus, not always, the best choice to use
when testing for genotoxic effects of various ambient air
particle types. Interestingly, some liver-derived cell lines seem
to have a more interesting capacity to metabolic activated
PAH somewhat more similar to human in vivo situation;
although metabolic enzyme profile in liver will be different
compared to lung. Such models have nevertheless been
suggested to represent better in vitromodels for investigating
the genotoxic potential of complex mixtures containing PAH
[214, 219]. Another important aspect is to use a test system
that can detect the primary DNA damage of importance.
This could include technique such as the 32P postlabeling
technique to detect the larger and bulky DNA adducts. In
order to detect and evaluate DNA damaging constituents
which causes smaller DNA adduct/and other DNA lesions,
the comet assay with or without addition of fpg is a good
supplement [220].

Although not presently in use, it is possible to test the
capacity of particles and their extracts to transform epithelial
cells in vitro, representing a test of both “initiating” as well
as tumor “promoting” properties. In a transformation assay
using BALB/c 3T3 cells, DEPs have reported to cause mor-
phological transformation [212]. Similarly, it was reported
that DEP and two related compounds, 1-nitropyrene (1-NP)
and dibenzo(a,i)pyrene (DBP), are capable of transforming
rat tracheal epithelial cells [221]. Various coculture systems
also add important information to the problem of a “relevant
metabolic activationmodel” when testing genotoxic effects of
PM in vitro. In a recent study, results supporting the notion
that highly reactive benzo[a]pyrene (B[a]P) derived metabo-
lites produced within human alveolar macrophage could be
transferred to a secondary target epithelial cell line were
presented [222]. Such findings have in addition important
in vivo implications when explaining possible mechanisms
involved in ambient air induced lung cancer. By using DNA
repair capacity in vitromany important aspects of the role of
DNA repair in maintaining genetic stability and preventing
carcinogenesis can be elucidated [223]. Furthermore, studies
and analyses of polymorphisms ofDNA repair genes involved
in nucleotide excision repair (NER) may turn out to be
useful biomarkers to identify individuals susceptible to DNA
damage resulting from ambient air exposure [224]. Also
the level of proteins involved in the DNA response like
gamma-H2AX, p53, and p21 (WAF1) protein levels has been
analyzed and linked to PM-induced genotoxic and cytotoxic
effects [161, 225]. Most interestingly, it has been reported that
ambient air PM greatly inhibits nucleotide excision repair

(NER) for ultraviolet (UV) light and benzo[a]pyrene diol
epoxide (BPDE) induced DNA damage in human lung cells.
PM increased both spontaneous and UV-induced mutage-
nesis, suggesting that the carcinogenicity of PM may act
through its combined effect on suppression of DNA repair
and enhancement of DNA replication errors [226].

5. Conclusions

Urban air pollution consists of an extremely complexmixture
of gaseous and particulate agents. The majority of published
studies concur to the statement thatwhilst gaseous pollutants,
such as ozone or SO

2
, play a significant role, the unifying

element of the adverse health effects of urban air pollution
consists of respirable PM [1, 88]. Many studies using animal
models have been performed to elucidate PM effects in
different organs, in relation to different diseases.With respect
to acute effects, most studies have focused on inflamma-
tory responses, and relatively few studies have included
more disease-specific responses, perhaps with the exception
of studies on allergy-related responses. In contrast more
studies on chronic effects have elucidated disease-related
processes, such as DNA damage, lung parenchyma destruc-
tion, increased plaque volume in arteries, lung fibrosis, or
granuloma formation. An increased focus on more direct
disease-related parameters in models that closely resemble
the human disease pattern would improve the usefulness of
the in vivomodels.

Since the in vitro models prove themselves to be most
useful to study mechanistic responses, such as initiation
events of inflammatory effects or genotoxicity, it would be
of interest for the interpretation of results if the in vivo
studies could also to a greater extent cover mechanistic
effects, to discover a possible coherence of results with the
in vitro studies. Whereas the relationship between some in
vitro end points, particularly with respect to genotoxicity
and indicators of cancer development and disease, has been
established; with respect to other end points, this relationship
has not been fully developed. Improved in vitro models that
seek to cover this field need to be further developed.

The in vitro models have proven useful in studying the
importance of a range of particle sizes and components. For
example, evidence suggests that the ultrafine fraction of these
particles shows more toxicity at equal mass concentrations
compared to larger particles, because of their increased
reactivity, surface area, and particle number on a mass basis.
Furthermore, a coherence of certain in vitro cellular effects
and responses in biopsies from human volunteers has been
shown for the exposure to diesel exhaust particles [194, 227].
On the other hand, sometimes very high concentrations used
in in vitro models suggest caution in the interpretation of in
vitro results and again points to the development of more
sensitive models.

Nanotechnology develops products with highly different
physical and chemical properties, and they are also used in
a variety of areas such as diagnosis, imaging, drug delivery,
information, and communication technologies, and their
extensive use in the consumer and industrial products is just
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beginning to emerge [87]. Thus, in order to cope with such a
variation of type of material and use, structure activity and in
vitro studies will be of help [87].

The increased risk of respiratory and cardiovascular
diseases requires additional toxicological studies to be per-
formed and specific measures to be taken for environmental
PM and newly developed engineered NP.
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Diesel exhaust and its particles (DEP) have been under scrutiny for health effects in humans. In the development of these effects
inflammation is regarded as a key process. Overall, in vitro studies report similar DEP-induced changes inmarkers of inflammation,
including cytokines and chemokines, as studies in vivo. In vitro studies suggest that soluble extracts of DEP have the greatest impact
on the expression and release of proinflammatory markers. Main DEP mediators of effects have still not been identified and are
difficult to find, as fuel and engine technology developments lead to continuously altered characteristics of emissions. Involved
mechanisms remain somewhat unclear. DEP extracts appear to comprise components that are able to activate various membrane
and cytosolic receptors.Through interactions with receptors, ion channels, and phosphorylation enzymes, molecules in the particle
extract will trigger various cell signaling pathways that may lead to the release of inflammatory markers directly or indirectly by
causing cell death. In vitro studies represent a fast and convenient systemwhichmay have implications for technology development.
Furthermore, knowledge regarding how particles elicit their effects may contribute to understanding of DEP-induced health effects
in vivo, with possible implications for identifying susceptible groups of people and effect biomarkers.

1. Introduction

Living close to heavily trafficked roads has been associated
with adverse effects on people’s health, including increased
mortality and morbidity from cardiopulmonary causes [1].
Though the proximity to dense traffic includes exposure to
noise and gasses, which may adversely affect health [1, 2],
emissions of particle matter (PM) from traffic are estimated
to have a major adverse impact on health [1, 3]. Notably,
exposure to PM has been associated with adverse effects
on the pulmonary as well as cardiovascular system [4, 5].
PM from traffic comprises road dust, vehicle particles, and
exhaust particles, which have all been linked to adverse
health outcomes [1]. However, most publications focus on the
exhaust particles.

Traditionally diesel engines have mostly been used in
heavy duty vehicles. However, according to statistics from the
European automobile manufacturers’ association (ACEA),
there has been a large increase in the percentage of newly
registered diesel passenger cars in Western Europe, from
13.8% in 1990 to 50.6% in 2010. This is an intended increase

as a means to cut CO
2
emissions from transport. However,

diesel-fuelled vehicles with pre-EURO 5 technologies or the
equivalent US standard are known for their higher PM
emissions compared to gasoline-fuelled vehicles, and will
dominate the car fleets for several years, considering the
average age of the vehicles in operation. As a result of the
significant contribution of PM emissions from diesel vehicles
for the total concentration of PM in ambient air, extensive
research on effects of diesel engine exhaust (DEE) and diesel
exhaust particles (DEP) has been carried out.

Inflammation is considered a key step in the development
of health effects associated with PM exposure [6–9]. Acti-
vated immune cells including neutrophils and macrophages
will release cytokines, reactive oxygen species (ROS), lipid
mediators, and toxic proteases, which may further amplify
and contribute to any DEP-induced epithelial damage. A
further increased release of pro-inflammatory mediators
from the epithelium and/or induced epithelial cell death may
augment as well as prolong the inflammatory reactions, and
ultimately result in chronic inflammation if the exposure
persists. Furthermore, the increased oxidative stress caused
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by activated immune cells, may also contribute to DEP-
induced DNA damage, and mutations [10]. Notably, chronic
inflammation is also a central part of cancer development [11].
In addition to promoting the development of lung diseases,
airway inflammation may be a cardiovascular risk factor.
Evidence suggests that inflammation in the lung may lead to
systemic inflammation, whichmay increase the susceptibility
to acute cardiovascular disease [12–14].

Cell culturemodels in vitrohave been used to characterize
various toxic effects of DEP including DNA damage, effects
on cell proliferation, release of cytokines and chemokines,
differentiation and/or capacity of immune cells to defend
against infections cytotoxicity (cellular differentiation), and
cytotoxicity. Furthermore, such models have been used
to investigate effects of various types of DEP and DEP-
components, as well as to studymore detailed mechanisms of
effect. Since DEPmay deposit at various places in the airways
[15], different lung epithelial cells as well as immune cells and
combinations have been used.

Many factors influence the chemical and physical prop-
erties of collected DEP; among them are engine technol-
ogy, fuel, load, temperature and filtration devices. Thus, a
range of different DEP samples with varying composition
have been studied. Some studies have also investigated the
effect of engine and fuel interventions (Table 1). This paper
summarises in vitro studies of pro- and anti-inflammatory-
and allergy- linked responses of lung cells after exposure
to different DEP and associated compounds. Focus will be
on mechanisms involved in pro-inflammatory effects. This
knowledge will contribute to the understanding of DEP-
induced health effects in vivo and represent a fast and
convenient system for technology development.

2. Expression and Release of
Cytokines and Chemokines

Inflammatory reactions in vivo involve the production and
release of a range of signalling molecules such as cytok-
ines, chemokines, and leukotrienes/prostaglandins and adhe-
sion molecules. These molecules operate in a complex net-
work between epithelial cells and immune cells includ-
ing macrophages, neutrophils, eosinophils, dendritic cells,
and Th-cells [6, 44]. Depending on the cytokines and/or
chemokines released, different classes of immune cells will
be recruited and affect the outcome of the inflamma-
tory response. In mild to moderate allergic asthma related
responses eosinophils are the predominant inflammatory
cells, whereas episodes of acute exacerbation of asthma tend
to be driven by neutrophilic inflammation [45]. Neutrophils
are also believed to be the more important for the devel-
opment of chronic obstructive pulmonary disease (COPD),
because of their ability to release elastase which mediates tis-
sue destruction [46]. Eosinophils express CCR3-chemokine
receptors and are primarily activated and recruited by
chemokines CCL-chemokines such as CCL5/-7/-11/-16/-24
and -26, whereas neutrophils express CXCR1 and -2 receptors
and are primarily activated by CXCL-chemokines including
CXCL1-3 and -5-8 [47]. Similarly, other classes of immune

cells such as dendritic cells, basophils, B-cells, and various
T cells express relatively specific sets of chemokine receptors
allowing for targeted activation of different types of immune
responses.

At a cellular level, the onset of pro-inflammatory reac-
tions tends to start by release of early-responding cytokines
such as interleukin (IL)-1𝛼 and-𝛽 and tumor necrosis factor
(TNF)-𝛼. IL-1𝛼/-𝛽 and TNF-𝛼 tend to be expressed as
inactive proforms in resting cells and may be rapidly cleaved
and released without requiring activation of the transcrip-
tional machinery. This enables an immediate response upon
encounters with inhaled pathogens or xenobiotics. IL-1𝛼/-
𝛽 and TNF-𝛼 subsequently regulate the expression of a
variety of secondary cytokines and chemokines, including
IL-6 and CXCL8 (IL-8). However, secondary cytokines may
also be activated more directly by DEP (independently of IL-
1𝛼/-𝛽 and TNF-𝛼) through activation of pro-inflammatory
signalling pathways within the cells.

The release of IL-1𝛽 is tightly controlled, which seems to
requires a dual pathway activation process involving tran-
scriptional activation of the IL-1𝛽 gene leading to formation
of pro-IL-1𝛽 and activation of the NALP3 inflammasome
system.This leads to cleavage of the pro-form and subsequent
release of active IL-1𝛽 [48]. Increased expression of pro-
IL-1𝛽 is often found after exposure to lipopolysaccharide
(LPS), an inflammatory Toll-like receptor (TLR) agonist
from bacterial walls. NAPL3 on the other hand responds
to so-called danger-associated molecular patterns (DAMPs)
released during cellular necrosis, such as uric acid crystals
[49]. However, DAMPs and other NALP3 activators do not
seem to induce formation of pro-IL-1𝛽. Thus priming with
LPS is often required for DAMPs to induce cellular IL-1𝛽
release. Interestingly, in the absence of LPS, an increased
expression of IL-1𝛽 in alveolar epithelial lung cells (A549)
was found in an air-liquid exposure system to freshly gener-
ated DEP [42]. Also, in THP-1 monocytes NIST-2975 DEP
induced an increase in IL-1𝛽 release, independently of the
presence of LPS [20]. In a coculture of BEAS-2B cells and
primary human monocytes, NIST 2975 DEP enhanced the
cytokine release of IL-8 after pre-treatment with LPS. [26].
However, this response does not seem to occur through a
“classic” activation of the NALP3-inflammasome complex.
NIST 2975 DEP is also reported to reduce an IL-1𝛽-induced
IL-8 response in theBEAS-2B andmonocytes co-culture [26].
Furthermore, central elements of the NALP3-inflammasome
did not seem to be needed in responses to DEP in transgenic
mice [50].

TNF-𝛼 is expressed as a membrane bound proform that
is released upon cleavage by the metalloprotease TNF-𝛼
converting enzyme (TACE), also known as ADAM-17 [51].
Thus, DEP may induce pro-inflammatory effects depen-
dent on TACE-mediated TNF-𝛼 cleavage. DEP have been
reported to induce TNF-𝛼 responses in primary monocyte-
derived macrophages, and cytokine responses in endothe-
lial cells exposed to conditioned media from DEP-exposed
macrophages was suppressed by TNF-𝛼-inhibition [52].
Diesel-enriched PM has also been found to induce TNF-𝛼
in monocyte-derived dendritic cells [53]. In contrast, studies
in human and murine alveolar macrophages have reported
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Table 1: Origin of diesel particles used in the different studies, test systems, concentrations and effects on different end-points. The arrows
give a rough indication of the magnitude of effects judged from the results presented (small: ↑; moderate: ↑↑; strong ↑↑↑).

Diesel type Test system Concentrations Endpoints Citation
Heavy duty machine
NIST 1650 Cell-free Not relevant ROS (malondialdehyde) ↑↑ Ball et al. [16]

Heavy duty machine
NIST 1650

Bronchial epithelial cells (16HBE
cell line),
Primary human nasal epithelial
cells

10–30𝜇g/cm2

ROS-formation
(DCF-fluoroscence) ↑↑, CYPIAI
mRNA and EROD-activity ↑↑;
NADPH quinone
oxidodreductase-1 mRNA ↑↑;
translocation of transcription
factor Nrf2 ↑↑

Baulig et al., [17, 18]

Heavy duty machine
NIST 1650

16-HBE (bronchial epithelial
cells) 10𝜇g/cm2

GM-CSF ↑↑, NF𝜅-B activity ↑↑,
CYP1A1 mRNA ↑↑,
Phosphorylation of MAPK Erk
and p38 ↑↑

Bonvallot et al.,
[19]

Heavy duty machine
NIST 1650

THP-1 monocyte and A549
epithelial cell co-culture 10–40𝜇g/cm2 IL-6 ↑; IL-8 ↑; TNF𝛼 Kocbach et al., [20]

Heavy duty machine
NIST 1650 A549 epithelial cells 0.1 to 20 ppm IL-8 ↑; CRP ↑ Patel et al., [21]

Heavy duty machine
NIST 1650

RAWmonocyte/macrophages 5–20𝜇g/mL NO-production ↑↑ Saxena et al., [22]

Heavy duty machine
NIST 1650

BEAS-2B, (bronchial epithelial
cells) ∼4–60 𝜇g/cm2 Increased cytotoxicity Totlandsdal et al.,

[23]
Forklift
NIST 2975 Cell-free, Not relevant ROS (malondialdehyde) ↑ Ball et al. [16]

Forklift
NIST 2975 Primary human epithelial cells 50𝜇g/mL Phosphorylation of Stat3,

EGF-receptor ↑↑ Cao et al., [24]

Forklift
NIST 2975

BEAS-2B Bronchial epithelial
cells 10𝜇g/cm2 STAT3; src; EGFR necessary for

p21 ↑↑; inhibition of proliferation Cao et al., [25]

Forklift
NIST 2975

BEAS-2B Bronchial epithelial
cells + primary monocytes 50𝜇g/mL IL-1 Chaudhuri et al.,

[26]
Forklift
NIST 2975

HEK-293 epidermal cells,
primary mouse neurons 77–770 𝜇g/mL TRPA-1 activation ↑ Deering-Rice et al.,

[27]

Forklift
NIST 2975

16-HBE, monocytes, dendritic
cells, triple co-culture

125 𝜇g/mL (cells
on insert)

Reduction and altered
distribution of occluding, minor
effect in epithelial cells, stronger
in other cell types

Lehmann et al.,
[28]

Forklift
NIST 2975 A549 and NCI-H292 cells 5–10 𝜇g/cm2 MMP-1 Amara et al., [29]

Forklift
NIST 2975 Primary murine tracheal cells 25 𝜇g/cm2

Small effects on LDH, HO-1
Alveolar lung cell line
GSH/GSSG ratio

Manzo et al., [30]

Forklift
NIST 2975

Primary human macrophages
Suspension culture, 100𝜇g/mL

No significant increase in TNF or
IL-8; DEP reduced cytokine
release induced by LPS

Sawyer et al., [31]

Forklift
NIST 2975

BEAS-2B (bronchial epithelial
cells)

Only extracts
tested IL.6 ↑; IL-8 ↑ Swanson et al., [32]

Forklift
NIST 2975

BEAS-2B cells (bronchial
epithelial cells), HAEC cells 10𝜇g/cm2 IL-8 mRNA ↑↑,

N-DEP effect NF𝜅B dependent Tal et al., [33]

NIST, not specified A549 epithelial cells and primary
rat airway epithelial cells 20 𝜇g/cm2 Transepithelial conductance ↑

Occluding ↓
Caraballo et al.,

[34]
C-DEP, EPA diesel
(2005) Primary human epithelial cells 50𝜇g/mL Phosphorylation of Stat3 ↑↑↑ Cao et al., [24]

A-DEP, diesel from
Sagai et al., [35]

BEAS-2B (bronchial epithelial
cells) 10𝜇g/cm2 IL-8 mRNA ↑↑↑ Tal et al., [33]



4 BioMed Research International

Table 1: Continued.

Diesel type Test system Concentrations Endpoints Citation
A-DEP, diesel from
Sagai et al., [35]

BEAS-2B (bronchial epithelial
cells) 5–50 𝜇g/mL HSP70 ↑↑ at 10𝜇g/mL Jung et al., [36]

2.7 L Isuzu diesel;
A-DEP diesel from
Sagai et al., [35]

BEAS-2B (bronchial epithelial
cells) and primary peripheral
airway cells

5 and 25𝜇g/mL IL-8 ↑↑ Kawasaki et al.,
[37]

2.7 L Isuzu diesel;
A-DEP before year
2000

BEAS-2B (bronchial epithelial
cells) 5–100 𝜇g/mL

IL-8 ↑↑,
GM-CSF ↑↑,
Depending on NF𝜅B, reduced by
NAC

Takizawa et al.,
[38, 39]

2.7 L Isuzu diesel;
A-DEP before year
2000

BEAS-2B (bronchial epithelial
cells) 5–100 𝜇g/mL IL-8 ↑↑, RANTES ↑↑; dependent

on p38, reduced by NAC
Hashimoto et al.,

[40]

Deutz unloaded 2.2 L;
EURO 4 (2009)

BEAS-2B (bronchial epithelial
cells) ∼4–60 𝜇g/cm2

IL-6 ↑↑; IL-8 ↑↑;
CYP1A1 ↑↑↑ (at 0.004 𝜇g/cm2);
COX-2 ↑↑↑; p38 ↑ and NF𝜅B ↑

Totlandsdal et al.,
[23]

DEPA (from EPA) Primary murine tracheal cells 5–200 𝜇g/cm2 LDH ↑ at 100𝜇g/cm2

Alveolar lung cell line HO-1 ↑↑ Manzo et al., [30]

1.6 L Volkswagen
diesel; from EPA
(1992)

Primary human bronchial
epithelial cells; human primary
monocytes differentiated to
dendritic cells;

3𝜇g/cm2

Epithelial cells TSLP ↑↑
Dendritic cells
OX40L ↑↑; Bleck et al., [41]

Heavy duty 9.2 L;
DEP freshly generated

A549 epithelial cells, Air-liquid
interface exposure

Low 0.1mg/m3

High 0.8mg/m3
IL-1𝛽 only at one conc of high
NO2, reduced viability Tsukue et al., [42]

2.2 L Honda EURO 4
machine DEP + rape
seed biodiesel (±DPF)

BEAS-2B (bronchial epithelial
cells) ∼6 to 200𝜇g/mL

IL-6
Most effect in 𝜇g/mL
B50 DPF≫ B0DPF > B50 > B0

Gerlofs-Nijland et
al., submitted

2.2 L Honda EURO 4
machine, Golf.
Corolla cars DPF,
diesel biodiesel

Cell-free Not relevant Correlation of DTT consumption
with EC/Water insoluble OC/OC Ka et al., [43]

US 2004 machine
(black smoker)

HEK-293 epidermal cells,
primary mouse neurons 77–770 𝜇g/mL TRPA-1 activation ↑↑ Deering-Rice et al.,

[27]
Soy bean biodiesel
2005

BEAS-2B (bronchial epithelial
cells)

Only extracts
tested

Stronger effects of biodiesel (soy
bean) Swanson et al., [32]

that DEP rather suppress TNF-𝛼 responses [54–56]. To the
best of our knowledge, no effects of DEP or DEP-extracts
on TNF-𝛼 response have been reported from pulmonary
epithelial cells. However, DEP have been found to induce
TNF-𝛼 responses in middle-ear epithelial cells [57], but not
in human keratinocytes [58]. In total, TNF-𝛼-release does not
seem to be a prerequisite forDEP to induce pro-inflammatory
responses in vitro. In line with this, in vivo studies with TNF-
𝛼 knock-out mice suggest that DEP-induced inflammation is
triggered independently of TNF-𝛼 [59].

Many in vitro studies on lung epithelial cells have reported
that DEP induce the release of a number of cytokines and
chemokines that are involved in both innate and/or adaptive
immunity inflammatory responses [60]. Innate immunity
cytokines such as IL-6 and IL-8 have often been included
in investigations of DEP effects. In studies with BEAS-2B
bronchial epithelial lung cells DEP from a pre-year-2000
engine increased the release of chemokines such as IL-8 [33,
38]. In a comparison of different DEP, the older DEPs from
Japan [35] and the NIST 2975 were considerably more potent
than the more recently produced DEP from EPA (Table 1).

However, not all studies report increased IL-8 levels after
DEP exposure, despite increased IL-8 RNA levels [23]. In
a broader analysis on the mRNA level of EURO-4 DEP-
induced cytokines inBEAS-2B cells, Totlandsdal and cowork-
ers observed increased levels of CCL5 (RANTES), CXCL10,
and IL-1𝛽 among others, in addition to high levels of IL-6
and IL-8 [23]. However, only the last two reached statistical
significance. Increased RANTES after DEP-exposure (pre-
year-2000 engine) has also been reported by Hashimoto and
co-workers [40].

Thymic stromal lymphopoietin (TSLP) is an an IL-7-
like cytokine which has received considerable attention as
a possible “master-switch” in allergic disease. TSLP from
epithelial barrier surfaces suppress p40 and induce OX40L
expression by dendritic cells (DCs), which suppress Th1 and
promote Th2 responses, respectively [61]. Exposure to pre-
year-2000 DEP has been shown to induce TSLP release from
human bronchial epithelial cells (BEAS-2B) subsequently
leading to maturation and polarisation of DCs [41]. The
DEP-dependent release of TSLP from the epithelial cells also
caused the DCs to express OX40L ligand and Jagged-1 [62].
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Thus effects of DEP on epithelial lung cells may promote the
induction of Th2 responses, often associated with adaptive
immunity and allergic asthma.The ability ofDEP to stimulate
adaptive immune responses has been corroborated by a study
in transgenic mice [63].

An increase in granulocyte macrophage colony-stim-
ulating factor (GM-CSF), that stimulates monocyte multi-
plication, has also been observed after DEP exposure [17,
38]. DEP-enriched particulate matter sampled in a tunnel
stimulated cytokine release (IL-12, TNF-𝛼, IL-6, and inter-
feron (IFN)-𝛾) from primary monocyte-derived dendritic
cells [53]. This indicates that other cell types can contribute
to a pro-inflammatory pattern of cytokines and chemokines
in concert with macrophages and epithelial cells. Moreover,
conditioned medium from macrophages exposed to DEP
(NIST 2975) stimulated primary human endothelial cells
(HUVEC) to release cytokines and chemokines through a
TNF-𝛼 dependent mechanism, indicating that pulmonary
inflammatory markers may influence systemic cells [52].
Similar observations have also been reported from studies
with carbon black particles [64].

3. Other Inflammation-Related Proteins

In addition to cytokines and chemokines, a variety of other
signalling molecules are involved in the orchestration of
inflammatory responses. ICAM-1 plays a critical role in the
adhesion of inflammatory cells to reach the place of an
inflammatory response. BEAS-2B cells have been shown to
increase expression of this molecule on their surfaces upon
exposure to pre-year-2000 DEP [39].

Epithelial cells can form a tight monolayer that presents
a barrier to prevent the external agents from entering the
circulation. NIST DEP can increase transepithelial electrical
conductance and loosening of the tight junctions, thus
increasing the possibility of leakage of proteins and per-
haps particles to the vascular system [34]. In a triple co-
culture model (bronchial epithelial 16HBe140 cells, mono-
cyte derived macrophages, and dendritic cells) Lehmann
et al. observed that NIST 2975 modulated occludin RNA
levels which may have implications for tight junction func-
tion. However the effect was only observed at the highest
concentration [28]. In this connection, it is interesting to
note that NIST 2975 DEP have been reported to increase
the release of metalloproteinase MMP-1 from human lung
epithelial cells (A549 and NCI-H292). MMP-1 is involved in
the degradation of collagen and can thus damage the lung
epithelial barrier, probably involving an oxidativemechanism
that includes NOX4 [29]. These findings suggest that DEP
not only can induce pro-inflammatory responses, but also
contribute to structural changes with inflammatory implica-
tions.

Prostaglandins function as attractants of inflammatory
cells. Studies have found that EURO-4DEP increased the lev-
els of COX-2 in BEAS-2B cells, a key enzyme in prostaglandin
production [23]. This response was also observed with
three different DEP (Table 1). DEP have also been reported
to enhance COX-2- and prostaglandin E2-responses in

monocyte-derived macrophages primed with TLR2 and -4
ligands [65].

Heat shock proteins HSP70 and HSP40 and two other
proteins involved in the protein unfolding response were
induced after exposure of BEAS-2B cells to pre-year-
2000DEP extracts. This response was accompanied by an
increase in IL-6 and IL-8 and possibly related toDEP-induced
oxidative stress [36].

Many studies have reported that DEP induce the expres-
sion of phase I and II xenobiotic metabolising enzymes
through activation of the AhR andNrf2 transcription factors,
respectively [18, 23, 66–68]. Thus, AhR- and Nrf2-regulated
gene expression may represent indirect biomarkers of expo-
sure to DEP. Furthermore, phase I enzymes are involved
in metabolic activation of various xenobiotics to reactive
electrophilic metabolites including ROS, possible trigger-
ing molecules of inflammatory reactions following DEP-
exposure. This may occur not only directly with regard to
triggering of cytokines/chemokine release, but also indirectly
via increased cellular toxicity and release of inflammatory
DAMPmolecules.Thus, changes in the balance between acti-
vation and detoxification of the metabolism of xenobiotic in
the lung cellsmay have important inflammatory implications.
The phase I enzyme CYP 1A1 is reported to be induced
at concentrations of about 0.1 𝜇g/mL or 0.004𝜇g/cm2 [23].
However, the increase in CYP1A1 was greatly reduced at
higher concentrations, when inflammatory cytokines and
chemokines were prominent [23]. The data indicate a recip-
rocal relationship between theAhR/Arnt-dependent CYP1A1
induction and cytokine production, apparently because AhR
has an inhibitory role in the control of inflammation [69–
71]. Also the stimulation of the expression of phase II
detoxification enzymes by DEP extracts seemed to reduce the
cytokine response [72].

4. Particle Considerations

There seems to be obvious differences in the composition
of DEP of different age and source. Some older DEP-prep-
arations are apparently less potent than some newer ones
(e.g., EURO 4 DEP), although these differences do not seem
to correlate with “classic”, carcinogenic polycyclic aromatic
hydrocarbons (PAH) content (unpublished results from our
lab). DEP typically consists of agglomerates of primary
carbon particles 15–30 nm in diameter and nucleation mode
particles of condensed hydrocarbons and sulphate [73]. How-
ever, differences in engine and emission-cleansing technolo-
gies may affect the ratio of these two main particle fractions
in diesel exhaust emissions and has also considerable impact
on the amount and composition of chemicals adhered to the
surface of the emitted DEP [74].

4.1. Importance of Soluble Organic Fraction of DEP. In gen-
eral, both the particulate as well as the organic components
of DEP are of importance for DEP-induced effects [75–77].
However, some in vitro studies comparing effects induced by
organic DEP extracts and corresponding residual particles
(subjected to extraction) have demonstrated that the organic
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fractions of DEP may be of particular importance for pro-
inflammatory responses [19, 78, 79]. It is yet unclear to
what extent these responses to the organic extracts could be
attributed to the presence of specific groups of compounds.
Recent studies indicate that polar organic extracts of PM
were found to induce cytotoxicity and IL-6 responses in
BEAS-2B cells, while nonpolar organic PM-extracts had no
apparent effect [80]. In accordance with this, observations
from our lab indicate that compounds eluting in the polar
fraction of methanol-extracts of DEP may be of particular
importance. Notably, the effects of the polar fraction could
not be attributed to identified PAH and PAH-derivatives in
the extract (Totlandsdal et al., unpublished results).

Suppressive effects of DEP and DEP organic extracts on
various immune responses have also been reported. More
specifically, DEP and DEP organic extracts have been found
to reduce alveolar macrophage function as demonstrated by
reduced production of cytokines (IL-1, TNF-𝛼) and ROS in
response to a variety of biological agents (LPS, interferon-𝛾
and bacteria) [54–56, 76]. Different fractions of organic DEP-
extracts have been tested for the ability to suppress NO pro-
duction from BCG-stimulated macrophages [22]. The polar
fractions seemedmore inhibitory than the less polar fractions
[22]. Recent observations from our lab also suggest that high-
polar organic DEP-extracts supress IL-8 responses in BEAS-
2B cells, despite stimulating IL-6 responses (Totlandsdal et al.
unpublished results). Similar findings have been reported for
polar extracts of ambient PM [80]. Furthermore, it has been
shown that the organic content of DEP, which was in the rank
order NIST 2975 < compressor diesel (EPA) < automobile
diesel, did not correlate with the immune responses [33].
Thus, obviously there are specific compounds of the organic
fraction of DEP, differing with regard to DEP-age, -fuel type,
and/or engine, that are of particular importance for cellular
responses.

With respect to allergy-related responses there are to our
knowledge no in vitro studies that investigate the difference
between DEP and corresponding DEP organic extracts and
residual DEP. However, a study in mice has indicated that
the organic fraction rather than the washed particles may be
responsible for the enhancement of allergy-related responses,
although a role for the solid core of the carbonaceous particles
could not be excluded [81].

4.2. Biodiesel. A major reason for the interest in biodiesel
fuel has been environmental benefits in terms of decreased
global warming impacts and reduced emissions. Increased
use of biodiesel in Europe represents an important step
for the European Union in order to meet its emission
reduction targets and a variety of biofuels are already being
introduced into wider use in heavy-duty diesel engines such
as those installed in buses and trucks in cities. However,
according to a previous review, biodiesel exhaust emission
has been extensively characterized under field and laboratory
conditions, but there have been limited studies on the effects
of biodiesel exhaust in biologic systems [82].

More recently, it has been demonstrated by human
inhalation studies that biodiesel (soy bean ethyl esters,

SEE: B50 and B100 (50 and 100% biodiesel, resp.)) was equally
or more toxic than fossil diesel in promoting cardiovascular
alterations as well as pulmonary and systemic inflammation
[83]. Coherent with the inflammatory potential of biodiesel
demonstrated in this in vivo study, recent in vitro work from
our lab demonstrates a greater toxic and pro-inflammatory
capacity in human bronchial epithelial BEAS-2B cells of
DEP with biodiesel (rape seed oil methyl esters, RME) than
ordinary DEP, especially in the presence of a diesel particle
filter (Gerlofs-Nijland et al. unpublished results). Moreover,
extracts of biodiesel (blend of SEE and SME) have been
reported to induce cytokine responses in BEAS-2B cells
at lower concentrations than extracts of petroleum diesel
[32]. In contrast, Jalava and colleagues [84] observed that
biodiesel DEP were as potent as ordinary DEP, or less potent,
depending on the end point (pro-inflammatory response,
cell death, DNA damage, or oxidative potential in a mouse
macrophage-like cell line (RAW264.7)). In a separate study,
only pure fossil diesel and not B20-blends of RME or animal
fat methyl esters (AFME) was found to induce ICAM-1 and
VCAM-1 expression in primary human umbilical cord cells
(HUVECs), and none of the tested DEPs affected IL-8 and
CCL2 expression significantly in the human monocytic cell
line, THP-1 [85]. Whether these apparent discrepancies in
the pro-inflammatory potential of biodiesel are due to cell
specific effects or differences in the chemical composition of
the DEPs used in the different studies remains to be clarified.
Importantly, as pointed out by Brito and colleagues [83],
biodiesel may from a commercial point of view be considered
as a cleaner, less toxic, and more biodegradable fuel. Thus,
the above findings clearly highlight the importance of further
studies to elucidate how and to what extent biodiesel fuels
affect pro-inflammatory compared to conventional fossil fuel.

5. Biological Mechanisms of DEP-Induced
Proinflammatory and Cytotoxic Effects

The genotoxicity of DEP is to a large extent considered to
be due to chemicals found in the organic DEP-extracts, such
as PAH. In particular, nitro-PAH seem to be important for
the mutagenicity of DEP [86, 87]. Also the pro-inflammatory
DEP-effects seem mainly to be mediated by constituents
in organic DEP-extracts [19, 37, 78, 79]. Most interestingly,
DEP with different amount of soluble organic materials
may induce IL-8 responses through different mechanisms
[33]. DEP with high organic content induced IL-8 through
activation of AP-1, while DEP with low organic content
induced IL-8 through nuclear factor (NF)-𝜅B. The reason
for this difference is unclear, but since activation of the
AhR may lead to suppression of NF-𝜅B signaling [69, 71],
it is conceivable that the effects could be related to a higher
content of AhR-activating compounds in the organic-rich
DEP. In any case, the observation is of particular importance
as it underscores that DEP from different sources may induce
inflammation through different mechanisms, triggered by
different DEP-constituents. It should also be considered that
even with a single-source DEP it seems unlikely, given the
multitude of chemical components adhered to the particle
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surface, that there exists a simple mechanism explaining
the cellular effects. Moreover, as the concentration-effect
course of toxicity by different DEP-constituents most prob-
ably differs, the complexity of DEP-induced toxicity is also
likely to increase by increasing concentrations, as more and
more DEP-constituents enter toxic levels. As a consequence,
mechanisms of effects observed at high DEP-concentrations
in in vitro studies may not necessarily be directly relevant
for the effects of low-level DEP-concentrations in real-life
exposure.

As within most fields of particle toxicity, oxidative stress
is considered a main mechanism of DEP-induced toxicity
and inflammation [7, 88, 89]. DEP-induced ROS-formation
may activate redox-sensitive transcription factors involved
in regulation of pro-inflammatory genes, such as NF-𝜅B
and Nrf2 [18, 19]. ROS may interfere with various cell
signaling pathways by inhibition of phosphatases through
binding/oxidation of important thiol groups subsequently
leading to increased phosphorylation/activation of protein
kinases. In line with this, genotype variation in antioxidant
enzymes, such as glutathione-s-transferases (GSTs), has been
associated with susceptibility towards DEP-induced allergic
inflammation in humans [90]. However, since GSTs are phase
II metabolizing enzymes, also involved in detoxification of
organic chemicals present in DEP, it cannot be excluded that
the protective role of GSTs in DEP-induced inflammation
extends beyond ROS-scavenging.

Direct ROS formation by DEP may arise from enzymatic
metabolism of organic compounds such as PAH [18, 91].
However, several studies show that DEP also exert oxidative
effects in acellularmodel systems. In a study ofDEPproduced
by 4 different engine technologies (Euro1 to Euro 4), the
antioxidant (DTT) consumption as a measure of oxidative
capacity showed a correlation with the content of elemental
carbon, water-insoluble carbon, and organic carbon [43].
Moreover, the two different reference-DEP, NIST 1650 and
2975, have been found to exhibit different oxidative capacity
in cell free systems, possibly due to difference in chemical
composition [16]. Furthermore, Mudway and colleagues [92]
showed that DEP depleted lung lining fluid antioxidant
levels in vitro. In contrast, a comparable effect of DEP
was not observed in the airways of healthy subjects; and
in a cell culture model in vitro the ratio of oxidised to
nonoxidised glutathione did not change significantly after
exposure to two different diesels, DEPa and NIST 2975 [30].
Thus, possibly the antioxidant defence in the lung lining
fluid [92] and lung epithelial cells of healthy individuals
are capable of dealing with the oxidative challenge posed
by DEP at environmentally relevant concentrations. In a
recent study of DEP from different fuel types, produced in
the presence or absence of particle filter technology (PDF-
treatment), we did not observe any correlation between
a cellular DEP-induced ROS formation and DEP-induced
cytokine responses in human bronchial epithelial BEAS-
2B cells (Gerlofs-Nijland et al. unpublished results). This
observation resembles previous results of studies on mineral
particles showing no clear correlation between acellular ROS-
formation and pro-inflammatory responses in in vitro cell
culture models [93, 94].

DEP may also stimulate cellular generation of ROS as
well as reactive nitrogen species (RNS) through activation
of nitric oxide synthetase (iNOS) [29, 95, 96]. Moreover,
DEP-induced MMP-1 responses in human alveolar type-2
like A549 cells appeared to be dependent on activation of
cellular ROS-formation by the NADPH-oxidase analogue
NOX4 [29]. NADPH-oxidase-mediated ROS formation also
seems to regulate DEP-induced TNF-𝛼 responses in iso-
lated rat brain capillaries [97], and toxicity of DEP in
dopaminergic neurons [98]. Moreover, the DEP-component
1,2-naphthoquinone (1,2-NQ) was reported to induce IL-
8 responses in human bronchial epithelial BEAS-2B cells,
through mitochondrial H

2
O
2
-production [99]. Thus, it is

conceivable that much of the reported suppressive effects of
antioxidants on DEP-induced pro-inflammatory responses
may be due to interference with DEP-induced cellular ROS-
generation, rather than the direct particle-derived ROS pro-
duction observed in acellular systems. If this is the case,
oxidative stress should be considered a cellular response to
DEP exposure and not a direct DEP property. However,
findings obtained by use of antioxidants need to be inter-
preted with caution. While antioxidants may attenuate DEP-
induced inflammation, the role of oxidative stress in cellular
responses is inherently difficult to interpret. Antioxidants like
N-acetyl cysteine (NAC) may also detoxify other reactive
electrophilic DEP-constituents that potentially could trigger
inflammatory reactions. Furthermore, ROS is an important
and natural second messenger in most signaling pathways
[100–102]. Thus, use of antioxidants is likely to interfere
with a variety of cellular responses irrespective of oxidative
stress. Few, if any, studies using antioxidants to assess the role
of oxidative stress in particle induced effects have included
proper controls to clarify these issues. It has also been pointed
out that in vitro ROS-formation may have limited value in
predicting pathological effects, because almost all particles
elicit oxidative stress in cells, given a sufficient concentration
[103]. Finally, oxidative stress alone may not be sufficient to
induce pro-inflammatory responses in lung cells [104, 105],
thus other and/or additional mechanisms are likely involved
in DEP-induced inflammation.

Of particular interest, recent studies show that pre-year-
2000 DEP may induce Ca2+-signaling through activation
of transient receptor potential (TRP) cation-channels in
primary and transformed human bronchial epithelial cells
(NHBE and BEAS-2B cells). Li and colleagues [106] have
shown that DEP triggered Ca2+-influx through proteinase-
activated receptor-2 (PAR-2) mediated activation of TRPV4
channels on the surface of human bronchial epithelial cells
leading to increased expression of matrix metalloproteinase-
1 (MMP-1). Ca2+-signaling appears to be central to IL-8
responses in bronchial epithelial cells induced by multiple
compounds found in ambient air [107]. Therefore, it seems
likely that DEP-induced PAR-2/TRPV4-activation is not
restricted to MMP-1 regulation, but also involved in cytokine
responses. In support of this, recent results from our lab
show that silencing of PAR-2 by siRNA attenuated DEP-
induced IL-6 responses in bronchial epithelial BEAS-2B cells
(Øvrevik et al., unpublished results). Whether DEP activates
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PAR-2 receptors directly remains to be clarified. However, in
line with previous studies on DEP-induced inflammation the
effects appeared to be due to the soluble organic fraction of
the particles [106]. These authors also showed that a TRPV4
polymorphism (TRPV4P19S) associated with increased sus-
ceptibility to COPD significantly enhanced DEP-induced
Ca2+-signaling and MMP-1 responses, thus providing a pos-
sible link betweenCOPDpathogenesis andDEP-exposure. In
parallel to these observations, Deering-Rice and co-workers
[27] found that DEP (black smoker, Table 1) induced Ca2+-
signaling by activating TRPA1 receptors in sensory nerve
cells. This effect was attributed to electrophilic components
of DEP, including various aldehydes and quinones [27]. In
further support of these findings, the DEP-component 1,2-
NQ has been found to activate TRPV1 (vanilloid receptor-
1) in guinea pig trachea [108]. However, this study suggests
that TRPV1was indirectly activated by 1,2-NQ through trans-
activation of protein tyrosine kinases such as the epidermal
growth factor receptor (EGFR).

It is interesting to note that cellular signaling through
RAGE (receptors for advanced glycation end-products) was
suggested to have a role in DEP-induced NF-𝜅B-activation
and chemokine responses (MCP-1 and CINC-1) in a type-
I-like epithelial cell line (R3/1) [109]. In line with this,
DEP-exposure also enhanced RAGE-expression in R3/1 cells
and primary human small airway epithelial cells (SAECs),
possibly providing a positive feedback mechanism for DEP-
induced inflammation [109]. However, as with the studies on
PAR-2 and TRP-channels, it is still unclear whether DEP acti-
vated RAGE directly or whether DEP or DEP-components
caused formation of RAGE-ligands in the exposed cells.

Studies also suggest that DEP exposure activates EGFR-
signaling [24, 107, 110, 111]. Of notice, the EGFR does not
seem to be a direct target of DEP or DEP-components, but
is more likely a downstream response to some DEP-triggered
effect. Activation of EGFR-signaling through cleavage and
release of membrane bound transforming growth factor
(TGF-𝛼) by themetalloproteinase TNF-𝛼 converting enzyme
(TACE or ADAM17) seems to be a universal mechanisms
of IL-8 regulation in airway epithelial cells by multiple
endogenous and exogenous compounds, including DEP and
various air pollution components [107, 112, 113]. In coherence
with reported in vitro effects increased EGFR-expression
and activation have been observed in biopsies of bronchial
epithelium from volunteers exposed to freshly generated
DEP [114]. Moreover, TACE and EGFR are overexpressed in
pulmonary epithelium of asthmatics and COPD patients and
this correlates with increased expression of IL-8, which is a
key activator of neutrophils [115]. Thus, increased TACE and
EGFR-expression may be important susceptibility factors for
neutrophilic inflammation by air pollutants.

Considerable progress has been made to elucidate the
mechanisms ofDEP-induced inflammation, beyond themere
oxidative stress effects. Whether any of the above mentioned
receptors are direct targets of DEP or organic chemicals from
DEP remains to be clarified. However, depending on the
further research, these receptors may turn out as important
susceptibility factors for adverse effects of DEP-exposure.

Such knowledge may also substantiate any possible role of
biomarkers of effect as measured by gene-array. Another
important aspect to consider is that if DEP-induced pro-
inflammatory responses are regulated by different cell surface
receptors, this is likely to give rise to cell specific effects,
since receptor expression may be highly cell-type dependent.
Similarly, expression of metabolizing enzymes involved in
bioactivation or ROS-formation from adhered hydrocarbons
may also vary between different cell-types and affect the
outcome of exposure. It is conceivable that this may explain
apparent discrepancies in effects obtained by different in
vitromodels, such as the reported biodiesel effects discussed
above. For the same reason, care should be taken when
interpreting the importance of results obtained by a single cell
model.

6. Challenges and Concluding Remarks

Diesel engine exhaust represents a complex and variable air
pollution mixture, of which the physicochemical character-
istics are highly dependent on the fuel used and the type of
engine [43, 116]. Recently, Hesterberg and colleagues have
stressed this important issue, by questioning the relevance of
certain samples or exhaust exposures that currently are used
in experimental studies, for risk-assessment of particulate
matter from new technology diesel exhaust [74]. As shown in
Table 1, a large proportion of the in vitro studies have used the
standard reference diesel material from the National Institute
of Standards and Technology (NIST, USA), which were
collected from a fork lift truck several years ago. Although
a thoroughly characterised material may be very useful for
investigating the role of the physicochemical composition for
the effects, one may question whether it is time to produce
and agree on a commercial reference diesel sample which is
more representative to current diesel emissions.

In vitro studies represent a fast and convenient system
which may have implications for technology development.
In vitro studies are also of key importance for increasing
our knowledge about the underlying biological mechanisms
of effects. Interestingly, several of the proteins investigated
in in vitro studies of mechanisms of signal transduction,
have also been observed activated in bronchial biopsies from
human volunteers exposed to diesel exhaust particles in
clinical studies [15, 114, 117, 118]. Thus there is in many cases a
coherence of in vitro and in vivo findings.

With respect to in vitro research on the pulmonary
effects of diesel engine exhaust emissions on inflammatory
reactions, a large diversity of in vitromodels has been applied,
and a range of effect parameters have been investigated. In
addition, several different types of DEP samples have been
used, subjected to different treatments for exposure. The
various models have their advantages and disadvantages, but
the diversity can be seen as strength, though it challenges the
process of generating overall conclusions. Furthermore, for a
complete evaluation of DEP effects also genotoxic and other
outcomes should be taken into consideration.

A well-known limitation of in vitro studies is the gen-
eral use of exposure concentrations that are on the high
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side, compared to real world situations. The exact levels
to which pulmonary cells are likely to be exposed to in
vivo are difficult to estimate, based on the complexity of
the deposition pattern. However, according to estimations
of Li and colleagues, a biologically relevant tissue culture
concentration of DEP ranges from 0.2 to 20 ug/cm2 [119].
Although the concentrations used in several studies fall
within this range, and certain effects also have been detected
at concentrations below this range, it would be important
to optimize and increase the sensitivity of current in vitro
models. Of notice, direct exposure to freshly generated DEP
of cells at the air/liquid interface (ALI) has been performed
[42, 120–122]. Results reported from these rather complicated
models support results obtained by exposing traditional
submerged cell cultures with DEP collected on filters. This
may be due to similar amounts of organic components being
released independently of the aggregation/agglomeration
state. However, some studies suggest that response to ALI
exposure may occur at lower DEP-doses that by conventional
exposure of submerged cell cultures [120–122]. These are
important observations considering that in vitro studies often
are criticized for using too high particle concentrations.

The inflammatory effects of DEP seem to be attributable
to the soluble organic fraction, but questions still remain
with respect to what fraction and components that are most
important for the inflammatory responses. The mechanisms
are still unclear, but receptors in the plasma membrane,
including the PAR-2 receptor, vanilloid-1 receptor, RAGE-
receptor, and the EGF-receptor, seem to be involved. DEP
are known to induce acellular as well as cell-mediated ROS-
formation, oxidative stress and deplete the levels of antioxi-
dants, which seem to be involved in the inflammatory effects
of DEP. At what stage the oxidative tonus exerts its major
effect(s) in the signalling pathways leading to inflammation
remains to be further clarified.

Of notice, engine and fuel technology have been rapidly
changing resulting in reduced emissions. The question arises
whether this reduction in DEP from modern engines has
resulted in an equivalent reduction in harmful properties of
the emissions. Moreover, increased use of biodiesel to meet
demands for CO

2
-neutral fuels warrants further studies on

how different fuels affect the pro-inflammatory properties of
DEP.
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e EU Regulation on Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) demands the implemen-
tation of alternative methods for analyzing the hazardous effects of chemicals including particulate formulations. In the �eld
of inhalation toxicology, a variety of in vitro models have been developed for such studies. To simulate the in vivo situation,
an adequate exposure device is necessary for the direct exposure of cultivated lung cells at the air-liquid interface (ALI). e
CULTE� RFS ful�lls these requirements and has been optimized for the exposure of cells to atomized suspensions, gases, and
volatile compounds as well as micro- and nanosized particles. is study provides information on the construction and functional
aspects of the exposure device. By using the Computational Fluid Dynamics (CFD) analysis, the technical design was optimized to
realize a stable, reproducible, and homogeneous deposition of particles.e efficiency of the exposure procedure is demonstrated by
exposing A549 cells dose dependently to lactose monohydrate, copper(II) sulfate, copper(II) oxide, and micro- and nanoparticles.
All copper compounds induced cytotoxic effects, most pronounced for soluble copper(II) sulfate. Micro- and nanosized copper(II)
oxide also showed a dose-dependent decrease in the cell viability, whereby the nanosized particles decreased the metabolic activity
of the cells more severely.

1. Introduction

Provoked by public pressure and triggered by an increasing
number of lethal lung diseases over the last few decades
[1, 2], more and more studies in the �eld of inhalation
toxicology now concentrate on the understanding of particle-
lung interactions. Investigations of the toxicological effects
of inhalable substances on the respiratory tract mainly focus
on results from animal experiments based on the OECD
guideline 403 on acute inhalation toxicology. So far, only
a few in vitro alternatives to animal inhalation tests for
toxicology have been described [3, 4]. However, none of them
is validated or officially accepted by the authorities.

Recent changes in the EU chemical policy, namely, the
new Registration, Evaluation, Authorization and Restriction

of Chemicals directive (REACH; EC no. 1907/2006), and
complaints about the immense number of animals needed
to ful�ll the requirements of REACH [6] demand the devel-
opment and implementation of novel in vitro technolo-
gies�also in the �eld of inhalation toxicology. In order
to evaluate the effects of relevant particulate substances,
only classic methodological approaches are available using
either suspended or dissolved particles under submerged
conditions in cell culture experiments [4, 7]. e main
concerns about these test methods are (1) the unrealistic
behavior of suspended particles and (2) culture and exposure
conditions which do not re�ect the situation in the lung. e
fact of losing nanosized particles by agglomeration or the
uncontrollable behavior of nanosized particles in suspensions
may lead to uncertainties in the results [8].
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F 1: Overview image of the modular CULTEX RFS exposure system. e device is composed of the following components: (1) inlet
adapter, (2) aerosol guiding module, (3) sampling module and socket module, and (4) locking module with a hand wheel.

Another major point of the discussion is the transferabil-
ity of data from animal experiments to the human organism
due to species-speci�c reactions and the generation of false
positive or negative results [9].

One of the ��rst� approaches for direct cell exposure came
from Tarkington et al. [10] who conducted the atmosphere
via a vertical stream directly over the cultivated test organ-
isms. e system is also based on a biphasic cell culture
exposed at an air-liquid interface [11]. e basic idea is to
mimic the inhalation cycle in vitro by taking into consider-
ation the most important biological and technical aspects.
e selection of an appropriate cell model and its cultivation
at the air-liquid interface are the basic prerequisites for such
a system. On the other hand, the technical implementation
should guarantee the direct contact of the test substanceswith
the cells, as well as the homogeneous exposure of the entire
cell layer without interfering with the cell viability.

ese theoretical concepts led to the development of
the CULTEX exposure module in 1999 by Aufderheide and
Mohr [12] for the exposure of cultivated cells at the air-
liquid interface. e test aerosol is conducted directly over
the cells through specially designed inlet nozzles. is setup
guarantees a close contact between the test aerosol and the
cells without any interference of the cell culture media. e
�rst CULTEX exposure devices were used for the exposure
to complex mixtures like cigarette smoke and gases, or in
a modi�ed version to analyze the mutagenic potency of
airborne materials in the AMES assay [13].

Nowadays, a large number of other air-liquid interface
exposure systems are available, ranging from the exposure
of two-cell culture plates (6-well), like the ALICE exposure
device [14] or a �ow-through system [15] to a radialmultiwell
module [16]. All of these modules have certain advantages

and disadvantages and may therefore only be used for a
limited test assembly.

e results obtained from exposure studieswith theCUL-
TEX RFS module have shown that the interactions between
cells and particles are closely linked to the physical and
chemical properties of these compounds and have advanced
the redesign of the handmade CULTEX glass modules.

e CULTEX Radial Flow System (RFS) presented here
overcomes the limitations of its predecessor model and
includes all features that are required to realize the exposure
of cultivated cells to airborne particles under realistic condi-
tions.

2. Material andMethods

2.1. Technical Description. e CULTEX RFS module was
designed for exposing adherent growing cells at the air-liquid
interface and is a precision instrument, characterized by a
modular construction (Figure 1).

e basic CULTEX RFS consists of the following parts:
(1) the inlet adapter which connects the aerosol generation
and aerosol guiding module (Figure 1), (2) the aerosol
guiding module to conduct and distribute the particles to be
deposited on the cell culture inserts in the sampling module
(Figures 2(a) and 2(b)), and (3) the sampling and socket
module with three exposure chambers where the cell culture
inserts or Petri dishes are located (Figures 1 and 2(c)).

e aerosol guiding module as well as the sampling
module can be heated to the appropriate temperature (e.g.,
37∘C) by the connection to an external water bath.e socket
module (4) guides the sampling module on the slide rails of
the locking device (5) and serves as a spacer for integrating
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F 2: Aerosol guiding module of the CULTEX RFS: (a) top view, (b) bottom view, and (c) sampling module.
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F 3:eCULTEXRFS exposure device extendedwith an electrical deposition device (Cultex EDD) for the increased particle deposition
efficiency.

additional functions, like a control unit for electrostatic
precipitation.

In addition to the above-mentioned modular compo-
nents, the system can also be equipped with special adapters
to enable the use of commercial inserts from different
suppliers and of different sizes or for Petri dishes. e aerosol
emission ducts are adapted correspondingly.

To increase the particle deposition efficiency, notably for
nanosized particles, the electrical deposition device (Cultex

EDD) can further be integrated into the technical setup
(Figure 3).

2.2. Test Materials. Dry powder atmospheres were prepared
from the substances listed in Tables 1 and 2 and used for the
exposure studies.

e substances were pressed into powder cakes by the
CULTEX HyP-Hydraulic Press (Cultex Laboratories GmbH,
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F 4: e CULTEX DG (Dust Generator) (Cultex Laboratories GmbH, Germany) enables the generation of aerosols from a powder cake
according to Wright [5].

T 1: Substances used for the generation of dry powder atmo-
spheres.

Substance Producer/catalogue number Primary particle
size

Lactose
monohydrat Fluka/61341 Not available

Copper(II)
oxide nano

Ionic Liquids Technologies
GmbH/NO-0031-HP 40–80 nm

Copper(II)
oxide mikro Sigma Aldrich/20844-1 5 𝜇𝜇m

Copper(II)
sulfat Sigma Aldrich/12852 Not available

Germany), which allows electronically controlled compres-
sion of a high variety of powders by a pneumo-hydraulic
cylinder.

2.3. Aerosol Generation. e aerosol was generated from the
prepared powder cakes with the CULTEX DG (Dust Gen-
erator) (Cultex Laboratories GmbH) according to Wright [5]
(Figure 4).e fully computerized generator is able to provide
uniform airborne concentrations of dust over a long period of
time.

e highly compressed substances are scraped off by a
rotating scraper under standardized controlled conditions
(feed rate 0.24 to 20mm/h, rotation 1 to 800 revs/h). e
total exposure time is varied from 15, 30, to 60 minutes to
generate different particle concentrations on the cell culture

T 2: Conditions for the generation of powder cakes and
particulate atmospheres.

Substance
Powder cake
generation Particle generation

Pressure (bar) Scraper
(rev/h)

Feed rate
(mm/h)

Lactose monohydrat 110 800 10.0
Copper(II) oxide nano 82 800 2.5
Copper(II) oxide micro 82 800 2.0
Copper(II) sulfate 82 800 4.5

membranes without changing the aerosol generation or any
other physical or chemical parameter.

e generated particles were transported to the integrated
elutriator by a constant air stream (8 L/min). e elutriator
retains undesired large particles (> approx. 8 𝜇𝜇m) and serves
as a reservoir for a uniform aerosol which is �nally drawn
through the CULTEX RFS.

e complete experimental setup is shown in Figure 5
consisting of the particle generation unit, two CULTEX RFS
devices, and two pumps for the medium supply. e cells are
exposed to the test aerosol and clean air (process control) in
parallel, in order to preclude process-related reactions which
might interfere with the substance-speci�c effects.

2.4. CFD Analysis. e aerosol �ow within the experimental
setup was simulated and optimized by means of Computa-
tional Fluid Dynamics (CFD) soware (ANSYS CFX, ANSYS
Incorporated).
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F 5: Experimental setup for exposing cultivated cells at the air-
liquid interface to particles. e components of the exposure station
are the particle generator according to Wright, the elutriator, two
CULTEX RFS devices for exposure to particles and clean air and
medium pumps for the automatic nutrient supply.

2.5. Particle Number and Mass Distribution. e determi-
nation of the particle number and mass distribution was
conducted with anAerodynamic Particle SizerAPS (3321/TSI
Incorporated) in the size range of 0.5 to 20 𝜇𝜇m. By accel-
erating particles through a nozzle and optical time-of-�ight
measurement of the particles, they are classi�ed into 51
logarithmic size ranges between 0.523 and 20𝜇𝜇m.

2.6. Particle Deposition. e deposition of the particles was
analyzed by gravimetricmethods, using the precision balance
(SE2-F �lter ultra-microbalance, Sartorius).

In preliminary tests, the particle mass concentration
within the exposure system was analyzed at three sampling
points (sampling point 1: 200 seconds, sampling point 2 + 3:
60 minutes) to determine appropriate exposure times for
the corresponding test particles (Figure 6) and to check for
uniform particle distribution. e �rst sampling point was
located directly aer the elutriator, the second at the outlet
port of the aerosol emission duct to estimate the particlemass
entering the exposure chamber, and the third at the insert
membrane surface to measure the particle mass deposited
on the cultivated cells. e particle mass was determined by
collecting the particles on �lter pads (glass �ber �lter/GF-
A/Macherey-Nagel), whichwere weighed before and aer the
exposure over a constant period (15 minutes). is approach
allows the analysis of the deposition efficiency of each test
atmospherewithin the exposuremodule. Under these experi-
mental conditions, the deposited particle numbers on the cell
cultures can only be calculated by taking into consideration
the measurements of the Aerodynamic Particle Sizer APS
(3321/TSI Incorporated) and the system-speci�c deposition
capacities (Aufderheide et al. [17], Supplementary Material).

2.7. Cell Cultivation and Exposure. For particle exposure
experiments, the human lung adenocarcinoma epithelial cell
line A549 (ATCC number: CCL-185) was used [18, 19].

e cells were grown in Dulbecco’s MEM (Biochrom FG
0145, Germany) supplemented with 10% fetal calf serum and
gentamicin (5 𝜇𝜇g/mL).

A549 cells were seeded onto microporous membranes
(growth area: 4.2 cm2) of cell culture inserts (0.4 𝜇𝜇mpore size,
BD Biosciences) with a density of 1∗105 cells/cm2 and culti-
vated submerged in a cell culturemedium. Aer 24 hours, the
apical medium was removed from the con�uent cell layers
and the direct exposure at the air-liquid interface with the
CULTEX RFS was started. e cells were exposed either to
the test substances (deposition rate: 25 𝜇𝜇g/cm2/15min) or
clean air (process control) for 15, 30, and 60 minutes. e
incubator control cultures were cultivated at the air-liquid
interface in the incubator during the exposure period.

2.8. WST Assay. e aim of our study was the characteriza-
tion of the exposure device, limited to the functional descrip-
tion of the system. Accordingly, we used only one biological
endpoint, the metabolic activity of the cells, to demonstrate
dose-dependent cytotoxic reactions, not investigating further
into the mechanisms behind these effects.

Aer a postincubation time of 24 hours (air-liquid
interface; 37∘C/5% CO2), the particle-exposed cells and
the control cultures (incubator control: unexposed cells,
process control: clean air-exposed cells) were analyzed for
cell viability by using the WST-1 assay for the mitochondrial
activity according to the manufacturer’s instructions (Roche
Diagnostics, Germany). e data of the exposed cells were
normalized to the values of the clean air control. e
incubator controls were not considered, because they did not
show signi�cant differences to the clean air controls.

2.9. Statistical Analysis. e results of three independent
tests with three samples each is expressed as mean ± SD.
A Student’s 𝑡𝑡-test was performed to analyze whether the
differences between the mean values of the three exposure
times are signi�cant [20].

3. Results

3.1. Deposition Efficiency. e CULTEX RFS was designed
for exposing adherent cells at the air-liquid interface to air-
borne materials like gases, complex mixtures, and particles.
When dealing with particulate matter especially, questions
arise concerning the deposition efficiency of such an expo-
sure device.

e basic and theoretical considerations forming the
basis of the efficiency of the system are already described by
Aufderheide et al. ([17], Electronic Supplementary Material).

3.2. CFD Analysis—Flow Conditions within the System.
When developing the CULTEX RFS and its peripheral
devices, a key to achieve uniform particle deposition on
the cell cultures was the simulation and optimization of the
particle �ow within the system by means of CFD analysis
(Figures 7 to 9).

Figure 7 shows a cross-section through the elutriator (a)
and a streamline velocity plot (b) of the CFD analysis. e
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F 6: Schematic overview of the CULTEX system for exposing cultivated cells to particles at the air-liquid interface. Components of the
exposure station: (a) particle generator according to �right (CULTEX Dust �enerator); (b) elutriator: glass tube with vertical upward �ow,
where large particles are removed from the aerosol due to sedimentation; (c) CULTEX RFS modules for exposure to particles and synthetic
air. e sampling points (1–3) for the test aerosols in the overall stream are marked.
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F 7: Sectional view of the elutriator (a) and streamline plot calculated by CFD Analysis (b).

basic principle of an elutriator consists of separating small
(light) from large (heavy) particles in a vertically upward
directed stream. e elutriator features an additional outlet
at the bottom for discharging excess aerosol, as aerosol
generation may require higher �ow rates (e.g., 8 L/min)

than those for the CULTEX RFS exposure module (e.g.,
1.6 L/min).e streamline plot shows a curl in the lower zone
of the device but a uniformupstream above, which is essential
for a reliable particle separation.e results are based on �ow
rates of 8.0 L/min at the inlet, 1.09 L/min at the outlet, and
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F 8: Particle track simulation for 2 𝜇𝜇m (a) and 10 𝜇𝜇m (b)
particles. 8 L/min inlet �ow rate (1) and 1.09 L/min outlet low rate
(2).

6.91 L/min at the aerosol excess outlet. Further calculations
with the same �ow rate at the inlet but 1.�9 L/min at the
aerosol outlet showed no substantial differences.

Figure 8 shows particle trajectory simulations with parti-
cle sizes of 2 𝜇𝜇m (a) and 10 𝜇𝜇m (b). While small particles are
transported upwards to the aerosol outlet and the Cultex RFS
module, large particles remain in the elutriator. e major
portion of the particles is carried to the excess outlet, as a �ow
rate of only 1.09 L/min from totally 8 L/minwas conducted to
the module in this simulation.

(a)

(b)

F 9: (a) Backtracking of �ow lines from deposition chambers
and excess outlet to the beginning of the aerosol feeding tube. (b)
Flow lines running to the deposition chambers start at speci�c
locations at the beginning of the feeding tube.

When testing prototypes of the Cultex RFS module, the
distribution patterns between the three deposition chambers
and within the individual chambers showed considerable
differences. CF� calculations of the gas �ow lines and particle
trajectories resulted in the following essential �ndings.

Figure 9(a) shows the aerosol �ow channels within the
Cultex RFS module including a curved aerosol feeding tube
with 6mm diameter and 200mm length. e �ow lines
represent an aerosol �ow of 1�90mL/min in the feeding
tube, which is divided into three minor �ows of �0mL/min
leading to the deposition chambers and an excess �ow of
1�00mL/min. Backtracking a de�ned number of particles
from the deposition chamber to the beginning of the curved
aerosol feeding tube (which is equal to the elutriator outlet)
showed that these particles originate from speci�c locations
in the tube pro�le (Figure 9(b)). Further calculations showed
that the speci�c locations are sensitive to changes in tube
bending radius, tube length, or �ow rate. �s the particle
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(a)

(b)

(c)

F 10: (a) Unequal deposition of copper(II) oxide microparti-
cles on �lter membranes aer a 60min exposure. (b) Inlet-adapter
with an integrated jet nozzle to avoid unequal particle deposition
within the CULTEX RFS module. (c) Uniform deposition of
copper(II) oxide on �lter membranes aer a 60min exposure with
a jet nozzle.

concentration and particle size distribution at the beginning
of the feeding tube is usually nonuniform across the tube
pro�le, the distribution pattern in the deposition chambers
are consequently also nonuniform.

An optimal solution to completely avoid these undesired
effects was the integration of a jet nozzle into the inlet adapter
of the Cultex RFS module. Figure 10(a) shows the deposition
of copper(II) oxidemicro on insertmembraneswithout using
a jet nozzle. e integration of a jet nozzle into the inlet
adapter (Figure 10(b)) resulted in a homogenous distribution
of the particles on the insert membranes (Figure 10(c),
Table 3).
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F 11: Relative cell viability of A549 cells aer exposure to
lactose monohydrate particles normalized to the clean air control
dependent on time (15, 30, and 60min).

T 3: �eposition of copper(II) oxide microparticles on �lter
membranes aer an exposure time of 60 minutes with a jet nozzle
in the inlet adapter.

60 minutes exposure
of copper(II) oxide Chamber 1 Chamber 2 Chamber 3

�eight gain of �lter
paper (𝜇𝜇g) 530 529 549

�eight gain of �lter
paper (𝜇𝜇g) 529 537 521

�eight gain of �lter
paper (𝜇𝜇g) 548 553 548

3.3. Dose-Response Relationship. Aer optimizing the depo-
sition characteristics within the CULTEX RFS module, A549
cells were exposed to lactose monohydrate (process control),
copper(II) sulfate (soluble substance), copper(II) oxidemicro
as well as copper(II) oxide nanoparticles (insoluble) for 15,
30, and 60 minutes. e particle generation was adjusted for
each substance to result in a particle deposition of 25 𝜇𝜇g/cm2

(low dose) during an exposure time of 15 minutes. e
concentration (low effect level, LOEL) is based on an inter-
disciplinary European project in which the cytotoxic potency
of a variety of particles was analyzed with different cell types
under submersed culture conditions [21]. e conditions for
the particle generation had to be adjusted in preliminary
experiments due to substance-speci�c variations. 24 hours
aer exposure, the cell viability was measured. e values
obtained for the particle-exposed cultures were normalized
to the clean air-exposed cells.

e results are shown in Figures 11, 12, 13, 14, 15, 16,
17, and 18. Generally the clean air-exposed cells (process
control) showed no signi�cant reduction in the cell viability
in comparison with the incubator control. Accordingly, the
exposure process itself had no in�uence on the metabolic
activity of the cells.

e exposure of the cell cultures to the test compounds
showed, dependent on the chemical and physical properties
of the particulate atmosphere, considerable differences in



BioMed Research International 9

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Particle number distribution

Particle mass distribution

0�+00

2.5�+04

5�+04

7.5�+04

1�+05

1.3�+05

1.5�+05

1.8�+05

2�+05

2.3�+05

2.5�+05

0�+00

5�+05

4�+05

1�+05

5�+04

3�+05

2�+05

4.5�+05

3.5�+05

1.5�+05

2.5�+05

Particle size (�m)

N
u

m
b

er
 p

er
 (
�m
∗c

m
3 )

�g
 (
�m
∗m
3 )

F 12: Particle number (black line) and particle mass distribution (red line) of the generated lactose monohydrate aerosol entering the
exposure module. e analysis was performed with an Aerodynamic Particle Sizer (TSI Inc.).
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F 13: Relative cell viability of A549 cells aer exposure to
copper(II) sulfate particles normalized to the clean air control
dependent on time (15, 30, and 60min).

the cytotoxic response among the three exposure times. e
comparison of the 15, 30, and 60 minutes exposures in a
Student’s 𝑡𝑡-test demonstrates signi�cant differences with a
5% error probability. �o signi�cant differences could be
obtained for lactose monohydrate (30 minutes compared to
15 minutes) and copper(II) oxide micro-sized (60 minutes
compared to 30 minutes) due to the low number of tests.

e exposure of A549 cells to lactose monohydrate (neg-
ative substance) led to a slight decrease in the cell viability
of the cells aer 15 minutes (94% of the clean air control).
By increasing the exposure time to 60 minutes, the metabolic
activity of the cells was reduced by 30% in comparison to the
clean air control. At that point, the cultures were covered by
a dense layer of the particulate matter thus pointing to an
overload effect.

e particle number (black line) and mass distribution
(red line) of the lactose monohydrate aerosol dependent
on particle size are shown in Figure 12. e units number,
respectively, mass per 𝜇𝜇m∗cm3 may be unfamiliar at �rst

glance. As the curves are based on particle counts, classi�ed
to 51 particle size intervals, the counts have to be divided not
only through the volume but also through the interval width
to get the required values for particle distribution curves.

e particle number distribution curve exhibits its peak
value at a particle size of 0.7𝜇𝜇m while the particle mass
distribution curve shows its peak value at a particle size of
4.2 𝜇𝜇m due to the greater mass of larger particles.

e exposure of the cell populations to copper(II) sulfate
led to a pronounced decrease in the cell viability aer 15
minutes 19% of the clean air control. By increasing the time to
60 minutes, the metabolic activity was reduced by more than
91% compared to the clean air control.

e peak for the particle number distribution was at
0.9 𝜇𝜇m and the peak for the particle mass distribution was at
3.8 𝜇𝜇m (Figure 14). Both particle number and particle mass
were about �ve times higher than for lactose monohydrate.

e results aer the exposure of A549 cells to copper(II)
oxide micro also indicated a dose-dependent decrease of the
metabolic activity over the exposure time (Figure 15). e
decrease of cell viability aer 60 minutes exposure (61%
reduction in comparison to the synthetic air control) is
signi�cantly higher than for lactose monohydrate but not as
clear as for copper(II) sulfate.

In comparison with copper(II) sulfate, the particle num-
ber distribution of copper(II) oxidemicro also showed a peak
at 0.9 𝜇𝜇m, but with a more than four times lower number
of particles (Figure 16). e values for the particle mass
distribution were about 25% lower compared to copper(II)
sulfate, indicating that the substances mostly differ in their
content of small particles.

e cell viability of the A549 cells was signi�cantly re-
duced aer the exposure to copper(II) oxide nanoparticles.
Aer 15 minutes, the metabolic activity was reduced to less
than 50% compared to the clean air and incubator control. A
particle mass of 100𝜇𝜇g/cm2 (60 minutes) led to a reduction
in themetabolic activity of 85%, indicating a higher cytotoxic
effect by the nanopowder compared to the micro.
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F 14: Particle number (black line) and particle mass distribution (red line) of the generated copper(II) sulfate aerosol entering the
exposure module. e analysis was performed with an Aerodynamic Particle Sizer (TSI Inc.).
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F 15: Relative cell viability of A549 cells aer exposure to
copper(II) oxide microparticles normalized to the clean air control
dependent on time (15, 30, and 60min).

Copper(II) oxide nano does not differ strongly from
copper(II) oxide micro in numbers of sub-𝜇𝜇m particles. e
nanopowder exhibits much lower mass distribution values,
however, due to few particles in the size range over 1𝜇𝜇m.

4. Discussion

Due to changes in the EU regulations concerning the
approval of chemical substances (Regulation (EU) no.
1907/2006) and the ongoing demand for alternativemethods,
new cell systems and exposure techniques were developed
and characterized, also in the �eld of inhalation toxicology.
e latter should meet special requirements with regard to
the cell type and the type of exposure.

e biological test systems include bronchial (Calu-3,
16HBE14o-, BEAS-2B) and alveolar epithelial (A549) cell
lines, mostly from tumors as well as human primary cells
isolated from different regions of the respiratory tract [22–
25]. At the moment primary cell cultures are mostly studied

under mechanistic aspects (differentiation, cellular interac-
tions) [26] and are not used routinely for screening methods
to address acute toxicity. erefore, the studies are mostly
performed with cell lines like the alveolar epithelial cell
line A549, which allows the generation of stable cultures
(undifferentiated). e advantage of these cultures is the
delivery of stable, reproducible, and signi�cant data for the
calculation of dose-response curves as well as the de�nition
of key values (effective dose: EC50).

e exposure of cultivated cells from the respiratory tract
for studying the effects of airborne substances represents
a challenge with regard to the experimental design. e
exposure of cells under conventional submerged condi-
tions, mostly with soluble test substances, shows a variety
of shortcomings like the interference of the test atmosphere
with medium components, unrealistic exposure conditions
including uncertain effective doses for gases and particles.
erefore, several approaches have been made for the devel-
opment of exposure systems (Table 4) at the air-liquid
interface [3, 12, 14, 17, 27–35]. Under such conditions, the
cells are in direct contact with the test aerosol, which is
conducted through the exposure device to the cells. e
exposure systems have to ful�ll cell-speci�c requirements,
meaning the maintenance of the cell cultures during the
exposure process by medium supply and the establishment
of a cell-speci�c environment (pH value, 37∘C).

All described systems have taken into consideration those
basic requirements. e inserts are located in medium-
containing chambers, connected with a medium supply for
intermittent or continuous medium exchange. In the system
described by Adamson et al. [36], 4 culture vessels are placed
together in a chamber �lled up with medium to the bottom
of the cell culture inserts. In the CULTEX RFS, and also
the CULTEX glass modules [27, 28], the inserts are housed
separately and are supplied individually with nutrients, as
independent exposure chambers within one module. e
medium level is ad�usted via an over�ow tube to establish
comparable conditions in all three chambers.
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F 16: Particle number (black line) and particle mass distribution (red line) of the generated copper(II) oxide microaerosol entering the
exposure module. e analysis was performed with an Aerodynamic Particle Sizer (TSI Inc.).

T 4: Exposure systems for exposing cultivated cells at the air-liquid interface.

Exposure
system

Electrostatic
precipitation Cell type Test atmosphere Literature

Cultex CG No

LK004
HFBE-21
CHO-K1

A549
BEAS-2B

Cigarette smoke
Diesel exhaust
Ozone and nitrogene dioxide
Phosgene
Volatile organic compounds
Pharmaceuticals
Trichloramine
Fly ash
Particles

Aufderheide and Mohr 1999 [12]
Ritter et al. 2001 [46]
Knebel et al. 2002 [47]
Diabaté et al. 2008 [48]
Pariselli et al. 2009 [49]
Deschl et al. 2011 [50]
Schmalz et al. 2011 [51]
Wijte et al. 2011 [52]
Nara et al. [53]
Elihn et al. 2012 [54]

Cultex RFS Yes A549
16HBE14o- Cigarette smoke Aufderheide et al. 2011 [17]

ALICE No A549
Carbon black nanoparticles
Zinc oxide nanoparticles
Gold nanoparticles

Lenz et al. 2009 [14]

NACIVT Yes
BEAS-2B

Porcine lung
macrophages

Secondary organic aerosols
Polystyrene particles

Gaschen et al. 2010 [55]
Savi et al. 2008 [16]

Vitrocell No A549
Laser printer emissions
Volatile organic compounds
Carbon nanotubes

Tang et al. 2012 [56]
Frohlich et al. 2012 [57]
Anderson et al. 2010 [58]
Gminski et al. 2011 [59]

BAT No NCI-H292 Cigarette smoke Phillips et al. 2005 [35]

EAVES Yes A549
Polystyrene particles
Diesel exhaust
Coarse ambient particles

de Bruijne et al. 2009 [15]
Volckens et al. 2009 [60]

e basic principle of cellular exposure to airborne mate-
rials is based on the treatment of the cultivated cells at the
air-liquid interface (ALI). e experimental setup to realize
a direct contact between the cells and the test atmosphere
differs considerably in the different systems, which are listed
in Table 4. A limited number of devices favor the exposure of
the cultures to an aerosol passing through a box or exposure
chamber [35, 36], but most of the exposure systems prefer

a stream directed towards the cell culture to realize a close
contact between the test atmosphere and the cell surface for
depositing particles. Gaseous compounds can be studied in
all systems due to the homogeneous distribution of their test
atmosphere, whereas the exposure of particulate materials
is based mostly on a directed aerosol �ow. A comparative
study of the different test systems is limited due to the limited
availability of the modules and the absence of information.
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F 17: Relative cell viability of A549 cells aer exposure to
copper(II) oxide nanoparticles normalized to the clean air control
dependent on time (15, 30, and 60min).

e CULTEX glass modules as well as the RFS are
designed to establish an incoming �ow which is directed
immediately via emission ducts to the surface of the cells
to guarantee a close contact with the test atmosphere, both
qualitatively and quantitatively. In comparison with the
glass modules, the aerosol guiding module of the RFS has
been optimized concerning the uniform distribution of the
incoming test atmosphere to the three exposure chambers,
thus stabilizing the whole exposure process. In the glass
modules, the aerosol is guided linearly above the module and
the sampling points for the test atmosphere are arranged in
succession. In the case of gaseous compounds, the homo-
geneous distribution of the atmosphere is not limited, but
airborne particles belong to another category, especially with
regard to their aerosol physical properties. A linear �ow path
above the glass module leads to a concentration gradient,
which may result, due to the sequentially arranged sampling
points, at different exposure levels. In contrast, the CULTEX
RFS module is characterized by a central inlet for the test
atmosphere into the exposure device, wherefrom the aerosol
is distributed into the chambers and the particles deposited
on the cell cultures. e resulting data are characterized
by a small standard deviation within a test or for multiple
experiments. Another relevant advantage of the new system
is the adjustment of the medium level, which ensures a
comparable microenvironment for all cultures. e level
in the Cultex RFS is controlled by special over�ow tubes
to stabilize the sensitive microclimate around the cells. An
autonomous medium supply for each cell culture insert
offers the opportunity to test different medium additives
without interaction between the three test chambers.enew
modular design of theCultex RFS guarantees a high �exibility
in working with different types of cell culture inserts or even
Petri dishes (for the AMES assay) by using special adapters.

e efficiency of the exposure process depends on the
deposition efficiency and represents, especially in the case of
�ne and ultra�ne particles (nano particles), one of the main
challenges [17]. e deposition efficiency of the particles in
most air-liquid interface systems is based on sedimentation

and diffusion. Accordingly, a characterization of the test
aerosol with regard to the particle number and particle mass
dependent on the particle size is one of themain requirements
to judge the biological activity of the airborne material. Due
to changes within the aerosol during the generation process
and due to particle-particle interactions, the primary particle
size should only be used as a basic indication. In this context,
particle loss within the system and agglomeration of the
particles has to be taken into account.

In the literature, the deposition efficiency rate of in
vitro exposure devices is described inconsistently.eoretical
considerations and experimental exposure data with ultra�ne
carbonaceous model particles with a CMD of 95 nm resulted
in an efficiency of 2% [37].

e combination of such air-liquid interface exposure
systems with an electrical charger and precipitator could
improve particle deposition. Experimental data from Savi et
al. [16] showed that the deposition efficiency can be increased
to 30% with this type of setup without causing a cytotoxic
effect on the exposed cells. First results obtained with the
Cultex RFS in combination with an electrical deposition
device (Cultex EDD) indicated that the efficiency for particles
which are not deposited by sedimentation or diffusion can be
increased up to 95% (data not shown).

e outstanding importance of particle size and mass
for the deposition efficiency highlights the importance of a
controlled and stable generation of particulate atmospheres
as well as the behavior of such particles in an exposure device.

To obtain more insights into the �ow conditions within
our Cultex RFS module, CFD analysis was conducted by
taking into consideration all components of the experimental
setup. CFD simulations included the particle distribution in
the tubing system (connection between the elutriator and the
exposure module) and the exposure module itself. Here, we
found that inhomogeneous particle distributions propagate
over long distances due to laminar �ow conditions. e
integration of a jet nozzle into the inlet adapter enabled a
homogeneous particle distribution and deposition on the
insert membranes as shown in Figure 10 at the example
of copper(II) oxide micro. e CFD analysis provides a
good method to simulate the trajectories of the particles
from generation to deposition. e consideration of different
experimental conditions like the air �ow rate or dimensions
of the connecting tubes allows the selection of the appropriate
experimental design to enhance the efficiency of the exposure
system.

Besides the experimental setup, the chemical and physical
properties of the particles highly in�uence their deposi-
tion efficiency. To compare the biological activity of the
different copper compounds, the particle mass concentra-
tion per area was adjusted for each substance to establish
a comparable particle mass deposition (deposition rate:
25 𝜇𝜇g/cm2/15min). A549 cells were exposed for 15, 30, and
60 minutes at the air-liquid interface to the different test
atmospheres and the metabolic activity of the cells was
analyzed as an estimate for cytotoxicity. In comparison to
the incubator control, the cells that were exposed to clean
air showed no reduction in the cell viability, indicating that
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exposure module. e analysis was performed with an Aerodynamic Particle Sizer (TSI Inc.).

the exposure procedure itself had no effect on this analyzed
endpoint. As a negative substance control we used lactose,
which induced no considerable cell damage (13% aer an
exposure time of 30 minutes). At the end of the exposure
period, the cultures were covered by a dense particle layer
and a further reduction in cell viability (37% of the clean air
control) was measured probably due to an overload effect.

In comparison with lactose monohydrate, all copper
compounds induced signi�cant dose-related effects. e
cytotoxic signal correlated strongly with the chemical and
physical properties of the test compound. Copper(II) sulfate,
as soluble compound, induced a pronounced cytotoxic effect
already aer an exposure time of 15 minutes (reduction
of cell viability of 80%). Comparable effects could also be
observed for the insoluble copper(II) oxide compounds, but
to a lesser extent. As described by Karlsson and coworkers
[38], the exposure of the cells to both substances resulted in
a dose-dependent decrease in the cell viability by increasing
the particle concentration, whereby the copper(II) oxide
nanomaterial appeared to be more harmful to the cells than
copper(II) oxide micro, based on the exposed particle mass.
In the literature, nanoparticles are repeatedly described to be
more potent in causing a cellular damage than microparticles
[38–40], but there is also evidence that there is no difference
in their biological activity [41–43]. In agreement with the
above-mentioned studies, our direct exposure studies with
nanosized copper(II) oxide exhibited a stronger cytotoxicity
than the micro-sized particles. Most of the studies on micro-
or nanosized particles have been conducted under submersed
conditions. Ahamed and coworkers also used A549 cells,
which were treated with CuO nanoparticles (NP) suspended
in medium (0, 10, 25, and 50 𝜇𝜇g/mL for 24 hours) [44]. CuO
NPs signi�cantly decreased cell viability in a dose-dependent
manner. e highest concentration (50 𝜇𝜇g/mL) induced a
reduction in viability of 52%, whereas the directly exposed
A549 cells showed a decrease of more than 75%, pointing to
a more efficient contact and interaction between deposited
particles and the lung cells. Investigations of Karlsson et al.
support this assessment [38, 45].

Concerning the number of particles per cm2 for each
substance, A549 cells were exposed in the case of copper(II)
oxide nano to more particles in comparison to copper(II)
oxide micro. Accordingly, the higher cytotoxicity may also
be a result of the higher number of smaller particles coming
into contact with the surface of the cells.

In summary, our results show that an efficient and
stable cell exposure system like the Cultex RFS module
allows a reproducible analysis of dose-dependent reactions
to airborne materials. e cell cultures can be exposed to
the generated particulate atmospheres, characterized with
regard to particle size andmass distribution, under controlled
conditions thus favoring the generation of valid data for the
calculation of key values (effective dose). ese data can be
comparedwith animal or clinical data and offer the possibility
to verify the relevance and meaningfulness of these in vitro
studies.
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4Centro de Ciencias de la Atmósfera, Universidad Nacional Autónoma de México, 04510 México, DF, Mexico
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Chronic exposure to particulate matter air pollution is known to cause inflammation leading to respiratory- and cardiovascular-
related sickness and death. Mexico City Metropolitan Area children exhibit an early brain imbalance in genes involved in oxidative
stress, inflammation, and innate and adaptive immune responses. Early dysregulated neuroinflammation, brain microvascular
damage, production of potent vasoconstrictors, and perturbations in the integrity of the neurovascular unit likely contribute
to progressive neurodegenerative processes. The accumulation of misfolded proteins coincides with the anatomical distribution
observed in the early stages of both Alzheimer’s and Parkinson’s diseases. We contend misfolding of hyperphosphorylated tau
(HP𝜋), alpha-synuclein, and beta-amyloid could represent a compensatory early protective response to the sustained systemic
and brain inflammation. However, we favor the view that the chronic systemic and brain dysregulated inflammation and the
diffuse vascular damage contribute to the establishment of neurodegenerative processes with childhood clinical manifestations.
Friend turns Foe early; therefore, implementation of neuroprotective measures to ameliorate or stop the inflammatory and
neurodegenerative processes is warranted in exposed children. Epidemiological, cognitive, structural, and functional neuroimaging
and mechanistic studies into the association between air pollution exposures and the development of neuroinflammation and
neurodegeneration in children are of pressing importance for public health.

1. Introduction

Air pollution is a significant health problem in megacities
around the world [1–3]. In a scenario where the projected
world population will have a further increase of 2 to 4.5
billion in the first 50 years of this century [4], the issue of
deteriorating environments and their health impact is critical.
The problem of air pollution is not confined to large urban
centers, it also affects small cities and rural areas. Particulate
matter (PM) air pollution is a public health problem affecting
millions of people worldwide.

Recent works have shed new light on the etiology of
Alzheimer’s and Parkinson’s diseases (AD and PD), with a
growing body of evidence that oxidative stress and neuroin-
flammation are at the core of their etiopathogenesis and that
there is a close interplay between environmental factors and
neurodegeneration [5–8]. We also know the most beneficial
neuroprotective effects might only be achieved in the very
early stages of the detrimental processes. As such, a great
effort has beenmade in establishing the associations between
particulate air pollution, neuroinflammation, and neurode-
generation in highly exposed megacity children and young
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adults. The first part of this paper deals briefly with the cur-
rent state of air pollution in Mexico City Metropolitan Area
(MCMA) and with the several areas of investigation in our
laboratory that exemplify how seemingly clinically healthy
children are responding to the sustained exposures to air
pollutants. The second part of the paper turns to a more
troublesome challenge. How do you formulate the neu-
ropathology and gene brain expression findings in clinically
healthy children and young adults and establish the links
with the current mainstream concepts of neurodegeneration.
This principled problem thus addresses the relation between
neuroinflammation, neurodegeneration, and air pollution
exposures with an emphasis on compensatory responses.
Dealing with this problem invites the development of linking
hypotheses between the domains and the need for interven-
tion, issues addressed in the third part of the paper.

2. Air Pollution Background and
Clinical Issues in Metropolitan Mexico
City Clinically Health Children

2.1. Air Pollution in Mexico City Metropolitan Area (MCMA).
Although there is significant air pollution associated with
ozone in MCMA, in this work, we will focus on particulate
matter (PM) broadly defined by the diameter of the aerody-
namic particles and classified into coarse particles (<10𝜇m;
PM
10
), fine particles (<2.5 𝜇m; PM

2.5
), and ultrafine particles

(<100 nm; UFPM). Fine and ultrafine PM are of particular
interest given their capability to reach the brain [9]. The
smaller the particle, the greater its penetration, diffusion, and
deposition into the respiratory tract and its direct transloca-
tion into the brain [9–11].

MCMA, the largest urban center in North America, is
an example of extreme urban growth and environmental
pollution [12]. The metropolitan area of over 2000 square
kilometers is home to over 20 million inhabitants including 8
million children. The energy demand of this population and
over 40000 industries and 4 million vehicles consumes more
than 40 million liters of petroleum fuels per day resulting in
an annual emission of approximately 2.6 tons of pollutants
including coarse and fine particulate matter, gaseous pol-
lutants, polycyclic aromatic hydrocarbons, and lipopolysac-
charides [12]. The MCMA is located in the southwestern
portion of an elevated basin 2240m above sea level that is
surrounded on three sides bymountain ridges at 19∘ N 99∘W.
The high altitude and tropical insolation of the basin facilitate
ozone production all year and contribute to the formation of
secondary PM. Air quality is generally worse in the winter
when thermal inversions are more frequent [13].

Even with the substantial reductions in the concentra-
tions of some criteria pollutants (such as lead, CO, and
SO
2
) achieved during the past fifteen years, MCMA residents

remain exposed to concentrations of airborne pollutants ex-
ceeding current ambient air quality standards for PM and
ozone [14]. High concentrations of PM

2.5
as well as significant

levels of PM
10
associated with lipopolysaccharides (PM-LPS)

have been registered historically in Mexico City’s air, and

marked regional differences in the air pollutants concentra-
tions and composition have been reported within MCMA
[12, 15–19].

Figure 1 shows the trend of 24-hour average PM
10

con-
centrations forMCMA(1995–2011). PM

10
concentrations had

shown a clear reduction up to 2007; however, concentrations
have been slowly back on the rise in the last 5 years. PM

2.5

data from the monitoring network [20] in Figure 2 show the
90th percentile of the 24-hour average concentrations per
year have been above the respective air quality standard of
35 𝜇g/m3. MCMA residents are also exposed to UFPM from
ambient air and workplaces. These nano sized PM include
combustion sources (e.g., diesel exhaust particles, welding
fumes) andmanufactured or engineered nanoparticles (NPs).
It is not widely appreciated that nano-sized materials are also
present in many consumer products to which large segments
of the population are exposed (e.g., toothpastes, cosmetics,
sunscreens, food additives, and laser printer emissions) [21,
22].

In this massive exposure chamber, 8 million children
and teens <18 y are receiving the impact of the involuntary
exposure to the polluted air.

2.2. Detrimental NonCNS Effects in Exposed Children. It is
important to emphasize that PM exposure has been epidemi-
ologically associated to a wide spectrum of cardiovascular,
pulmonary, and CNS effects [10, 11, 23–25]. Exposure to fine
PM over a few hours to weeks can trigger cardiovascular
disease-related mortality and nonfatal events [10]. Longer-
term exposure increases the risk for cardiovascular mortality
to an even greater extent than exposures over a few days [10].
In the cardiovascular literature “credible pathological mech-
anisms have been elucidated that lend biological plausibility
to (detrimental) findings” [10]. Two mechanistic pathways
applied to the cardiovascular and lung effects fit precisely the
detrimental pathways in place in MCMA children [8]. These
pathways include: pulmonary and systemic oxidative stress,
and inflammation and direct effects of PM or its constituents
on the vasculature and/or blood elements after translocation
from the lung [10].

The pediatric studies from our laboratory cited in this
work were performed in Mexico City clinically healthy
children with no known risk factors for pulmonary, cardio-
vascular, and CNS pathology or cognitive deficits. MCMA
children are selected from nonsmoking families and their
results compared to age, gender, and socioeconomic status
(SES) matched children residing in low polluted places. The
detrimental nonCNS effects associated to residency in MC
include the following.

(i) Systemic inflammation with increased concentra-
tions of proinflammatory cytokines, chemokines, and
potent vasoconstrictors (i.e., endothelin-1, ET-1). The
concentrations of inflammatory mediators and ET-
1 correlate positively with cumulative exposures to
PM
2.5

and outdoor exposure hours [26]. Chronic
inflammation involving the upper and lower respi-
ratory tracts has been identified as a link between
air pollution and brain damage [26–33]. Continuous



BioMed Research International 3

0
25
50
75

100
125
150
175
200
225
250
275
300
325
350
375

1995 1997 1999 2001 2003 2005 2007 2009 2011
Year

Maximum

90th percentile
75th percentile
Median
25th percentile
10th percentile

PM
10

(𝜇
g/

m
3 )

PM10 24hr average air quality standard

Figure 1: Trend of the PM
10
24-hour average concentrations from all monitoring stations in the MCMA from 1995 to 2011. The dashed line

shows the U.S. EPA PM
10
24 hr average air quality standard (data from the SMA-GDF).

0

20

40

60

80

100

120

2004 2005 2006 2007 2008 2009 2010 2011
Year

Maximum

90th percentile
75th percentile
Median
25th percentile
10th percentile

PM
2.5

(𝜇
g/

m
3 )

Figure 2: Trend of the PM
2.5

24-hour average concentrations from
all monitoring stations in theMCMA from 2004 to 2011.The dashed
line shows the U.S. EPA PM

2.5
24 hr average air quality standard

(data from the SMA-GDF).

expression of inflammatory mediators capable of
reaching the CNS promotes the formation of reac-
tive oxygen species (ROS) [8]. Activation of innate
immune responses within the brain may follow the

interactions between circulating cytokines and the
constitutively expressed cytokine receptors of brain
endothelial cells. Such responses may, in turn, be
followed by activation of cells involved in adaptive
immunity [30, 34, 35]. Monocytes are the main
innate immune response mediator cells, producing
and secreting TNF-𝛼, interleukin-6 (IL-6), and IL-
1𝛽, which in turn recruit and increase the activity
of other immune cells [34]. Sustained exposures to
fine and ultrafine PM likely start a chain of events
leading to brain endothelial cell activation, disrup-
tion of the neurovascular unit, altered response of
the innate immune system, neuroinflammation, and
neurodegeneration [8, 30, 34–36].

(ii) Altered immune responses include significant de-
creases in the numbers of natural killer cells and
increased numbers ofmCD14+monocytes andCD8+
cells. The reduction in the number of NK cells goes
along with the low concentrations of interferon
gamma (IFN-𝛾) [28]. MCMA children have mon-
ocytic mCD14 upregulation—a key membranous
receptor involved in lipopolysaccharide (LPS) bind-
ing. The CD14 upregulation represents the early
step in cell activation by LPS involving the innate
immune initial host response to Gram negative bac-
terial infections [37]. MCMA children are historically
exposed to endotoxin associated with PM [17, 28,
32, 38]. The issue is very important because we have
shown there is a significant frontal upregulation of
inflammasome-associated genes in MCMA children
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and young adults [30]. Moreover, particle exposure
has been associated to pathogen sensors and the
signaling by ROS drives inflammasome intracellular
signaling complexes activation [39–41]. Even very low
doses of LPS elicit an augmented response to sub-
sequent endotoxin challenge with a violent immune
response [42]. The priming phenomenon could play
a role in the neuroinflammatory responses observed
in MCMA children [30, 35].

(iii) Pulmonary changes in MCMA children living in
tobacco free homes include bilateral hyperinflation
and increased linear markings observed in chest radi-
ographs and mild bronchial wall thickening, promi-
nent central airways, air trapping and pulmonary
nodules identified by computed tomography scans.
Abnormal lung function tests based on predicted
values are seen in 7.8% of MCMA children. Higher
concentrations of endothelin-1 correlate with eleva-
tions of mean pulmonary artery pressure, average
hours per day spent outdoors, and 7 day cumulative
concentrations of fine PM

2.5
[26, 27].

(iv) Cardiovascular effects include a significant right ven-
tricle upregulation of IL-1𝛽, TNF-𝛼, IL-10, and CD14,
and a left ventricle difference in TNF-𝛼, and IL-10
in South versus North Mexico City residents, a key
point in relation to the marked difference in pollutant
profiles determined by the residenceMCMA location
[43].

2.3. Detrimental CNS Effects in Exposed Children. MCMA
children with no known risk factors for neurological or
cognitive disorders exhibit significant deficits in a combina-
tion of fluid and crystallized cognition tasks versus control
children [29]. Fifty-six percent of MCMA children showed
prefrontal white matter hyperintense (WMH) lesions byMRI
and similar lesions were observed inMCMAdogs (57%) [29].
One control child out of 13 tested exhibited a single white
matter lesion, and this child was an APOE 3/4 carrier [29].
Critical to this paper, MC breed animal facility dogs had
frontal lesions with vascular subcortical pathology associated
with neuroinflammation, enlarged Virchow-Robin spaces,
gliosis, and ultrafine particulate matter deposition [29]. The
dogs MRI findings were the same as the children, includ-
ing their prefrontal location [29]. The data suggested the
prefrontal cortex was a target anatomical region in exposed
children and its damage could have contributed to their
cognitive dysfunction. We next tested whether patterns of
brain growth, cognitive deficits, and WMH were associated
with exposures to MCMA air pollution [44]. Baseline and
1-year followup measurements of global and regional brain
MRI volumes, cognitive abilities (Wechsler Intelligence Scale
for Children-Revised, WISC-R), and serum inflammatory
mediators were collected in 20 MCMA children (10 with
white matter hyperintensities, WMH (+), and 10 without,
WMH (−)) and 10 matched controls (CTL). There were
significant differences in white matter volumes between CTL
and MCMA children—both WMH (+) and WMH (−)—in
right parietal and bilateral temporal areas. Both WMH (−)

and WMH (+) MC children showed progressive deficits,
compared to CTL children, on the WISC-R Vocabulary and
Digit Span subtests. Interestingly, the cognitive deficits in
MCMA children matched the localization of the volumetric
differences detected over the 1 year followup [44].

When we analyzed the WMH lesions in relation to the
profile of cytokines and chemokines [32], MCMAWMH (−)
children displayed the profile of classical proinflammatory
defensive responses: high interleukin 12, production of pow-
erful proinflammatory cytokines, and low concentrations of
key cytokines and chemokines associated with neuroprotec-
tion. In contrast,MCWMH(+) children exhibited a response
involved in resolution of inflammation, immunoregulation,
and tissue remodeling. The MC WMH (+) group responded
to the air pollution-associated brain volumetric alterations
with white and grey matter volume increases in temporal,
parietal, and frontal regions and better cognitive performance
compared to MCWMH (−).

These findings suggest a complex modulation of cy-
tokines and chemokines influencing children’s white mat-
ter hyperintensities, volumetric white matter responses and
cognitive outcomes as a result of environmental pollution
exposures.

3. Neuroinflammation and Neuropathology in
Mexico City Children and Young Adults and
Comparative Studies

In 2002, we published a dog study pointing to the nasal
cavity as a major portal of entry of xenobiotics to the brain
[45]. The study evaluated 32 healthy mongrel MCMA dogs,
versus 8 dogs from Tlaxcala, a low polluted control city.
MCMA dogs exhibited expression of nuclear neuronal NF-
kappa B and iNOS in cortical endothelial cells at ages 2
and 4 weeks with subsequent damage to the blood-brain
barrier (BBB), deposition of Apolipoprotein E (APOE)-
positive lipid droplets in smooth muscle cells and pericytes,
diffuse amyloid plaques, and neurofibrillary tangles [45].
Nasal respiratory and olfactory epitheliumwere clearly found
to be early pollutant targets, as evidenced by the significant
apurinic/apyrimidinic (AP) sites in MCMA dogs versus
controls [46]. Moreover, olfactory bulb and hippocampal AP
sites were also significantly higher in MCMA animals and
nickel (Ni) and vanadium (V) were present in a gradient
from olfactory mucosa > olfactory bulb > frontal cortex [46].
Striking findings in our canine studies included the presence
of diffuse amyloid plaques in 11-month-old dogs and the
presence of oil combustion PM-associated metals Ni and V
in brain target areas. The dog studies are critical as they
showed Alzheimer pathology beginning early in life with air
pollutants playing a crucial role. Healthy young dogs exhibit a
striking acceleration of Alzheimer’s pathology when they live
in a highly polluted place. It is well known that dogs are a good
aging model and AD-type pathology and cognitive deficits
are seen in older animals [47–49].

3.1. Neuroinflammation and Vascular Damage in MCMA
Children and Young Adults. A very critical component of air
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pollution exposure is neuroinflammation [8, 50–52]. MCMA
young urbanites exhibit an important frontal imbalance
in genes essential for inflammation, innate and adaptive
immune responses, oxidative stress, cell proliferation and
apoptosis, when compared to age-matched residents in low
pollution cities [30]. Measurements of mRNA cyclooxygen-
ase-2, interleukin-1beta, and CD14 in target brain regions
from 12 controls and 35 MC residents aged 25.1 ± 1.5
years showed upregulation of cyclooxygenase-2, IL-1𝛽, and
CD14 in supra, and infratentorial regions and cranial nerves
including: olfactory bulb, frontal cortex, substantia nigrae,
and the vagus nerve [35].

The entry of activated lymphocytes, mast cells, and
macrophages into the brain parenchyma is a hallmark of
chronic inflammatory processes [34, 53–56]. Clusters of
mononuclear cells around blood vessels and activated mi-
croglia in the frontal and temporal cortex, subicular area,
and the brain stem (Figure 3(a)) were present in all MCMA
children and were extremely rare in control children [30,
35]. These mononuclear cells are positive for CD68, CD163,
Iba-1 (Figure 3(a)), and HLA-DR (Figure 3(b)) [57]. Intact
and degranulated mast cells identified by means of tryptase
monoclonal antibodies are seen in perivascular locations in
frontal (Figure 3(c)) and temporal cortices, as well in trigem-
inal ganglia, and in peripheral autonomic nerves innervat-
ing the lungs and hearts in MCMA subjects, whereas in
the controls mast cells were rare and intact. Blood vessels
exhibit vacuolated endothelial cells andmarginalWBCs, both
indicative of endothelial damage and activation (Figure 3(d)).
While the presence of abundant lipofuscin in endothelial cells
(Figure 3(e))—usually associated with aging and indicative
of a highly oxidized and covalently cross-linked aggregate of
proteins—is evidence of a dysfunctional lysosomal degrada-
tion not expected in children or young adults.

Therewas extensive vascular damage in the olfactory bulb
and in the frontal cortex. In the prefrontal cortex, the vascular
damage affects predominantly whitematter (Figure 3(f)).The
main vascular findings included thickened walls, abundant
perivascular macrophages, and focal enlargement of the
Virchow-Robin spaces (Figure 3(g)). Young dogs show simi-
lar lesions to children with significant endothelial cell hyper-
plasia markedly reducing the vessel lumen (Figure 3(h)).
The extensive prefrontal vascular damage is accompanied by
whitematter focal damage that in some children is significant
(Figure 3(i)). Extensive leaking of blood vessels involves
supra and infratentorial regions (Figures 3(j) and 3(k)).
Olfactory bulb arterioles also show marked focal thickening
of the vessel walls, indicative of a chronic reparative process
(Figure 3(l)).

Ultrafine particles are likely players in the endothelial cell
activation and are found in various CNS regions, including
the Olfactory bulb (Figure 3(m)). UFPM are also seen in
erythrocytes with the formation of patterned discrete contact
points between endothelial cells and RBCs in the CNS,
trigeminal ganglia, and lung capillaries of highly exposed
people [35].

3.2. Alzheimer’s and Parkinson’s Diseases Hallmarks. A grow-
ing body of epidemiologic and experimental data point

to particulate matter components of air pollution as well
as nanoparticles in the environment as risk factors for
neurodegenerative diseases [51, 52, 58–63]. Indeed, exposure
to different size and composition PM produce molecular
hallmarks of neurodegeneration, including the production
and deposit of misfolded protein aggregates (amyloid, alpha
synuclein, hyperphosphorylated tau), oxidative stress, cell
damage and death in susceptible neuronal populations [51, 52,
64–66]. Neuronal oxidative stress is prominent even in small
MCMAchildren [35]. Extensive cytoplasmic accumulation of
8OHdG in key neuronal complexes (Figure 4(a)) correlates
with oxidative stress and damage to DNA. Nitrotyrosine, a
marker for inflammation and nitric oxide (NO) production,
is also present in frontal neurons and infratentorial neu-
ronal groups (Figure 4(b)). Nitrotyrosine positive inclusions
are also seen in glial cells, microglia, and perivascular
macrophages [35].

3.2.1. Cortical Neurodegeneration Hallmarks. In young
MCMA residents, amyloid beta42 (A𝛽42) frontal
(Figure 4(c)), olfactory bulb, and/or hippocampal immuno-
reactivity was observed in 58.8% ofApolipoprotein E (APOE)
3/3 <25 y, and 100% of the APOE 4 subjects (Figure 4(d)),
whereas 𝛼-synuclein was seen in 23.5% of <25 y subjects
[29]. In a different MCMA cohort, aged 18.3 ± 6.9 years, 40%
exhibited tau hyperphosphorylation with pretangle material
(Figures 4(e) and 4(f)) and 51% had A𝛽42 diffuse frontal
plaques compared with 0% in controls [30]. Thus, diffuse
amyloid plaques and pretangle hyperphosphorilated tau are
common frontal findings in highly exposed children, while
low pollution controls are negative.

3.2.2. Brainstem Neurodegeneration Hallmarks. Infratento-
rial involvement is also present in exposed children thus
neuropathology is seen in the brainstems of children age
96.3 ± 8.5 months from highly polluted (𝑛 = 34) versus a
low polluted city (𝑛 = 17) [67]. Figure 5(a) shows medial
superior olivary neurons with strong oxidative stress as evi-
denced by their 8-hydroxyguanosine immunoreactivity. MC
children have auditory and vestibular abnormal findings [67].
The pathology involves every level of the brainstem from
the midbrain to the lower medulla. The substantia nigrae
pars compacta displays IBA-1 microglia. The number of
activated microglia also varies significantly between control
and MCMA children (Figures 5(b) and 5(c)). Activated
microglia are found throughout the brainstem in exposed
children (Figures 5(c), 5(d), and 5(e)), along with reactive
glial fibrillary acidic protein (GFAP) positive astrocytes,
indicative of responsive glia to cell damage (Figure 5(f)).
Accumulation of𝛼-synuclein, activatedmicroglia, extracellu-
lar neuromelanin, and pigment-laden macrophages are seen
from the dorsal motor nucleus of the vagus level (Figure 5(g))
to the substantia nigrae midbrain sections (Figures 5(h) and
5(i)). There is a punctuated cytoplasmic accumulation of 𝛼-
synuclein in affected neurons, while 𝛼-syn positive neurites
are also seen in the neuropil.

3.2.3. Olfactory Bulb Neurodegeneration. The olfactory bulb
pathology deserves special attention because large segments
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Figure 3: (a) Eleven year old MCMA girl with abundant ionized calcium binding adaptor molecule 1 (Iba-1)-positive microglia.
Approximately 50% of the perivascular cells are Iba-1+ (Iba-1 antibody with DAB + brown product). (b) Eleven year old MCMA girl with
brainstemperivascular accumulation ofHLA-DRpositive cells (HLA-DR antibody andDAB+brownproduct). (c) Frontal cortex in aMCMA
24 y old male with perivascular partially degranulated tryptase positive cells (Tryptase Ab with DAB + brown product). (d) Olfactory bulb
blood vessel in a 14 year old MCMA boy. Notice a vacuolated endothelial cell and a polymorphonuclear leucocyte (PMN) attached to the
vessel wall. Two glomeruli are adjacent to the damaged vessel. H&E. (e) Olfactory bulb blood vessel in a 14-year-old MCMA male APOE
3/3. Endothelial cells in the delicate vessel exhibit abundant lipofuscin, a highly oxidized and covalently cross-linked aggregate of proteins
associatedwith aging. H&E. (f) Frontal cortexwhitematter from aMCMA33 year old healthy subject with a cluster of blood vessels displaying
perivascular numerous macrophages with lisosomal bodies and lipofuscin. The larger vessel displays abundant cell debris within the wall.
One micron toluidine blue section. (g) Fourteen year old MCMA girl prefrontal white matter with an abnormal blood vessel displaying
perivascular macrophages with lisosomal bodies and lipofuscin, abundant cell debri within the wall, apoptotic nuclei and focal enlargement
of the Virchow-Robin space. One micron toluidine blue section. (h) Vascular lesions are also seen in young MCMA dogs. This 19 month dog
exhibits a frontal white matter arteriole with hyperplastic endothelial cells partially reducing the lumen. One micron toluidine blue section.
(i)The prefrontal cortex exhibits extensive vascular white matter damage, illustrated in this 13 y oldMCMA girl.The arteriole shows extensive
perivascular accumulation of macrophages with abundant lisosomal bodies. A striking enlargement of the Virchow-Robin space is seen with
focal white matter damage. One micron toluidine blue section. (j) Seventeen year old MCMA teen brainstem blood vessel with extensive
leaking expanding the Virchow-Robin space. (k) Same child as (j), the breakdown of the neurovascular unit also affects smaller blood vessels.
(l) Electron micrograph of an olfactory bulb arteriole in a 17 y old MCMA boy.There is marked focal thickening of the vessel wall, numerous
perivascular macrophages with lisosomal bodies and lipofuscin and vacuolization of endothelial cells. (m) Nanosized particles are seen in
endothelial cells in many brain regions. This electron micrograph from a 17 y old MCMA male shows an arteriole in the olfactory bulb with
two sharply defined particles in the endothelial cell cytoplasm and its basementmembrane.Theparticles are 16 to 20 nanometers. EM×50,000.

of the world population are exposed to a myriad of toxic
substances on a daily basis that have the potential for
harming the olfactory system and penetrating the brain via
the olfactory epithelium (OE) [68–71]. Extreme instances of
such exposures in the USA include the massive dust cloud
following the September 11, 2001, terrorist attack in New
York City, smoke and debris from wildfires, exposures to
airborne herbicides and pesticides in farming communities,
and pollutants from vehicle exhaust and manufacturing
enterprises in major metropolitan areas. The issue is very

important because olfactory dysfunction is among the earliest
“preclinical” features of AD and PD, occurring in ∼90% of
early onset cases [72–76].

In MCMA residents, the severe pathological changes in
the nasal respiratory epithelium go hand and hand with a
marked decrease in olfactory neurons, significant changes in
Bowman’s glands, and pathologic Alzheimer and Parkinson’s
early stage changes within the olfactory bulbs (OBs) [77].
In one study comparing the OBs of 35 young MCMA
residents versus 9 controls (20.8±8.5 years) from aminimally
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Figure 4: (a) Eleven yearMCMAgirl dorsalmotor nucleus of the vagus stainedwith anti-8-OHdG showing immunohistochemical staining of
oxidized nucleoside in neurons. 8-hydroxyguanosine is amodified base that occurs in DNA due to attack by hydroxyl radicals that are formed
as byproducts and intermediates of aerobic metabolism and during oxidative stress. 8-OHdG immunohistochemistry red product. (b) Same
11 y old girl as in Figure 4(a) showing caudal pontine reticular nucleus neuronal protein oxidationmarked by nitrotyrosine immunoreactivity.
(c) Frontal cortex in an APOE 3/3 17 y old MCMA teen. A diffuse amyloid plaque (red product) is seen surrounded by glial cells negative
for reactive astrocytes as detected by their reaction to the glial fibrillary acidic protein (GFAP). Dual immunohistochemistry for amyloid
beta 1–42 and GFAP (DAB + brown product). (d) Frontal cortex in a 36 y old MCMAmale APOE 3/4. This subject shows numerous diffuse
and mature amyloid beta 1–42 plaques. (e) Frontal cortex in a 15 y old MCMA APOE 3/3 boy. Abnormal tau protein positive with the Tau 8
antibody (Innogenetics, Belgium), both in the neuronal body and in neuritis. (f) Frontal cortex in a 15 y old MCMA APOE 3/4 boy. A clear
Tau 8 positive neurite is seen.

polluted city, the MC residents exhibited significant amounts
of particles in OB glomerular neurons (Figure 6(a)), while
reactive astrocytes were prominent in young children
(Figure 6(b)). Immunoreactivity to alpha-synuclein, a hall-
mark of Parkinson’s disease was present in OB neurons of
MCMA teens and young adult (Figures 6(c), 6(d), and 6(e))
[77]. While neuronal accumulation of A𝛽42 was present in
young children regardless of APOE genotype (Figure 6(f)).
Thebasic laminarOBorganization of the glomerular, external
plexiform, mitral cell, internal plexiform, and granular cell
layers of the controls were generally intact (Figure 6(g)).
In contrast, ill-defined and fragmented organization of the
olfactory bulb layers, including small acellular glomeruli
characterized MCMA youngsters (Figure 6(h)). The changes
were extreme in APOE 4 carriers (Figures 6(i) and 6(j)).
The early olfactory deficits appear to be associated with the
aforementioned presence of beta amyloid, alpha synuclein,
particulate matter in glomerular structures and the massive
distortion of the OB organization.

3.3. The Role of the APOE Genotype in the Brain Effects
of Air Pollution. The Apolipoprotein E (APOE) 4 polymor-
phism influences aging and age-related diseases including
the risk for Alzheimer’s disease [78–80]. The differential
effects of ApoE isoforms on AD risk are given at least in
part by the ability to affect A𝛽 aggregation and clearance

in the brain, effects on synaptic plasticity, cell signaling,
lipid transport andmetabolism, and neuroinflammation [78].
APOE receptors influence both the CNS effects of APOE as
well as A𝛽 metabolism and toxicity. The APOE 4 genotype
(in contrast to APOE 3) is associated with oxidative stress
and chronic inflammation [78]. In traumatic brain injury,
APOE 4 carriers may be more predisposed to brain cellular
damage as measured by S-100B and NSE concentrations [79].
APOE4 also influences plasma lipid concentrations, increases
the risk of type 2 diabetes mellitus (particularly among
obese subjects and smokers), conditions associated with
high oxidative stress, neuroinflammation, and brain vascular
damage [80]. In keepingwith the current literature suggesting
APOE 4 carriers have disadvantages in terms of brain repair,
management of A𝛽 metabolism and toxicity and increased
oxidative stress and chronic inflammation, we have shown
MCMA APOE4 carriers have greater hyperphosphorylated
tau and diffuse A𝛽 plaques versus E3 carriers (𝑄 = 7.82,
𝑃 = 0.005) [30]. This observation is important because based
on our data, air pollution moderates the association between
APOE genotype and neurodegenerative changes, that is, an
APOE4 carrier residing in a highly polluted environmentwill
have an acceleration of neurodegenerative changes towards
AD [35]. This information is critical when planning the
neuroprotection of susceptible populations exposed to air
pollutant components.
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Figure 5: (a) Medial superior olive neurons from an 11 year old MCMA girl exhibit strong positivity for 8-hydroxyguanosine indicative of
oxidative stress. 8-OHdG immunohistochemistry DAB brown product. (b) Substantia nigrae, pars compacta in a 17 y old Control teen. The
section has been stained for the ionized calcium binding adaptor molecule 1 (IBA-1). There are very few positive cells. IBA-1 antibody with
red product. (c) In contrast, this is the substantia nigrae, pars compacta in a 14 y old MCMA teen stained for IBA-1. Numerous positive cells
are seen among the pigmented neurons and in perivascular locations. IBA-1 antibody with red product. (d) The same child has numerous
positive IBA-1 activated microglia in her vestibular nuclei. IBA-1 antibody with brown product. (e) Same child as previous picture. Positive
IBA-1 activated microglia in her dorsal motor nucleus of the vagus. IBA-1 antibody with brown product. (f) Reactive astrocytes are part of
the response of glial cells to cell damage. Reactive astrocytes positive for GFAP surround the dorsal motor nucleus of the vagus neurons
in this MCMA teen. GFAP with DAB brown product. (f) The dorsal motor nucleus of the vagus displays positive 𝛼 synuclein neurons in
the same child as 5F. 𝛼-Synuclein with red product. (h) The substantia nigrae is an early target in highly exposed teens. In this 11 y old girl
there are partially degranulated pigmented neurons with a few macrophages containing the pigmented granules. An elongated microglia-
like cell contains such brown granules in the vicinity of a neuronal shadow. H&E. (i) Substantia nigrae pigmented neuron is positive for
alpha-synuclein in this 14 y old MCMA girl. 𝛼-Synuclein with red product.

4. Compensatory Responses versus
Neurotoxic and Neurodegenerative
Changes. Friend or Foe?

In our pediatric studies, the early clinical olfactory deficits
appear to be associated with the presence of misfolded
proteins, reactive gliosis and vascular damage in the olfactory
bulb and the frontal cortex [77]. There is no doubt the
extensive olfactory bulb pathology likely affects OB proteins
with critical functions [81]. Likewise, the prefrontal cortex
differential regulation of key gene networks; that is, IL1,
NF𝜅B, TNF, IFN, andTLRs are likely players in the significant
cognitive deficits observed in children with no risk factors for
neurological or cognitive deficits, other than their residency
in a highly polluted megacity [29, 32, 33, 77]. In the same
stream of thought, the central delay in the brainstem auditory
evoked potentials and the significant whitematter volumetric
changes described after 1-year followup of MCMA versus

control children could be related to the accumulation of
abnormal proteins in key neuronal groups and the significant
neuroinflammation involving both gray and white matter
[30, 35, 67].

In view of the cognitive, olfactory, auditory, vestibular,
and volumetric white matter changes described in exposed
children, a series of critical questions arise:

(1) What is the role of PM in the neuroinflammatory
process described in highly exposed children?

(2) What is the relationship between clinical and electro-
physiological changes and the described neuropathol-
ogy?

(3) How to interpret the neuropathology hallmarks of
AD and PD in a 10 year old child with no family
history of neurological diseases?
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Figure 6: (a) Fourteen year oldMCMAboy with abundant particulate material in neurons in the glomerular region.The insert shows a close-
up of one such neuron with abundant particles and positive red cytoplasmic stain for A𝛽42. A𝛽42 immunohistochemistry and hematoxilin
counterstain. (b) Reactive astrocytes are seen in the olfactory bulbs of MC children and teens. This is a 14 y old MCMA boy with reactive
olfactory bulb astrocytes strongly staining for GFAP. GFAP immunohistochemistry with red product. (c) Olfactory bulb in an 11 y oldMCMA
boyAPOE 3/3. Numerous neurons display positive cytoplasmic granular staining.𝛼-Synucleinwith red product. (d) A close-up of an olfactory
bulb neuron with abundant 𝛼-Synuclein. (e) A close-up of a Lewy neurite is seen. 𝛼-Synuclein with red product. (f) Eleven year old MCMA
male with 𝛽-amyloid 1–42 in olfactory bulb neurons. A𝛽42 immunohistochemistry and hematoxilin counterstain. (g) This is the olfactory
bulb of a control 20 year old male from a low polluted city. The glomerular structures are organized and exhibit normal cellular components.
H&E. (h) In contrast, this is the olfactory bulb of an 11 year old MC boy APOE 3/3 with abnormal, loose and low cellular glomeruli. H&E.
(i) Even more striking changes are seen in this 32 y old MC APOE 4/4 female. There are no remaining normal glomeruli, the few structures
remaining are ill-defined with very few cells o no cells at all. It is expected this individual had significant olfactory deficits. H&E. (j) Same case
as (i).Theolfactory bulb shows extensive premature accumulation of corporae amylacea: glycoproteinaceous inclusions in astrocytic processes
associated with astrocytic injury and gliosis. Premature accumulation of corpora amylacea plays an important role in the sequestration of
toxic cellular metabolites. H&E.

Let us begin with the issue of particulate matter: Mexico
City residents have been chronically exposed to concentra-
tions of particulate matter above the USA standards for the
last 26 years [1, 12, 13, 16]. A considerable fraction of the PM

2.5

consists of organic compounds including biologic compo-
nents from bacteria and fungi, and transition metals with
neurotoxic properties [17–19]. Environmental endotoxins—
from open field waste areas, waste water treatment plants,
open sewer channels, and daily outdoor deposits of 500 met-
ric tons of animal and human fecal material—are an impor-
tant part of the organic portion of PM

2.5
.

Why is PM important for MCMA children? Because fine
and ultrafine particles reach their brain by uptake through
olfactory neurons and cranial nerves, trafficking of macro-
phage-like cells loaded with PM from the lung capillary bed
to the systemic circulation, and by a direct transfer of ultrafine
particles from the systemic circulation and/or red blood cells

to brain endothelial cells [30, 35]. Our data and those of
others suggest that exposure to PM can activate pathogen
sensors, and that signaling by ROS can drive inflammatory
processes [82–86]. Asbestos and silica activate the NALP 3
inflammasome and NALP3 deficient mice have a significant
reduction of their lung inflammatory responses [41]. The
innate immune system rapidly detects invading pathogenic
microbes and eliminates them. We have shown an upregula-
tion of 27/84 frontal inflammasome associated genes, includ-
ing NOD-like receptors and proinflammatory caspases [30],
so it is biologically plausible that PMwith lipopolysaccharides
(PM-LPS) initiates an inflammatory brain response. Toll-
like receptors sense “extracellular microbes” (e.g., PM-LPS)
and trigger anti-pathogen signaling cascades [84]. Both LPS
responses and systemic inflammation are important for the
understanding of how the sensing of “microbial invaders”
could translate into signaling pathways that culminate in
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the transcriptional regulation of immune responsive genes
and how the activation of inflammasomes [84] could be a
contributing factor for CNS inflammatory responses. The
inflammasome activation results in caspase 1 activation lead-
ing to processing and secretion of proinflammatory cytokines
like IL1𝛽 to engage innate immune defenses [86]. Indeed, this
pathway is clearly active in MCMA children: the activation
of inflammasomes turns on the protease caspase-1. Caspase-
1 cleaves prointerleukin-1𝛽 into an active form. We have
repeatedly shown IL-1𝛽 in frontal cortex, olfactory bulb,
hippocampus, and the dorsal vagal complex is upregulated
in highly exposed children, dogs and mice compared to low
pollution controls [30, 35, 87]. There is a clear need for better
understanding of the role of inflammasome activation in
urban children’s brains and the defense against pathogens that
do not really exist (only components of them, e.g., PM-LPS),
and neuroinflammation. This is of particular importance as
neuroprotective strategies are being explored.

The relationship between clinical and electrophysiolog-
ical changes and the described neuropathology is of deep
interest to pediatricians working in polluted urban cen-
ters. We mentioned olfaction deficits and abnormal UPSIT
(University of Pennsylvania Smell Identification Test) scores
present in 35.5% of the MCMA teens versus 12% of age
matched controls [77]. Moreover, highly exposed APOE 4
carriers failed 2.4 ± 0.54 of the 10 UPSIT items identified in
one study as being most strongly related to AD [88], while
APOE 2/3 and 3/3 subjects failed only 1.36 ± 0.16 such items
(𝑃 = 0.01). The olfactory bulb neuropathology associated
with urban exposures is very similar to the one described in
early stages of AD and PD [89–96].

The central delayed brainstem auditory evoked potentials
(BAEPs), auditory impairment and vestibular dysfunction
could relate to the extensive brainstem inflammation with
accumulation of 𝛽 amyloid and alpha synuclein in key olfac-
tory nuclei [67]. Neurodegenerative changes in the dorsal
motor nucleus of the vagus, the nucleus of the solitary tract,
arcuate nucleus, raphe midline, and extra-raphe medial and
lateral tegmental neurons [67] are similar to the PD stages I
and II of Braak et al. [90, 91, 96].

It is difficult to establish the association between cognitive
deficits, frontal tau hyperphosphorylation, and amyloid-𝛽
diffuse plaques in the absence of cognitive and brainMRI data
in the demised children. However, we have shown a strong
relationship between residency, brain structural changes and
cognitive deficits [32]. MCMA children with WMH (+) are
responding to the air pollution exposures with white and grey
matter volume increases in temporal, parietal, and frontal
regions and better cognitive performance compared toWMH
negative children [32]. WMH in elderly people are associated
with clinical symptoms related to disruption of fiber tracts,
cognitive impairment risk, cerebral ischemia, neurodegen-
eration, cardiovascular, and metabolic diseases [97–106].
WMH partially identify underlying white matter pathol-
ogy and may be associated with widespread white matter
changes, the novel concept of white matter hyperintensities
penumbra [107]. Disruption of fiber tracts in the developing
brain could result in cortical cholinergic and monoamin-
ergic deafferentation and impact attention, emotion and

goal-directed behavior [99].The characterization ofWMH in
young urbanites is critical and knowledge about the complex
modulation of cytokines and chemokines in the setting of
air pollution are important because they may shed light
into the etiopathogenesis of well-characterized risk factors
for neurodegeneration, vascular, and cognitive disorders and
disability [106, 107].

A difficult question to answer is how to interpret the early
neuropathology hallmarks of Alzheimer’s and Parkinson’s
diseases in children with no family history of neurological
diseases.

In the Alzheimer’s brain, tau is abnormally hyperphos-
phorylated and it is aggregated into paired helical filaments
forming neurofibrillary tangles, a histopathological hallmark
of the disease [108]. Tau phosphorylation could be protective
(e.g., hibernation) or toxic (e.g., hyperphosphorylation and
aggregation of tau) [109]. Hyperphosphorylated tau in epi-
topes characteristic of AD has been identified by immunohis-
tochemistry in 62.5% of APOE 4 and 33% of APOE 3 young
MCMA carriers [30].

Is tau phosphorylation in children detrimental or pro-
tective in the setting of severe air pollution? [109–114]. The
aggregation of HP tau species has been proposed to represent
a compensatory neuronal response against oxidative stress
and to serve at least initially as a protector against cell death
[111, 113].The tau protective or toxic function could be related
to different conformational molecular changes [109]. The
formation of tangles is a quick process as it was demonstrated
by De Calignon et al. [112] using in vivomultiphoton imaging
in living tau transgenic mice. Caspase activation precedes
tangle formation by hours to days, tangles form quickly
but persist apparently indefinitely, thus cleavage of tau is
enough to causemisfolding of tau followed by nucleation and
recruitment of additional tau molecules to the neuronal cell
body. Is our description of HP𝜏 in MCMA children’s brains
an isolated observation in the literature? The answer is no,
Braak and Del Tredeci [93] examined 42 young brains (4–29
years) with a wide range of pathologies described pretangle
HP𝜏 usingAT8 in 38/42 cases with no extracellular amyloid𝛽
protein deposition or neuritic plaques with the 4G8 antibody.
Although these subjects were not healthy, there was noAPOE
genotyping or a recordedhistory of environmental exposures,
we fully agree with Braak and Del Tredeci [93] that these
findings may indicate Alzheimer’s disease-related patholog-
ical process leading to neurofibrillary tangle formation start
quite early, before puberty or in early young adulthood.

There are very few arguments about the role of abnormal
tau hyperphosphorylation in AD, related tauopathies and
under experimental conditions [108, 109, 114–118]. A subject
to be explored in air pollution animal models ought to be
the characterization of the HP𝜏 and if indeed represents a
compensatory neuronal response against oxidative stress. At
this time, however, we are of the opinion that given the factors
(chronic oxidative stress, neuroinflammation, presence of
nanosize particles in critical brain units and anatomical
regions) potentially accounting for the aggregation of tau, tau
phosphorylation could represent an early sensor of oxidative
stress with all the subsequent detrimental effects if the expo-
sure persist.
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Likewise, A𝛽42 is capable of aggregation and misfold-
ing leading to progressive neurodegeneration that develops
insidiously over a lifetime. A key issue has to be addressed
in this scenario: APOE4 carriers not only have HP𝜏, but also
exhibit significant numbers of A𝛽 6E10 diffuse plaques (𝑃 =
0.005) in comparison to APOE 3 carriers. Recent work by
Cerf et al. [119] suggests that APOE4 strongly stabilizes A𝛽
oligomers, the pathological species responsible for AD; thus
we suggest APOE4 carriers are potentially at a higher risk of
developing AD if residing in a highly polluted environment.
This information is critical given that ∼18% of the MCMA
population carries an APOE 4 allele [30].

Alpha-synuclein aggregation is associated to the patho-
genesis of Parkinson’s disease and exposure to a myriad of
environmental agents, including agrochemicals increases the
PD risk [120, 121]. Mitochondrial dysfunction and oxidative
stress constitute key PD pathogenic events. Alpha-synuclein
prevents cytochrome c release and apoptosis through inhi-
bition of the MAPK signaling pathway, suggesting that
endogenous concentrations of 𝛼-synuclein confer resistance
to oxidative stress downstream of free radical production and
scavenging [122]. Recent evidence also suggests misfolded 𝛼-
synuclein directly activates microglia inducing the produc-
tion and release of the proinflammatory cytokine, TNF-𝛼,
and increasing antioxidant enzyme expression [123]. Béraud
et al. emphasized the importance of protein misfolding,
oxidative stress, and inflammation in PD as a potential
locus for the development of novel therapeutics focused
on induction of the Nrf2-directed antioxidant pathway and
inhibition of protein misfolding [123].

It is important to note that 𝛼-synuclein in MCMA chil-
dren is present in key regions associated with PD pathology
including olfactory bulb, themidbrain, and the lower sections
of the brainstem, for example, themedulla oblongata [67, 77].
MCMA teens exhibit already olfactory disturbances [77] and
autonomic dysfunction (syncope in MCMA children per-
sonal communication of Dr. Maricela Franco-Lira), the latter
severe enough to require pediatric care. The issue of MCMA
children already showing symptoms seen in the premotor
stages of PD has to be well thoughtout [73, 74] given the
neurodegenerative process begins earlier in the olfactory bulb
and lower brain stem and the fact there is a delay of several
decades between the onset of dopaminergic denervation and
the appearance of motor signs [96]. There is no question
olfactory dysfunction is an early “preclinical” sign of Parkin-
son’s disease [73, 74]. Damage to cholinergic, serotonergic,
and noradrenergic components of the olfactory pathway
likely involved to explain the olfactory dysfunction [73,
74]. The presence of up-regulated inflammatory cytokines,
𝛼-synuclein- and HP𝜋-related olfactory bulb pathology in
young highly exposed children is an ominous sign possibly
associated with a number of other nonmotor symptoms
related to PD, such as dysautonomia and sleep disturbances.
Epidemiological studies addressing nonmotor PD symptoms
in highly exposed young urbanites are warranted.

4.1. Looking Forward and Limitations. Despite controver-
sy regarding the mechanistic pathways involved in the
CNS damage associated with exposure to air pollutants,

specifically fine and ultrafine particles of diverse origin, ani-
mal models and tissue culture studies have greatly improved
our understanding of the mechanistic processes [39, 41, 42,
48–52, 58–66, 69–71]. We are looking forward to bridg-
ing the gap between early neuroinflammation and neu-
rodegeneration observed in childhood and early adulthood
and experimental air pollution animal models. There is a
strong need for collaborations between those who investigate
humans and those who study experimental animal models
to derive therapies that may be neuroprotective. There is
also a need for looking into the neuropathology in diverse
populations residing in megacities across the globe and
sharing the results of the investigations. This is critical since
the responses to air pollutants depend not only on the
components of air pollution and concentrations, but also on
the genetic background of the exposed populations and on
a large list of environmental factors including dietary risk
factors, obesity, alcohol intake, and lifelong experiences for
example, educational and occupational attainment [124]. Our
results are potentially limited by the characteristics of the air
pollutants in MCMA and the populations we are studying,
namely ethnic groups with a complex admixture of ancestral
populations as seen with Mexican mestizos. Nevertheless,
the significant differences in clinical and neuropathology
findings between high and low pollution exposed subjects
warrants extensive investigations in exposed populations
from countries around the world.

5. Summary

MCMA children experience a chronic, intense state of oxida-
tive stress resulting from lifelong exposures to a severely
polluted environment. Children exhibit an early brain imbal-
ance in genes involved in oxidative stress, inflammation,
innate and adaptive immune responses, cell proliferation
and apoptosis. Neuroinflammation, endothelial activation,
endothelial cell hyperplasia, the attachment of white blood
cells to the endothelial damaged walls with the reduction of
the lumen vessel, high blood concentrations of endothelin-1,
and the breakdown of the BBB clearly contribute to cognitive
impairment and pathogenesis and pathophysiology of neu-
rodegenerative states [125, 126]. Environmental and genetic
factors play a key role in their CNS responses as evidenced
by the acceleration of neurodegenerative AD pathology in
children carrying an APOE 4 allele.

The neuronal accumulation of misfolded proteins in
exposed children coincides with the anatomical distribution
observed in the early stages of both AD and PD with early
clinical evidence of olfactory and cognitive deficits, brain vol-
umetric changes, white matter hyperintense lesions, altered
brainstem evoked auditory potentials and autonomic dis-
balance. There is a complex modulation of cytokines and
chemokines influencing structural and volumetric brain re-
sponses and cognitive deficits.

We contend that misfolding of critical proteins could
be a defensive early response to the sustained systemic and
CNS inflammation. However, the sustained oxidative stress
associated with dysregulated inflammation, both systemic
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and in the CNS contribute to the establishment of neu-
rodegenerative processes with clinical early counterparts. We
strongly support the contention that the nasal (olfactory and
trigeminal), cardiorespiratory and gastrointestinal (vagus)
pathways-alongwith the systemic direct transport of particles
to the brain and the dysregulated systemic inflammation are
critical in explaining the brain pathology in highly exposed
MCMA children. Moreover, these children are at risk of
developing Alzheimer’s and Parkinson’s diseases as adults.

We have a 50-year window of opportunity between the
early brain changes observed in children and the time when
the patient with mild cognitive impairment or dementia will
showup at the neurologist’s door. Facing the current pediatric
clinical and pathology evidence is imperative if we are aiming
our efforts to identify andmitigate environmental factors that
influence AD and PD pathogenesis.

One thing is clear: early implementation of neuroprotec-
tive measures to ameliorate or stop the inflammatory and
neurodegenerative processes in children is warranted [43,
87]. Identification of biomarkers associating systemic inflam-
mation to brain growth is also critical for detecting children
at higher risk for cognitive deficits and neurodegeneration.

It is important to remember there is a severe and woeful
deficit of progress in the development of both AD and PD-
modifying therapy [127, 128]. Since fine and ultrafine PM
likely play a key role in the development of neuroinflamma-
tion and neurodegeneration, it is very noteworthy that in the
US alone, as of December 2012, more than 74 million people
are being exposed to concentrations of PM

2.5
above the 2006

standards (PM
2.5

annual standard of 15 𝜇g/m3) [129]. An
appeal to research supporting institutions may be made to
strongly invest in defining the CNS pathology associated with
exposure to air pollutants in children and young adults and
as Castellani and Perry suggested, consider a systems biology
approach and an early preventive pathway [128].

Epidemiological, cognitive, and mechanistic studies into
the association between air pollution exposures and the
development of CNS damage in children are of pressing
importance for public health and quality of life.
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Particulate matter (PM) exposure is related to pulmonary and cardiovascular diseases, with increased inflammatory status. The
release of the proinflammatory interleukin- (IL-) 1𝛽, is controlled by a dual pathway, the formation of inactive pro-IL-1𝛽, through
Toll-like receptors (TLRs) activation, and its cleavage by NLRP3 inflammasome. THP-1-derived macrophages were exposed for
6 h to 2.5 𝜇g/cm2 of Milan PM

10
, and the potential to promote IL-1𝛽 release by binding TLRs and activating NLRP3 has been

examined. SummerPM
10
, induced amarked IL-1𝛽 response in the absence of LPSpriming (50-fold increase compared to unexposed

cells), which was reduced by caspase-1 inhibition (91% of inhibition respect summer PM
10
-treated cells) and by TLR-2 and TLR-4

inhibitors (66% and 53% of inhibition, resp.). Furthermore, summer PM
10
increased the number of early endosomes, and oxidative

stress inhibition nearly abolished PM
10
-induced IL-1𝛽 response (90% of inhibition). These findings suggest that summer PM

10

contains constituents both related to the activation of membrane TLRs and activation of the inflammasome NLPR3 and that TLRs
activation is of pivotal importance for the magnitude of the response. ROS formation seems important for PM

10
-induced IL-1𝛽

response, but further investigations are needed to elucidate the molecular pathway by which this effect is mediated.

1. Introduction

In the last decade great effort has been paid to understand
themechanisms involved in particulate matter (PM) induced
adverse health effects. Epidemiological evidence shows an
association between exposure to air pollution and the occur-
rence of respiratory pathologies (chronic bronchitis, COPD)
and exacerbation of allergic conditions such as asthma [1–3].
Furthermore, many studies also show an association between
PM atherothrombotic effects, cardiovascular morbidity, and
mortality [4–6].

PM is a heterogeneous pollutant composed of particles
of different chemical composition and different sizes (defined
as PM

10
, PM
2.5
, and PM

0.1
for their aerodynamic diameter).

Although the size determines the site of deposition of PM
in the respiratory tract [7], the chemical composition of

the inhaled particles is considered of primary importance
in determining the adverse biological effects [8, 9]. The
chemical properties of PM are strongly related to the sources
of emission of the particles, and this is known to be crucial
for the differences of the PM effects from different sampling
sites [10–13].

The fine fraction (PM
2.5
) is generally composed of pri-

mary particles derived from combustion processes, mostly
consisting of primary particles with mean diameter lower
than 100 nm (PM

0.1
, ultrafine particles) and secondary

aerosol deriving fromchemical reaction of free compounds in
the atmosphere.The particle composition reflects the sources
of emission; indeed fine PM has usually higher content in
organic compounds (such as PAHs) and elemental carbon
(the soot core of the particles) than the coarse PM.



2 BioMed Research International

The coarse fraction (PM
10−2.5

) is on the contrary domi-
nated by particles derived from abrasion processes, such as
the erosion of crustal material, resuspension of deposited
particles, and biological components. We have previously
shown that the season of PM sampling strongly influences
the chemical and biological composition of both coarse and
fine PMs [14, 15]. In fact summer and winter PM

10
fractions

showed a completely different composition in chemical and
biological constituents, the latter being higher in summer
PM
10
[11, 16, 17].

Moreover, the chemical characterization showed that the
PM
10

contained crystal silica and other elements which can
contribute to its inflammatory potential.

A lot of studies have shown that PM
10

exposure pro-
motes inflammation in the lung which is associated with
a systemic inflammatory response. Macrophages and lung
epithelial cells incubated with PM

10
release significantly

increased amounts of cytokines and chemokines, includ-
ing granulocyte-macrophage colony-stimulating factor (GM-
CSF), interleukin IL-1𝛽, IL-6, and IL-8, and macrophage
chemo-attractant protein (MCP)-1 [18]. An increased lung
inflammation is known to be fundamental for the develop-
ment of different lung diseases, such as COPD [19–21]. How-
ever, despite the increased evidence that the coarse fraction
of PM is potent in inducing lung inflammation, a model
explaining its effects has not been completely understood.

A critical property of the innate immune system is its abil-
ity to discriminate microbes from “self ” by the recognition
of invariant microbial structure called pathogen-associated
recognition patterns (PAMPs) such as lipopolysaccharides
(LPS) [22].The sensing of these PAMPs is usuallymediated by
the membrane-bounded Toll-like receptors (TLRs), such as
TLR-2 and TLR-4 [23, 24]. Commonly these receptors trigger
the activation of the NF-kB pathway which determines the
release of different proinflammatory proteins, such as pro-
IL-1𝛽. Another set of pattern recognition receptors are the
cytoplasm Nod-like receptors. These receptors have been
demonstrated to be key proteins in the activation of pro-
caspase-1, through the formation of the caspase-1 activating
platforms, the inflammasomes. The inflammasomes control
in turn the cleavage and secretion of potent proinflammatory
interleukins such as IL-1𝛽 and IL-18. Among the different
inflammasomes, the NLRP3 (or NALP3) is the most char-
acterized. This complex is composed of a basic scaffold,
the adaptor molecule apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC), and the
caspase-1. The activation of this complex has been related
to the exposure of different PAMPs as well as host-derived
molecules [25].

IL-1𝛽 is released at the site of injury, or immunological
challenge is coordinating inflammatory responses, such as
the recruitment of other cells to the site of infection or injury
[26], and is known to be crucial in development of different
diseases, including silicosis [27, 28]. IL-1𝛽 is also, however,
known to regulate sleep, appetite, and body temperature. Due
to its potent activities, it is not surprisingly that IL-1𝛽 activity
is rigorously controlled throughout its entire release pathway,
from expression to maturation and final secretion.

The activation of the inflammasome machinery has been
related to different mechanisms which have been reviewed in
[25]. However for the release of IL-1𝛽 a priming stimulus is
required for the formation of pro-IL-1𝛽 as reported in [29].

It has been shown that particles occurring in ambient PM,
such as crystalline silica, as well as different nanoparticles,
may induce inflammasome activation [20, 30–33].The poten-
tial role of the inflammasome in PM-induced inflammation
is however not known. Reactive oxygen substances (ROS) are
known to be involved in PM

10
-induced inflammation [34, 35]

and also in silica-induced inflammasome activation [21, 36].
Potentially ROSmight be involved in the pro-IL-1𝛽 formation
as well as the inflammasome activation [37, 38].

In the present study it was hypothesized that PM
10

due to its chemical and physical nature might induce IL-
1𝛽 release. Summer Milan PM

10
contains both endotoxins,

which might activate TLR receptors, and elemental and
crustal constituents, which might activate the inflammasome
mechanism. Furthermore, it is hypothesized that ROS is
involved in PM

10
-induced IL-1𝛽 responses.

2. Materials and Methods

2.1. Cell Culture and Treatments. The human monocytes
cell line, THP-1, was maintained in Opti-MEM
medium supplemented with 10% FBS and 100U/100mL
Penicillin/Streptomycin at 37∘C, 5% CO

2
. THP-1 cells were

differentiated into macrophage-like cells by incubation with
phorbol myristate acetate (PMA, 20 nM) (Sigma Aldrich)
for 24 h. PMA was then removed and cells were washed
and incubated in Opti-MEM (Invitrogen, Italy) medium
supplemented with 20% FBS o/n. Cells were treated in 10%
FBS medium with summer PM

10
at different concentrations

(1 𝜇g/cm2, 2.5 𝜇g/cm2, and 5 𝜇g/cm2) for different times
of exposure (30min, 2 h, 4 h, and 6 h). Winter PM

10
and

carbon black (CB, 2–12 𝜇m, Sigma Aldrich, Italy) were
used (5 𝜇g/cm2) as comparison and reference particles,
respectively. In order to investigate TLR-2, TLR-4 and
caspase-1 involvement in IL-1𝛽 release, cells were pre-treated
for 1 h with inhibitors of TLR-2 and TLR-4 (0, 1 𝜇g/mL, R&D
Systems) and caspase-1 (z-YVAD-fmk, 10 𝜇M, Calbiochem)
and then exposed to summer PM

10
(2.5 𝜇g/cm2). Summer

and winter PM
10

particles have been characterised as
previously reported in [39] and [40] respectively. ROS
involvement in IL-1𝛽 release was assessed by treating PM

10

exposed cells with N-acetylcysteine (NAC, 15mM, 30min
prior to PM exposure).

2.2. IL-1𝛽 Release. Supernatants from control and PM
10
-

exposed cells were collected and stored at −80∘C. Super-
natants were assayed for IL-1𝛽 with ELISA kits (Invitrogen
Srl) according to manufacturer’s instructions.

2.3. Endocytic Pathway Analysis

2.3.1. Immunostaining. After 30min exposure to summer
PM
10
, cells were washed in phosphate-buffered saline 1X

(PBS), fixed in paraformaldehyde 4% for 20min, and washed
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Figure 1: IL-1𝛽 release by THP-1-derived macrophages exposed for
6 h to different PM

10
and carbon black (CB).The cells were exposed

to increasing concentrations of summer Milan PM
10
, and one

concentration (5𝜇g/cm2) of winter PM
10
and CB. CTRL: unexposed

cells. Results are themean and s.d. of three independent experiments
and presented as pg/mL released in the culture medium. ∗∗∗𝑃 <
0.001 versus CTRL.
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Figure 2: Time-dependent release of IL-1𝛽 in THP-1-derived
macrophages cells treated for 2, 4, and 6 h with summerMilan PM

10

at a concentration of 2.5 𝜇g/cm2. CTRL: untreated cells. Results are
the mean and s.d. of at least three independent experiments and
presented as pg/mL released in the culture medium. ∗∗∗𝑃 < 0.001
versus CTRL.

twice in PBS. Fixed cells were permeabilized with 0.1% Triton
X-100 (Sigma Aldrich), 0.1% Tween (Sigma Aldrich), and
2% BSA (Sigma Aldrich) in PBS and incubated o/n with
the rabbit anti-human early endosome antibody 1 (EEA1
Antibody, Cell Signaling Technology; dilution 1 : 100). Cells
were then washed in PBS and incubated with Alexa fluor-
488 (Invitrogen Molecular Probes Srl; dilution 1 : 1000) for
2 h. Samples were mounted on a slide with ProLong mount
(Invitrogen Srl) and observed by Axio Observer inverted
microscope (Zeiss, Germany).

2.3.2. Western Blot. After exposure to summer PM
10

cells
were washed in PBS and stored at −80∘C. Cells were then
lysed in RIPA buffer (50mM Tris-HCl pH 8; 150mM NaCl;
1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS; Sigma
Ladrich Italy) and then sonicated three times for 30 sec on
ice. Cell lysates were then separated by 8% SDS-PAGE and
transferred on nitrocellulose membranes. Blots were incu-
bated with rabbit polyclonal antibody against human EEA1
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Figure 3: PM
10
-induced IL-1𝛽 release dependent on caspase-

1 activation in THP-1-derived macrophages cells. The cells were
pretreated with the caspase-1 inhibitor, z-YVAD-fmk (10𝜇M) for
1 h, and exposed to summer PM

10
for 6 h. Results are the mean

and s.d. of three independent experiments. CTRL: untreated cells.
∗∗∗
𝑃 < 0.001 versus CTRL, ###𝑃 < 0.001 versus summer PM

10
.

(Cell Signaling Technology; dilution 1 : 1000) o/n or anti-
actin antibody (Sigma Aldrich, Italy; dilution 1 : 2000). After
washes, the membranes were incubated with secondary anti-
body anti-rabbit IgG (Fab2 fragment-Alkaline Phosphatase,
SigmaAldrich; dilution 1 : 10000) and subsequently incubated
with SIGMAFASTBCIP/NBTalkaline phosphatase substrate
(Sigma Aldrich) for 10min for detection. Fold increase data
over control, obtained by acquisition of membrane and
densitometry analysis with dedicated software (UVP, US),
were normalized to the actin content.

2.4. Cells-Particles Interaction

2.4.1. Haematoxylin-Eosin Staining. THP-1-derived macro-
phage untreated and treatedwith summerPM

10
for 24 h at the

concentration of 2.5𝜇g/cm2, were fixed in paraformaldehyde
4% for 20min and then stained following haematoxylin-
eosin protocol and then observed under an Axiolab light
microscope (Zeiss, Germany).

2.4.2. Transmission Electron Microscopy. Samples were pre-
pared for transmission electron microscopy (TEM) using
standard procedures. At the end of exposure the cells were
fixed in 2.5% glutaraldehyde for 20min at 4∘C and postfixed
with 1% osmium tetroxide for 1 h, followed by dehydration
using a scale of graded ethanol. Cells were then embedded
in Epon resin, and semithin and ultrathin sections were
prepared by an ultramicrotome (Ultracut Jung E, Reichert
Germany). Ultrathin slides were mounted on copper grids
and counterstained by lead citrate and uranyl acetate prior to
examination by Jeol JEM 1220microscope operating at 80 kV
and digital images were taken with a Gatan CCD camera.

2.5. Statistical Analysis. Results are reported as mean ±
standard deviation of at least three independent experiments.
Statistical differenceswere analysed by the software SigmaStat
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Figure 4: Inhibition of PM
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were pretreated with TLR-2 and TLR-4 inhibitors (0.1𝜇g/mL) for 1 h and then incubated in the presence (+) or absence (−) of summer PM
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Figure 5: Inhibition of PM
10
-induced IL-1𝛽 release in THP-1-

derivedmacrophages by NAC.The cells were pretreated with 15mM
NAC (+) and then incubated with summer PM

10
(2.5 𝜇g/cm2) for

6 h. Results are the mean and s.d. of at least three independent
experiments. ∗∗∗𝑃 < 0.001 versus CTRL, ###
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.

3.1 performing ANOVA test with post hoc analysis (Dunn’s);
if required a parametric statistical analysis was performed.

3. Results

3.1. Release of IL-1𝛽 from Human Macrophage-Like Cell after
SummerMilan PM

10
Exposure. THP-1-derived macrophages

were treated as reported with summer Milan PM
10
and with

winter PM
10

and CB. The experiments showed that IL-1𝛽
was dose-dependently increased after summer Milan PM

10

treatment, with a progressive increase from 1 to 5 𝜇g/cm2.
In contrast, winter Milan PM

10
and CB did not induce

significant release of the interleukin (Figure 1). Cells were
then exposed to 2.5 𝜇g/cm2 of summerMilanPM

10
, chosen as

the first dose of effects, to investigate the time-course release
of IL-1𝛽.The IL-1𝛽 release showed a progressive increase from
2 to 6 h (Figure 2).

3.2. IL-1𝛽 Release and Inhibition of Caspase-1, TLR-2/-4
and Oxidative Stress. THP-1-derived macrophages were pre-
treated for 1 h with the caspase-1 inhibitor z-YVAD (10𝜇M)
and then treated with summer PM

10
(2.5 𝜇g/cm2) for 6 h, or

only with z-YVAD. Cells preexposed with z-YVAD showed
IL-1𝛽 release similar to the control (data not shown). The
experiments showed that z-YVAD significantly reduced sum-
mer PM

10
-induced release of IL-1𝛽 (approximately 90%),

compared to PM
10
treatment alone (Figure 3).

Subsequently THP-1-derived macrophages were pre-
treated with TLR-2 and TLR-4 inhibitors (0.1𝜇g/mL) for
1 h before exposure to summer PM

10
(2.5 𝜇g/cm2 for 6 h).

The inhibition of the TLR receptors significantly reduced
the release of IL-1𝛽 induced by summer Milan PM

10
(Fig-

ure 4). The TLR-2 inhibitor was more potent than the TLR-
4 inhibitor. Furthermore, combining the two inhibitors gave
the maximal reduction of IL-1𝛽 release. The TLR inhibitors
did not affect the IL-1𝛽 release from control cells (data not
shown).

Treatment with NAC, an inhibitor of oxidative stress,
reduced the release of IL-1𝛽 in THP-1-derived macrophages
treated with PM

10
to control levels (Figure 5).

3.3. Cells-Particles Interaction: Endocytosis Pathway. We
focused our study also on the molecular mechanisms
involved in summer Milan PM

10
-induced IL-1𝛽 release.

The activity of early endosomes after the exposure to
summer PM

10
was examined by analysing the expression

of the early endosome antigen 1 (EEA1) in THP-1-derived
macrophages. The cells were exposed to summer PM

10
for

30min and then assessed by EEA1 immunostaining. We
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Figure 7: Early endosome antigen 1 EEA1 protein expression in
THP-1-derived macrophages exposed to summer Milan PM

10
. The

cells were treated with summer PM
10

(2.5 𝜇g/cm2) for 30min, 1 h,
2 h, 4 h, and 6 h and then assessed for EEA1 expression by Western
analysis. Mean and s.d. of at least three independent experiments.
∗∗∗
𝑃 < 0.001 versus CTRL, ∗∗𝑃 < 0.01 versus control, ∗𝑃 < 0.05

versus CTRL, and #
𝑃 < 0.05 versus 30min.

observed that EEA1 expression after 30min was remarkably
increased compared to the control (Figure 6). This result is
also confirmed by immunoblotting of EEA1. The cells were
treated with summer PM

10
(2.5 𝜇g/cm2) for 2 to 6 h and

assessed for EEA1 expression by Western analysis. The data
show that the EEA1 is overexpressed from 30min to 4 h, but
was approximately similar to the control at 6 h (Figure 7).
These results suggest that THP-1-derived macrophages are
able to phagocytise summer PM

10
and its internalization

involves early endosomes.

3.4. Cell Particles Interaction. The interaction between sum-
merMilan PM

10
and THP-1-derived macrophages was deter-

mined by haematoxylin-eosin staining and electron trans-
mission microscopy (TEM). Haematoxylin-eosin-stained
macrophages exposed to summer PM

10
(for 6 h) showed

a high number of particles attached to the cells (Figures

8(b) and 8(c)). TEMpicture demonstrated the internalization
of summer PM

10
particles in cytoplasm vesicles and also

translocation of small aggregates in the nucleus (Figure 8(d)).
The TEM picture showed also a clear interaction of summer
PM
10
with plasma membranes with the formation of phago-

cyte structures (Figure 8(e)).

4. Discussion

Recently PM
10

was demonstrated to induce IL-1𝛽 release
via an inflammasome mechanism as revealed by caspase-
1 inhibition and siRNA against NALP3 in THP-1 cells and
by NALP3 knockout mice. The potential of PM

10
was how-

ever relatively slight, about 3-fold using 500𝜇g/mL [35].
Compared to this we report that PM

10
collected in the

summer in Milan induced a massive IL-1𝛽 response (a 50-
fold increase, at 10-fold lower concentrations) in THP-1-
derived macrophages. However, PM

10
collected in Milan in

the winter showed only a slight IL-1𝛽 response, underlining
the importance of the PM

10
sources. Our study also indicates

the importance of an inflammasome mechanism, as the
response was reduced by caspase- 1 inhibition. It is however
suggested that the summerMilan PM

10
-induced activation of

TLR-2 andTLR-4 receptors, leading to synthesis of pro-IL-1𝛽,
is themajor determinant for themassive response induced by
summer Milan PM

10
. Furthermore, our study showed a role

for oxidative stress in the PM
10
-induced IL-1𝛽 release.

Most of the in vitro studies of particle-induced IL-1𝛽
responses have primed the cells with the endotoxins like LPS
to increase the pool of pro-IL-1𝛽 before exposing to different
agents capable of inducing the inflammasome mechanism.
Indeed, for both crystalline and amorphous silica particles
[20, 30], the priming of exposed cells with bacterial LPS is
essential for the release of IL-1𝛽 following the activation of
the inflammasome. It is now emerging in a lot of studies that
different nanoparticles and other agents might activate the
inflammasomemechanism, and induce large IL-1𝛽 responses
in LPS-primed cells [30, 41]. In the present study it is also
shown that the activation of the inflammasome is a crucial
mechanism for the PM

10
-induced IL-1𝛽 response, as the

caspase-1 inhibitor z-YVAD reduced the interleukin release.
Furthermore, PM

10
induced amarked increase in endosomes
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Figure 8: PM
10
interaction with THP-1-derived macrophages. The cells were exposed to summer PM

10
at the concentration of 2.5 𝜇g/cm2

for 4 h (b) and 6 h (c) and stained by haematoxylin eosin and compared with the control (a). An increased number of particles associated
with the cells is indicated by black arrows. TEM images of the cells exposed to summer PM

10
after 6 h are showed in (d, e), showing particles

internalised in cytoplasm vesicles as well as particles into the nucleus (d). Particles interaction with the cell membrane are presented in (e).
N: nucleus; NM: nuclear membrane; C: cytoplasm; CV: cytoplasmic vesicle; CM: cellular membrane. Magnification = 10K.

internalization that has been shown to be involved in the
inflammasome pathway [22, 42]. The most striking in this
study is however that the marked IL-1𝛽 response is observed
in the absence of LPS-priming. This suggest that summer
Milan PM

10
contains constituents (endotoxins capable of the

activation of TLR-2 and/or TLR-4) which lead to pro-IL-
1𝛽 formation; in support of this, the suppression of TLRs
activation by pretreating the cells with anti-TLR-2 and TLR-
4 molecules induced a significant reduction of IL-1𝛽 release.
Both the TLR-2 and 4 are receptors which role in recognition
and binding of LPS, and other bacterial PAMPs have been
extensively described [43, 44]. Since airways macrophages
seldom recognize bacterial components individually, the

response to different bacterial PAMPs is usually orchestrated
by a combination of different TLRs. In fact we demonstrated
that the combination of the two inhibitors seems to give
the maximal reduction of IL-1𝛽 release after PM

10
exposure.

However, our data may indicate that other biological compo-
nents or PAMPs and/or other membrane receptors may be
involved in the priming of cells, since the reduction of TLR-
2 and 4 activities did not abolish completely the final release
of IL-1𝛽. Indeed is has been reported that the activation of
the different TRLs might be promoted by different molecules
which can be found in PM [45]. The inhibition of TLR2
and 4 indicates the importance of these two receptors in
summer Milan PM

10
-related effects, but the involvement of
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other TLRs cannot be excluded. Furthermorewe have already
reported [41] the presence of crustal elements in summer
Milan PM

10
which can promote proinflammatory responses.

Also, in the study of Hirota [35], a PM
10
-induced release

of IL-1𝛽 is observed without LPS priming, but to a much less
extent than for PM

10
collected in Milan in the summer. In

accordance with Hirota, we found a modest IL-1𝛽 response
upon treatment to winter Milan PM

10
.The differential effects

can presumably be attributed to the content of endotoxins
in the PM

10
. In fact, we have previously reported that coarse

fraction of summer PM
10

is rich in Gram-negative bacteria,
expressing LPS, in addition to crustal elements among which
also silica [39, 46]. Interestingly, with respect to other end-
points, like DNA damage and apoptotic cell death, we have
shown that winter Milan PM

10
is more potent than summer

Milan PM
10
.

Oxidative stress seems to be crucial for the PM
10
-

induced IL-1𝛽 response, as demonstrated by inhibition by the
inhibitorNAC. In addition to generation of ROS by a cell-free
mechanism, ROS may be generated via the mitochondrial
pathway [47]. Upon rupturing the lysosome membrane, the
ROS may also be released to the cytoplasm [21]. A critical
question is whether the ROS exerts its effect on IL-1𝛽 release
after PM

10
treatment by affecting the lysosome pathway or

the pathway from TLR activation to pro-IL-1𝛽 formation.
The increased number of endosomes subsequent to PM

10

exposure reported in this study could indicate a release of
ROS via this pathway that may be linked to inflammasome
mechanism. However, ROS scavengers, such as NAC, have
been reported to interact more with the priming of the
NLRP3 rather than its activation [48]. A better understanding
of the importance of ROS in the TLR-activation, subsequent
NF-kB activation, and synthesis of pro-IL-1𝛽, versus activa-
tion of the inflammasome, is thus needed.

4.1. Concluding Remarks. Since IL-1𝛽 has been related to a
number of human diseases, including different pulmonary
pathologies [49], and PM is known to increase the devel-
opment of lung disease [50], it is crucial to increase the
understanding of the pathways involved. Our findings, with
very marked effect of PM

10
in absence of exogenous addi-

tion of LPS, suggest that summer Milan PM
10

contains
constituents both related to the activation of membrane
TLRs and activation of the inflammasome NLPR3. Further-
more, our study suggests that the activation of TLRs is
of much importance for explaining the magnitude of the
PM
10
-induced IL-1𝛽 response. Thus, PM

10
containing less

biological components (PM
10

sampled in winter) induces
only a minor IL-1𝛽 response. The present study indicates an
important role for ROS in PM

10
-induced IL-1𝛽 formation,

but further investigations are needed to elucidate the origin
of the ROS (by lysosomes rupture or other pathways), and to
what extent the effect is mediated by inhibition of the NLP3
activation or the TLR-pro-IL-1𝛽 pathway, or a combination of
both these pathways.

Conflict of Interests

The authors do not have any conflict of interests.

Authors’ Contribution

R. Bengalli, E. Molteni, and E. Longhin contributed equally
to the in vitro experimental part. M. Gualtieri and R.
Magne planned the in vitro experiments and contributed
to the revision of the paper. M. Camatini and M. Gualtieri
supervised the research activities during the Tosca Project.

Acknowledgment

M. Camatini and M. Gualtieri greatly thank Cariplo Foun-
dation for financing the Tosca Project during which this
research was performed.

References

[1] R.W. Atkinson, H. R. Anderson, J. Sunyer et al., “Acute effects of
particulate air pollution on respiratory admissions: results from
APHEA 2 project,”American Journal of Respiratory and Critical
Care Medicine, vol. 164, no. 10, pp. 1860–1866, 2001.

[2] B. Brunekreef and B. Forsberg, “Epidemiological evidence
of effects of coarse airborne particles on health,” European
Respiratory Journal, vol. 26, no. 2, pp. 309–318, 2005.

[3] K. Donaldson and W. MacNee, “Potential mechanisms of
adverse pulmonary and cardiovascular effects of particulate
air pollution (PM

10
),” International Journal of Hygiene and

Environmental Health, vol. 203, no. 5-6, pp. 411–415, 2001.
[4] R. D. Brook, S. Rajagopalan, C. A. Pope III et al., “Particulate

matter air pollution and cardiovascular disease: an update to
the scientific statement from the american heart association,”
Circulation, vol. 121, pp. 2331–2378, 2010.

[5] C. A. Pope III, M. Ezzati, and D. W. Dockery, “Fine-particulate
air pollution and life expectancy in the United States,”The New
England Journal of Medicine, vol. 360, no. 4, pp. 376–386, 2009.

[6] A. Seaton,A. Soutar, V. Crawford et al., “Particulate air pollution
and the blood,”Thorax, vol. 54, no. 11, pp. 1027–1032, 1999.

[7] M. Lippmann, D. B. Yeates, and R. E. Albert, “Deposition,
retention, and clearance of inhaled particles,” British Journal of
Industrial Medicine, vol. 37, no. 4, pp. 337–362, 1980.

[8] P. I. Jalava, R. O. Salonen, A. S. Pennanen et al., “Hetero-
geneities in inflammatory and cytotoxic responses of RAW
264.7 macrophage cell line to urban air coarse, fine, and
ultrafine particles from six European sampling campaigns,”
Inhalation Toxicology, vol. 19, no. 3, pp. 213–225, 2007.

[9] M. S. Happo, R. O. Salonen, A. I. Hälinen et al., “Dose and time
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Pollutant emissions and their contribution to local and regional air quality at the industrial area of Tula were studied during a four-
week period as part of theMILAGRO initiative. A recurrent shallow stable layer was observed in themorning favoring air pollutants
accumulation in the lower 100m atmospheric layer. In the aernoon themixing layer height reached 3000m, along with a featuring
low level jet which was responsible of transporting air pollutants at regional scales. Average PM10 at Jasso (JAS) and Tepeji (TEP)
was 75.1 and 36.8 𝜇𝜇g/m3, respectively while average PM2.5 was 31.0 and 25.7 𝜇𝜇g/m3. JAS was highly impacted by local limestone
dust, while TEP was a receptor of major sources of combustion emissions with 70% of the PM10 constituted by PM2.5. Average
hourly aerosol light absorption was 22Mm−1, while aerosol scattering (76Mm−1) was higher compared to a rural site but much
lower than at Mexico City. 𝛿𝛿13C values in the epiphyte Tillandsia recurvata show that the emission plume directly affects the SW
sector of Mezquital Valley and is then constrained by a mountain range preventing its dispersion. Air pollutants may exacerbate
acute and chronic adverse health effects in this region.

1. Introduction

Recent research initiatives in Mexico have focused on the
measurement of air pollutants, with particular emphasis on
ozone and suspended particles, with the objective of estab-
lishing pollution controls on most industries. Major studies
in central Mexico include the Mexico City Air Quality
Research Initiative (MARI) in 1990 [1], the Investigacion
sobre Materia Particulada y Deterioro Atmosferico-Aerosol
and Visibility Evaluation Research (IMADA-AVER) in 1997
[2], the MCMA-2003 [3, 4], and the Megacity Initiative:
Local andGlobal ResearchObservations (MILAGRO) in 2006.
As part of the MILAGRO project, atmospheric pollutant
concentrations and chemical composition were measured
intensively in Tula (in the State of Hidalgo) during four weeks
to determine the potential impact of contaminant emissions
of Tula on the northern sector of Mexico City.

Mezquital Valley, localized some 60 km northwest of
Mexico City Metropolitan Area (MCMA), is site of the
Tula-Vito-Apasco industrial corridor where intensive anthro-
pogenic activity, including oil re�ning, electrical generation,

limestone extraction, and cement, textile and chemical pro-
duction take place. In this site, both the biggest re�nery in
Mexico and the adjacent thermoelectric power plant use fuel
oil, and it has been estimated that together they contribute
with over 90% of the pollution in the valley [5, 6]. Char-
acterization of suspended particles in the area has shown
an important contribution of soil fugitive dust by agricul-
tural activity and limestone mincing; and particle emissions
from the re�nery and thermoelectric power plant complex
(RTPPC) covering a considerable area regardless of wind
direction [6]. Additionally, the cement industry contributes
with particle emissions during material extraction in open
pit mines, mincing, transportation, and high temperature
incineration. e SE and NE sectors of the valley are used for
agriculture, most of which is irrigated with residual waters
from MCMA via the Tula River. Overall, the valley is site of
considerable soil, water, and air pollution.

Several lines of evidence have associated air pollution
with health effects. A direct correlation between particulate
matter (PM) concentration and cardiovascular and respira-
tory diseases have been demonstrated [7, 8]. Recent studies
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have shown positive association of PM chemical composition
andmortality [9, 10]. Epidemiological and toxicological stud-
ies found that the cytokine secretion patterns are in�uenced
by the size and chemical composition of PM in Mexico City
[11, 12]. A recent study evaluated the association between
PM and cases of mortality, acute respiratory infections, and
asthma in the Tula-Tepeji region [13].

e high emissions, complex topography, wind circula-
tion, and its closeness to MCMA have prompted the mon-
itoring and modeling of plume dispersion from the Miguel
Hidalgo Oil Re�nery and the Francisco Perez Rios Power
Plant and their effects on the northern sector of the MCMA.
In particular, it has been estimated that nearly 50% of the SO2
concentrations in MILAGRO Supersite T1 (NE Mexico City)
are attributable to these two industries [5, 14, 15]. A similar
in�uence of other contaminants would thus be expected.

is paper documents a four-week daily data set on the
concentrations of PM2.5, PM10, submicrometric particles,
black carbon, light scattering, and criteria contaminants in
addition to meteorological variables to further support the
characterization of Tula emissions as a potential source of
pollutants toMexico City and nearby cities (Tepeji and Jasso).
In addition, stable carbon isotopes in the epiphyte Tillandsia
recurvata collected in Mezquital Valley during the study
are used here as a proxy of the long-term trajectory of the
emission plume.

2. Study Area and Experimental

2.1. Sampling Sites and Measurements. e Miguel Hidalgo
re�nery is the second largest re�nery in Mexico, processing
3×105 barrels of crude oil per day, and it supplies the 50×106
liters per day of gasoline-equivalent (all fuels included) to
Mexico City [16]. In turn, the Francisco Pérez Ríos power
plant has 1.5GW of capacity and it mainly supplies the
electricity demand for Central Mexico. e power plant has
four major units fueled primarily by fuel oil (4% sulfur
by weight) and �ve small combined cycle units burning
natural gas. In comparison, urban emissions due to transport
and service/commerce activities in nearby localities (Tula de
Allende, Atotonilco, Atitalaquia and Tepeji) represent a small
contribution to local air pollution [17].

ree sampling sites within the Tula-Vito-Apasco corri-
dor were selected to measure PM, and upper and surface
meteorological parameters (Table 1).

2.1.1. Tula (TUL) Upper Air Monitoring Station. Tula (TUL)
located inside the Instituto Mexicano del Petróleo facilities
adjacent to the re�nery (99.27∘W, 20.05∘N). is site was
selected as an upper air monitoring station to determine
the diurnal evolution of the mixing height (MH) as well as
other meteorological variables, such as wind direction (WD)
and wind speed (WS). ese variables are essential in air
quality studies to determine the vertical extension in which
pollutants are mixed, dispersed, and transported [18].

A Vaisala radiosonde system (Model SPS-220) was
used for upper air sounding measurements of pressure,
temperature, relative humidity, and the horizontal wind vec-
tor, at different altitudes. Vertical pro�les were determined

T 1: Equipment deployed at each site and frequency of mea-
surements.

Equipment Site Frequency
Rawinsondes TUL 8, 12, 15, 18 h
Surface meteorology TUL, JAS, TEP 6min
Minivols (PM2.5, PM10) JAS, TEP 24 hrs
Denuders JAS, TEP 24 hrs
SMPS + DMA JAS 15min
Nephelometer JAS 1min
Aethalometer JAS 1min
Criteria pollutants JAS 1min
(CO, O3, NO2, SO2) TEP
MiniDOAS Mobile Continuous
Pilot balloons TUL 1 hr from 10 to 18 h
SMPS: scanning mobility particle sizer; DMA: differential mobility analyzer.

by launching four rawinsondes everyday at 08:00, 12:00,
15:00, and 18:00 h CST. Additionally, surface meteorological
parameters, temperature (𝑇𝑇), ambient pressure (𝑃𝑃), relative
humidity (RH), wind direction (WD), wind speed (WS),
and solar radiation (SR) were also measured using a regular
meteorological station. ese measurements took place from
18 March to 17 April, 2006.

2.1.2. Jasso (JAS) and Tepeji (TEP) Surface Stations. JAS and
TEP were considered as core sites where several equipments
were installed to simultaneously measure criteria pollutants
(CO, NO2, O3, and SO2), PM, and submicrometric particles.
ese sites are in�uenced by both urban and major industrial
sources. JAS (99.31∘W, 20.02∘N) is located about 5 km SW
from the re�nery and the power plant, whereas major urban
intercounty heavy traffic roads are located south and west.
is site is close to a major limestone area where mining for
cement materials occurs. TEP (99.29∘W, 19.86∘N) is located
21 km S away from the re�nery, far fromurban areas but close
to a major highway. is site is also close to the major cement
plant and near limestone mining areas.

2.2. Meteorology and Criteria Pollutants. Surface meteoro-
logical parameters and criteria pollutants were measured
from 22 March to 21 April 2006 at TEP, and from 25 March
to 22 April at JAS. Measured variables included temperature,
pressure, relative humidity, wind speed and wind direction,
and SR (𝑇𝑇, 𝑃𝑃, RH, WS, WD, and solar radiation, resp.).
Criteria pollutants were measured using a mobile laboratory
equipped with conventional analyzers (Monitor Labs). Meth-
ods used to determine criteria pollutants were NOM-034-
SEMARNAT-1993 using dispersive spectroscopy for CO,
NOM-037-SEMARNAT-1993 using chemoluminescence for
NO𝑥𝑥, USEPA-EQOA-0193-091 usingUVphotometry forO3,
and USEPA�EQSA-0193-092 using pulse �uorescence for
SO2.

2.3. Particulate Matter (PM). PM samples were collected
daily from 00:00 to 24:00 h using portable low volume
MiniVol samplers (Airmetrics, Spring�eld, USA) at a �ow
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F 1: (a) Mezquital Valley topography with sampling sites (circles), major population centers, and the re�nery-thermoelectrical plant
complex. (b) Trajectory of the SO2 dispersion plume in SE direction observed on April 4, 2006 at 16:00 and 17:00 hours. APX: Apaxco, ATO:
Atoyac, ATI: Atitalaquia, CRZ: Cruz Azul, �AS: �asso; PXT: PEMEX gas substation; RTPPC: re�nery thermoelectrical power plant complex;
SMA: Santa María Apaxco; TEP: Tepeji; TLX: Tlaxcoapan; TUL: Tula.

rate of 5 L/min, previously calibrated at standard conditions.
In addition sequential �lter samplers (SFS) equipped with
PM2.5 (Bendix 240 cyclones) and PM10 (Andersen SA254)
samplers operated at a �ow rate of 113 L/min were used to
collect 12-hour samples (06:00 to 18:00 and from 18:00 to
06:00). Samples were collected on 47mm Te�on-membrane
(Pall Gelman Laboratory, Ann Arbor, MI, USA) and quartz-
�ber �lters (Pall�ex Gelman Sciences CT, USA). Te�on �lters
were used for mass, trace element analyses, and for light
transmission, whereas quartz �lters were used for ion and
elemental and organic carbon analyses [19].

2.4. Submicrometric Particles and Optical Properties. Light
scattering coefficients were measured with an integrating
nephelometer (Model 3563 TSI, Inc.) operating at 450, 550,
and 700 nm. Submicrometric particle surface distribution
was obtained with a scanning mobility particle sizer (SMPS)
(Model 3936 TSI, Inc.). Black carbon mass concentrations
were measured with an aethalometer (Model AE-16 Magee
Scienti�c, Co) operating at 880 nm.

2.5. Stable Carbon Isotopes. Long-term atmospheric depo-
sition patterns for selected trace metals, PAHs, and stable
carbon isotopes covering an area of 4000 km2 were deter-
mined with samples of ball-moss (Tillandsia recurvata) at 50
sites as atmospheric biomonitors. ese patterns re�ect the
long-term air pollutant transport from the oil industry and
other economic activities in Mezquital Valley according to
the prevailing winds. is moss satis�es basic attributes of a
biomonitoring organism, such as its widespread occurrence
in the valley, and its dependence on atmospheric nutrients
and humidity [20, 21]. erefore metal, PAHs, and stable
carbon isotope composition in this species serve as proxies
of atmospheric emissions impact at different distances from
the emission source. In this paper, stable carbon isotopes in

T. recurvata were used as a tracer of long-term signature of
the plume trajectory. Metals, stable isotopes, and PAHs in
T. recurvata are described by Zambrano García et al. [22]
to show the signature source of the principal emitters in
Mezquital Valley.

Total �ux emissions and tracking of the SO2 plume
were determined at major sources in the region to identify
transport pathways towards Mexico City under different
meteorological conditions using amobile Differential Optical
Absorption Spectroscopy (MiniDOAS) system. Details of the
technique and results are described by Rivera et al. [5].

Figure 1 shows the sites where T. recurvata were sampled
in the vicinity of the re�nery and thermoelectric power plant
complex (RTPPC), which is located nearby several small
towns, at an altitude of around 2100m above sea level. Note
the mountain chain to the E-SE of the RTPPC which rises
approximately 400m above the valley. Winds measured in
March to April, 2006 [22], and October to December, 2008
[23] in the region show highest speeds when coming from the
NE and SW quadrants. Figure shows the SO2 concentrations
measured along the miniDOAS path.

3. Results and Discussion

3.1. Meteorology

3.1.1. Synoptic Overview. Field measurements and large-
scale analysis showed that local meteorological conditions
and air pollutants transport were affected by the synop-
tic systems development. Detailed descriptions on meteo-
rological conditions during the MILAGRO campaign are
reported by Fast et al. [24]. ree major synoptic-scale
systems were observed during the �eld campaign. e more
frequent eventswere high-pressure systems, remaining quasi-
stationary at central Mexico, followed by troughs and rides
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F 2: Mean potential temperature (a) and speci�c humidity pro�les (b) at Tula.

passages at south-central U. S. Cold surges. e third and
least frequent system was cold surges (northern) in�uencing
mainly the coast line at Gulf of Mexico and was also present
during the study period. Both during early March and on
March 18-19, upper-level troughs propagated through south-
central U. S. producing strong southwesterly winds in the
central plateau. Two cold surges were observed on March 22
and 24–26 causing strong northerly near-surface �ow over
the Gulf of Mexico. High-pressure systems predominated
during the remaining sampling days, and were typical char-
acterized by clear skies, low humidity, and weak winds.

Winds below the mixing layer at 700 hPa (1000m above
ground level) were variable according to the dominant syn-
optic system in the region. Westerly and southwesterly winds
were associated to a trough pass; northerly and easterly winds
to high-pressure systems slowly moving from northwest-
ern Mexico towards the east, and strong northerly near-
surface �ows over de Gulf of Mexico were associated to cold
surges. e frequency of upper wind direction at 500 hPa
measured at 06:00 h were 45.2% southwesterly, 35% westerly,
13% northeasterly, and 3.2% corresponding to south and
northwesterly winds. Daily maximum surface temperature
was over 22∘C most of the days; however, during the period
of March 24–26, during a cold surge passage, temperature
dropped to 18∘C. Surface wind speeds, varying from light to
moderate, were observed throughout the study.

3.1.2. Height of the Boundary Layer. Figure 2 shows the
mean potential temperature and speci�c humidity pro�les
for the �eld campaign. e pro�les were obtained averaging
all radiosonde data available at each launch time. During
most of the sampling period (80% of the time), a stable layer
was observed at 08:00 h, with the occasional presence of

near-surface thermal inversions; by noon, when solar heating
breaks the stable layer, a well-developedmixing layer reached
up to 2000m above ground level (AGL), with a shallow
superadiabatic layer near the surface. Although potential
temperature pro�les were similar above 500m at 15:00 and
18:00 h, the colder temperatures at 18:00 h, indicated the
formation of a stable layer close to the surface (Figure
2(a)). Speci�c humidity pro�les showed a reduction of water
content with height, and a well-mixed atmosphere aer the
breakup of the stable layer. e difference on the water
vapor content among vertical pro�les was less than 4.0 g��g
throughout the study (Figure 2(b)).

Data analysis of the radiosonde data showed that the
mixing layer height (ML) varied signi�cantly from 2500
to 4200m AGL, reaching its average diurnal maximum at
15:00 h. When a strong cold surge entered Central Mexico
during March 24-25, the ML decreased to less than 500m
AGL, due to a reduction in the solar radiation as a conse-
quence of cloudy skies and scattered rain.

3.1.3. �ean �ind �ro��e� at the Boundary Layer. Figure 3
gives the mean wind pro�les calculated from rawinsondes
data during the �eld campaign at 08:00, 12:00, 15:00, and
18:00 hs.e horizontal lines represent variations with height
of the wind persistence, de�ned as the ratio of the vectorial
mean wind speed to scalar wind speed. Ratios close to
one indicate almost no change in wind direction; on the
contrary, values close to zero indicate a large variation in
wind direction.

Figure 3(a) shows a highly variable and strati�ed atmo-
sphere at 08:00 h. e change in wind persistence with height
varied from less than 0.2 to greater than 0.6, being more
stable at heights lower than 100m AGL and above 5000m
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F 3: Mean wind pro�les at Tula, during March-April, 2006. �orizontal lines represent the wind persistence value.

AGL. Near-surface southerly to southwesterly winds were
observed regularly along the �eld campaign. At 12:00 h, a
less strati�ed atmosphere was observed, although a varying
wind speed layer, from 300m to 4000m AGL, still remained
(Figure 3(b)). Below 1500m AGL, northeasterly wind speed
was more stable; however, wind speed increased constantly
and therefore the wind persistence was low, re�ecting the
ML evolution into a well-mixed layer. At 15:00 h, the wind
persistence ratio ranged from 0.2 to 0.86 under the lowest
5000 meters of the troposphere, although a clearly more
homogeneousmixing layerwas observed (Figure 3(c)). Below
1500m, themean northeasterly wind remained constant, and
the wind speed pro�le shows a northeasterly jet near the
surface, with a maximum value close to 6m/s at 500m AGL.
Figure 3(d) shows the mean wind pro�le at 18:00 h, which is
similar to thewind pro�le at 15:00 h, butwithmore variability
in wind direction and with a stronger jet closer to the ground
(at 250m and maximum velocity of 7m/s).

In summary, early in the morning (8:00 h), a shallow
stable layer formed near the surface, with light south-
southwesterly winds. ese conditions favored the accumu-
lation of air pollutants below 100 m with a limited dispersion
towards the north Tula industrial complex. Aer midday, a

well-developed mixing layer favored the mixing of pollutants
at higher altitudes (up to 5000m AGL). Simultaneously,
a near-surface superadiabatic layer, with a clear northern
wind component, brought back the previously-advected pol-
lutants. In the aernoon and evening a thicker mixing layer
reached on average 2500 to 3000 m height, featuring a weak
low level jet (LLJ) near the surface. is LLJ was responsible
of transporting air pollutants at regional scales. According to
the authors� knowledge, this is the �rst time this feature is
reported for the region.

LLJ can develop under favorable synoptic conditions
anywhere in the world. is pattern is characterized by space
scales between 20 and 200 kmwithin the lowest 2000m of the
atmosphere, where strong diurnal oscillations and nocturnal
accelerations occur [25].edevelopment of LLJ is associated
with nocturnal temperature inversion, forming in the late
aernoon or early evening and becoming strongest during
the early morning hours of the next day, and then weakening
or disappearing by late morning. From Figures 2(a), 3(c),
and 3(d), it is clear that temperature and wind pro�les ful�ll
these requirements. Although no early-morning sounding
was available to corroborate that, maximum wind speed
occurred at this time.
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T 2: Average, maximum, and minimum of 24 h and 12 h of PM10 and PM2.5 during the sampling period of March 24–20 April, 2006.

Jasso Tepeji
Average Maximum Minimum Average Maximum Minimum

PM2.5 24 h 31.0 52.0 14.3 25.7 53.1 14.5
PM2.5 06:00–18:00 45.5 70.3 18.2 35.5 75.1 16.8
PM2.5 18:00–06:00 31.0 59.2 10.3 24.9 37.6 12.0
PM10 24 h 75.1 178.6 30.4 36.8 53.2 22.4

Implications of these meteorological conditions on
human health are evident. First, the persistent stable atmo-
spheric conditions in the morning favor the concentration of
pollutants near ground, increasing the level of exposure of the
inhabitants. is condition may worsen at winter time, when
lowest temperatures drop below 0∘C. On the other hand,
the regional transport of pollutants increases the number of
people exposed to these air pollutants. ese results are in
agreement with those recently reported by Almanza et al.
[15]. By using dispersion models, the authors estimated the
fraction of time at which the RTPPC plume hits the surface
in the full domain. Regardless the concentration at which the
plume reaches the ground, the impact on the Mexico MCMA
may be 40% to 60% of the time [15].

3.2. Criteria Pollutants. Air quality standards (AQS) at JAS
such as ozone (0.11 ppm, average of 1 h), carbon monoxide
(11 ppm mobile average of 8 h), sulfur dioxide (0.13 ppm
average of 24 h), and nitrogen dioxide (0.210 ppm, average
of 1 h) were not exceeded [26]. Maximum hourly values
were 0.034, 0.033, and 0.287 ppm for O3, NO2, and CO,
respectively. e maximum average of 24 h for SO2 was
0.0078 ppm, on April 5, even though this pollutant increased
to 0.293 ppm at midday on April 14.

e results at TEP showed that CO and NO2 concentra-
tions were below their corresponding AQS values. However,
the SO2 exceeded the standard twice, on March 26 with
0.185 ppm, andApril 14with 0.190 ppm.O3 also exceeded the
standard during the April 27 with 0.122 ppm. In general, this
site showed higher concentrations of SO2 when compared
to JAS, with maximum hourly values between 0.100 and
0.300 ppm.

Most of the SO2 is released from the re�nery and the
RTPPC facilities at a height of 60m above ground level,
although the effective height of the emissions may rise above
1000m, due to buoyancy provided by hot exhaust. Under
these conditions, the emission plume travels long distances
downwind before reaching the ground, which is in agreement
with mini-DOAS measurements reported by Rivera et al. [5].
Sites located nearby the source are below the plume and thus
report lower SO2 concentrations when compared to those
farther from the plume source (Figure 1(b)).

3.3. Particulate Matter (PM). Table 2 summarizes the PM10
24 h average concentrations during the sampling period
for March 24-April 20, 2006. Also the 24 h average PM2.5
concentrations during March 24-April 6, 2006 and 12 h
average PM2.5 concentrations during April 7–20, 2006 were

given at standard conditions. In general, PM concentrations
measured at the JAS urban-industrial site were higher than at
TEP, which may indicate the magnitude of local limestone
dust resuspension from quarrying. Particle contribution at
this site is exacerbated by the cement industry which is also
a heavy user of residual fuel oil, petroleum coke, and an
assortment of industrial wastes.

PMmass concentrations oscillated substantially from day
to day at both sites. e most extreme variations occurred
at JAS in the PM10 fraction and PM10 levels at JAS showed
considerably variations from 30.4 to 178.6 𝜇𝜇g/m3 with an
average of 75.1 𝜇𝜇g/m3; the 24 h average of 120 𝜇𝜇g/m3 [27] was
exceed twice during the study. While PM2.5 ranged between
14.3 to 52.0 𝜇𝜇g/m3 with an average of 31.0 𝜇𝜇g/m3, the PM2.5
standard of 65 𝜇𝜇m/m3 was not exceeded during the sam-
pling campaign. High PM10 concentrations were observed
on April 8 and 11 with values of 162.2 and 178.6 𝜇𝜇g/m3,
respectively. ose two days had light wind speed in the
morning (<1.56m/s) with variable wind direction. Aer
10:00 h, southwest winds became more stable and increased
their speeds to a maximum of 8.0m/s at 18:00 h. On these
days, the corresponding PM2.5 mass concentrations (49.5
and 36.7𝜇𝜇g/m3, resp.) were less than one-third of the PM10,
which is less than the PM2.5/PM10 average ratio of 0.41, and
suggests that elevated PM10 concentrations can be attributed
to local fugitive dust. Similar temporal variations of PM2.5
mass concentrations were observed from March 26 to April
3 with a smooth increase from and with two peaks on the
same dates as PM10. Similar PM10 levels were reported by
Querol et al. [28] in the urban area of Mexico City with
24-hour averages ranging between 50 and 56𝜇𝜇g/m3, and
PM2.5 between 24 and 40𝜇𝜇g/m3; however, these values were
measured duringMarch as a part of theMILAGRO campaign
and cannot be compared directly with our observations.

At TEP PM10 concentrations were higher during a longer
period of time (April 5–13). In general, during April winds
were light (2m/s) and variable in average, although max-
imum daily speeds ranged from 7 to 9m/s. During April
5–13, higher wind speeds were recorded compared to the
period of April 14 to 19, where lower PM concentrations
were observed, due to more stable wind conditions. Wind
directions were variable before 8:00 h, were persistent from
southeast until noon, and changed direction from northeast
in the evening. PM10 concentrations at TEP ranged from
22.4 to 53.2 𝜇𝜇g/m3 with an average of 36.8 𝜇𝜇g/m3, while
PM2.5 varied between 14.5 to 53.1 𝜇𝜇g/m3 with an average
of 25.7 𝜇𝜇g/m3. Although the �ne fraction at both sites were
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similar, the difference was driven by the PM10 fraction as
the PM2.5/PM10 mass ratio ranged from 0.85 to 0.50 with an
average of 0.68 indicating that this site is a receptor of the
industrial emissions from the major sources of combustion
processes.

e PM2.5/PM10 ratio at JAS is similar to those reported
by Vega et al. [19] for Mexico City (0.46), and for the indus-
trialized area of Salamanca (0.33) in Guanajuato [29], where
the contribution of fugitive dust is considerable.

PM2.5 was consistently higher during the morning
periods (06:00–18:00h), with average values of 35.5 and
45.5 𝜇𝜇g/m3, and decreased during the night (18:00–06:00 h)
to 24.9 and 31.0 𝜇𝜇g/m3 at TEP and JAS, respectively. is is
consistent with a recurrent shallow stable layer formed near
the surface before 8:00 h and light winds favoring particle
accumulation. At TEP maximum concentrations of 75.1 and
37.6 𝜇𝜇g/m3 occurred in April 11 and 16 for morning and
night, respectively. In contrast, JASmaximum concentrations
were measured in the morning of April 8 (70.3𝜇𝜇g/m3) and at
night on April 7 (59.2 𝜇𝜇g/m3).

e aforementioned pattern is in agreement with the con-
tinuous black carbon measurements which were in�uenced
by fresh emissions frommajor industrial combustion sources
(Figures 4 and 7). Similar patterns were also reported for
Mexico City during the same period of sampling [28]. It
should be mentioned that carbonaceous aerosols, speci�cally
black carbon, are the major absorbing aerosol species which
may have an important warming impact at a regional scale.
e aethalometer used to measure black carbon takes into
account the �ow rate, time, and a factor for the multiple
scattering enhanced mass absorption efficiency [30].

ere was a signi�cant difference between both sites in
the coarse fraction (PM10-PM2.5), JAS being the mostly
impacted by particles resulting from local limestone dust
from quarrying, as it ranged from 40 to 79% with an average
of 56%. At TEP this fraction varied from 15 to 50% with
an average of 32%,. ese results are consistent with higher
emission from fossil fuel combustion processes from the
RTPPC), among other sources in the vicinity of TEP (21 km
south from the sources). In turn, Querol et al. [28] reported
50% of coarse fraction at CENICA, similar to JAS, while the
urban T0 site had a lower contribution of coarse fraction
(30%), similar to TEP.

e incidence of respiratory diseases is higher in Tula
than in any other area within Hidalgo State. Speci�cally, the
central area of Tula the incidence of acute respiratory infec-
tions is the highest within Mexico [31]. In addition, Melgar-
Paniagua et al. [13] reported that there is an association
between PM concentration and the increase of respiratory
morbidity and mortality in Tula. Furthermore, there is evi-
dence that exposure to ambient PM chemical components,
such as sulfate, metals, elemental, and organic carbon, is
associated with adverse health outcomes [32, 33].

Results from chemical analysis, which will be presented
in a future publication, showed that at JAS the higher con-
centrations of PM10 were driven by Ca, whilst in Mexico City
the higher PM10 concentrations were correlated with Si [19].
High Ca concentrations are mainly due to limestone mining

200

400

600

800

1000

1200

0

20

40

60

80

100

120

Day of year

Absorption

Scattering

AprilMarch

(M
m

−
1
)

25 27 29 31 2 4 6 8 10 12 14 16 18 20

(μ
m

2
cm

−
3
)

F 4: Daily aerosol light absorption and scattering obtained at
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for cement materials and limestone quarries nearby JAS and
in the surroundings of Tula [22]. is contrasts with Si-
associated PM10, which result from dust resuspension from
the dry Texcoco Lake in Mexico City [19]. Higher Ca con-
centrations and in some cases also high SO4

= concentrations
were also correlated with PM2.5. Sulfates showed a gradually
increase at TEP starting on April 9 and showed a peak on
April 12. e results of the radiosonde data analysis, below
1000m which is the maximum mixing layer height during
the day, con�rm that on April 12, there were persistent winds
all day coming from north and northeast with an average
velocity ranging from 4 to 9m�s with direct in�uence from
limestone quarries located upwind. On the other hand, Ca
generally showed a similar pattern to PM10 mass with peaks
driven by high Ca concentrations. On April 16, however,
low Ca concentrations and high PM10 values were observed.
A deeper mixing layer was developed on that day, reaching
3.5 km. Winds were lighter and its direction changed early
in the morning from south to west at noon, and then in the
aernoon from north to east in the evening. is suggests
that different emission sources contributed to high particle
concentration, including those from agricultural activities,
where Si is abundant.

3.4. Optical Properties. Light scattering, absorption, and sur-
face size distribution represent different physical properties
of particles and no direct comparison among them is always
possible; however, all these parameters are a function of
particle size and an analysis of its behavior can give an insight
from the origin of particles.

3.4.1. Light Scattering. Figure 4 shows the daily light scatter-
ing distribution determined with a nephelometer at 550 nm.
In general, a large variability was observed along the sampling
period with high light dispersion episodes observed on April
6–8 andApril 11–13when lowmixing heights were observed.
Aer April 15 the scattering values decreased to background
values. Similar trends for 450 and 700 nm wavelengths were
observed (not shown). is high dispersion associated with
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lowmixing heights is consistent with pollutant concentration
near the surface. In contrast, a decrease in light scattering, and
thus a greater visibility occurred when mixing heights were
greater.

Since Tula is classi�ed as a �critical area� due to the high
SO2 and PM emissions, it should also be expected to have
high SO4

= concentration. Sulfate is an important light scat-
tering aerosol species contributing to atmospheric cooling,
formed from the atmospheric oxidation of SO2 [30].

e hourly aerosol scattering at JAS, at 550 nm ranged
from 44–121Mm−1 with an average of 76Mm−1. When com-
pared to the rural site of Tecamac (53Mm−1) located 29Km
northeast of Mexico City, this value was higher by a factor
of 1.4, but much lower than the urban area of Mexico City
(105Mm−1) reported by Marley et al. [34] during March
10–29, 2006. Light scattering is clearly an important factor
during the night and before 10:00 h, with a substantial reduc-
tion aerwards (Figure 5).

Higher scattering values, due to a persistent shallow stable
atmospheric layer which traps most primary pollutants emit-
ted below 500m (Figure 2), were observed at night and before
10:00 in the morning, reaching a maximum at 7:00 with
values as high as 121Mm−1, 3.5 hours earlier than the maxi-
mum scattering values seen at Mexico City [34] suggesting a
rapid secondary aerosol formation. Aer 10:00 h, a decrease
of scattering values was observed due to the development of
the mixing layer favoring the dilution of air pollutants.

3.4.2. Submicrometric Particles. Figures 4–6 show the submi-
crometric particle surface size distribution (dS/d[log(𝐷𝐷p)]),
calculated by the SMPS system assuming spherical particles
with diameters (𝐷𝐷p) from 15.7 to 764 nm, measured at JAS
from March 24 to April 21, 2006. In general, highest values
were observed during March 26 to April 5 (Figure 4). e
hourly highest values were observed between 6:00 and 9:00 h
and aer noontime (12:00 to 15:00 h) (Figure 5). Particles
with diameters between 0.118 and 0.269 𝜇𝜇mcontributed with
50% of the total particle surface size distribution. Particles
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F 6: Submicrometric particles surface distribution by size, at
JAS from March 25 to April 21, 2006.

smaller than 0.118 𝜇𝜇m and higher than 0.269𝜇𝜇m contributed
with 25% each (Figure 6). Implications of exposure to these
particles on human health are presented by Buonanno et
al. [35, 36], which studied average particle number size
distribution data together with the people activity pattern to
estimate the tracheobronchial and alveolar dose of submi-
crometer particles for different population age groups and
under different exposure microenvironments in Italy.

3.4.3. Black Carbon. An absorption Angstrom exponent of
1 [34–38] was applied to the calculation of attenuation to
determine its dependence with wavelength. Since almost all
fresh emissions in this region come from the combustion of
fossil fuel at the re�nery and the power plant then the speci�c
attenuation of 14625/𝜆𝜆 [37] was used to convert black carbon
concentrationsmeasured at 880 nmand be able to compare to
results of aerosol absorption at 550 nm measured at the same
period reported by Marley et al. [34].

Figure 7 shows that the highest concentration of BC from
2:00 to 11:00 h is coincident with the reciprocal of wind speed
(1/WS) peak. ere is an increase of 10.3%/h of BC concen-
trations from 1:00 to 8:00 h, and a decrease of 4.2%/h of the
1/WS, suggesting that fresh emissions have amajor effect than
the light wind speed (1.36 to 1.85ms−1); furthermore, the
boundary layer was stable favoring stagnation of pollutants.
From 09:00 to 18:00 h, both BC and 1/WS decrease at a
similar rate of 15 and 12%/h, respectively. During this period
the mixing layer is more important than either the fresh
emissions or the wind speed. From 19:00 to 24:00 h, the air
parcel stagnation increased 22%/h meanwhile BC increased
only 0.6%/h, so neither the fresh emissions nor the wind
speed or the mixing layer were dominant for determining the
levels of BC.

Figures 4 and 5 show the daily and hourly aerosol light
absorption measured at 880 nm and corrected to 550 nm at
JAS from March 24 to April 21, 2006. In general, there was a
continuous increase during the �rst hours of the day, from
01:00 to 08:00 h, and then there was a decrease from 9:00
to 14:00 and from 15:00 to 24:00 h, there was an average
absorption of 15Mm−1. On a daily basis, highest absorptions
were observed during April 4–6 with up to 36Mm−1 (Figure
4) which correlates with an excess of li�uid products �aring in
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the re�nery due to a failure in a process that lasted two days.
e highest absorption reached 43 Mm−1 between 2:00 and
9:00 h (Figure 5). e hourly aerosol light absorption varied
between 13–43 Mm−1 with an average of 22Mm−1 which is
smaller compared to both values at Mexico City (37Mm−1)
and Tecamac (27m−1) reported by Marley et al., [34]. e
lower light absorption at Tula compared to both sites results
from the single point source behavior of the industrial com-
plex; therefore the plume sweeps the region out according to
local winds, and not always reaching the monitoring device.
In addition, Marley et al. [39] observed large amounts of
biomass burning contributing to carbonaceous aerosols at
Tecamac and that Mexico City was signi�cantly impacted by
emissions from fossil fuels in addition to local and regional
burning.

3.5. Tula-Vito-Apasco Industrial Corridor SO2 Export. Nearly
20 plume transects were measured with a 3 to 8 h time-spam,
for an equivalent distance of 120 to 320 km. e SO2 plume
direction was variable during the period of study, mostly
affected by meteorology at synoptic scale. e plume’s most
frequent directionwas from southeast aermidday, when the
wind at the surface was from NNE. Under this condition,
the SO2 plume did cross the Mexico-Queretaro highway,
SW of the Tula-Vito-Apasco corridor. Other less frequent
episodes showed the SO2 dispersion towards the east of the
industrial area, which aer interacting with the mountain
range diminishes the transport of the SO2 plume outside the
area.

Figure 1(b) shows the trajectory of the SO2 dispersion
plume observed on April 4, at 16:00 and 17:00 h. Two routes
that were selected to follow the SO2 plume. e red colored
lines show the relative SO2 column concentration measured
using the MiniDOAS system. Route 1 was all around the
re�nery through the southeast. Route 2 includes a north-
south transect from Tula City to Tepeji. e SO2 plume is
dispersed along routes 1 and 2 in the southwest direction.e
aforementioned dispersion trajectory was the most common,
although other less frequent trajectories were also observed.

For instance on April 7, the SO2 plume dispersed through the
north and then at midday to the southeast (not shown).

On the other hand, wind roses (Figure 8) of the SO2
concentrations (ppm) were drawn from March 18 and April
17 for the Villa de las Flores (VIF) and La Merced (MER)
stations, which are located most north and downtown of
Mexico City, respectively. e results showed that highest
SO2 concentrations (0.10 to 0.25 ppm) at VIF were associated
to northerly wind �ows (330∘–30∘). On the other hand, at
MER the SO2 concentrations were 25% lower than those
observed at VIF, and the highest values (>0.02 ppm) occurred
when winds �ows were from the NE-E (45∘–105∘). ese
results suggest that SO2 emissions from Mezquital Valley
have an impact on the northern sector of MCMA. In turn,
SO2 concentrations were higher at VIF compared to those
measured at JAS (0.13 ppm), implying that the height of
the emitted plume from the RTPPC has a higher impact
outside the emission point. is is in agreement with model
simulations for Tula reported by de Foy et al. [40].

3.6. Long-Term Plume Trajectory. Figure 9 shows the emis-
sion plume that develops from the RTPPC as depicted by
the higher vanadium and nickel concentrations and 13C-
depleted carbon values in T. recurvata in Mezquital Valley
relative to background. ese metal concentrations and
carbon isotope composition represent the long-term pattern
area of in�uence of the emissions from the complex and
show that it impacts those towns located along a NE-SW
axis between Tlaxcoapan and TEP, and further exits out the
valley. e highest nickel and vanadium concentrations in T.
recurvata were equally distributed at both sides of the axis.
In contrast, 𝛿𝛿13C values show lighter values to the east of
this axis. Metals are likely emitted with particles and would
tend to disperse equally at both sides of the long-wind axis,
settling within a relatively short distance from the emitter.
In contrast, carbon would be mostly emitted as CO2 and
assimilated as such by the epiphyte. It thus appears that gas
emissions are in�uenced by a mountain effect: when wind
blows from the SE quadrant the plume disperses into the
valley and dilutes the emitted CO2. In contrast, when the
wind direction is from the NW or NE quadrants, emissions
tend to concentrate between the RTPPC and the mountain
chain located to the S-SE of the complex. erefore, the
relatively longer residence time of the emissions under NW
or NE quadrant winds lowers the ambient carbon isotope
composition of CO2.

e relative contribution of CO2 emitted by the RTPPC
can be estimated from the average 𝛿𝛿13C value of the epiphyte.
e carbon isotope composition of T. recurvata decreased
from an average of −14.6‰ outside the emitted plume to
−15.4‰ inside the plume. is 1.8‰ decrease suggests that
industrial emissions contribute with 5% of the total CO2
incorporated by T. recurvata inside the plume. By stable
isotope-mass balance, it follows that industrial CO2 has a
𝛿𝛿13C value of −30.0‰, which is consistent with the range
of −29.5 to −27.6‰ for CO2 emitted for the combustion of
diesel and fuel oil [41]. Considering a fractionation (Δ) of
−1.3‰ between the fuel source and the emitted CO2 [41],
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F 9: Nickel and vanadium concentrations (inmg/kg) and stable carbon isotope composition (in permile versus PDB) in Tillandsia
recurvata samples collected in Mezquital Valley.
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then the carbon isotope composition of the fuel used by the
RTPPC is around −28.7‰.

4. Conclusions

e results of four-week monitoring campaign of particulate
matter and gaseous pollutants, as well as meteorological
parameters are presented. e present study was conducted
in one of the most industrial energy-intense production
corridors of Mexico, located 60 km north of Mexico City.
e databases are also meant to be used as inputs for
future modeling studies and to quantitatively determine the
in�uence of emissions of this region on the air quality in the
northern area of MCMA.

Early in the morning a shallow stable layer is formed,
with light south-southwesterly winds. ese conditions favor
accumulation of air pollutants below100mandwith a limited
dispersion of pollutants towards the north of Tula. Aer
midday, a well developed mixing layer is observed up to
1500m, favoring the mixing of pollutants at higher altitudes.
In addition, a superadiabatic layer near the surface, with a
clear northern wind component, brings back the pollutants
that were transported northward early in the morning. In the
aernoon and evening, a similar vertical atmospheric pro�le
is observed; a thicker mixing layer reaches in average 2500
to 3000m, and a featuring weak low level jet responsible of
transporting air pollutants at regional scales. According to
the authors’ knowledge, this is the �rst time this feature is
reported for this region.

e results of the criteria pollutants concentration at TUL
showed that during the study period, most of the pollutants
were found to be below the standards, except for PM10 and
SO2 that were above the limits twice and O3 once in each
case. Nonetheless, the spatial distribution of these pollutants
varies according to location and time of the day. e highest
concentrations of O3 and SO2 weremeasured at the southeast
of the re�nery within a distance of more than 15 km.

Elevated PM10 concentrations (178.6 𝜇𝜇g/m3) exceeding
the standard measured at the urban-industrial site of JAS
were associated to the increase of wind speeds up to 8.0m/s.
Additionally, this site was highly impacted by local limestone
dust since the coarse fraction ranged from 40 to 79%
with an average of 56%. Preliminary results from chemical
analysis showed that high PM10 concentrations were driven
by calciummainly due limestonemining for cementmaterials
and limestone quarries nearby JAS and in the surroundings
of Tula, whilst in Mexico City, it is driven by silicon. PM10
levels at TEP showed an average of 75.1 𝜇𝜇g/m3, while the
PM2.5 average was 25.7 𝜇𝜇g/m3, and an average PM10/PM2.5
mass ratio of 0.68 indicating that almost 70% of the PM10 are
constituted by PM2.5. e above suggests that this site was
in�uenced by higher emission from fossil fuel combustion
processes from the re�nery and the power plant, among other
sources in the vicinity.

PM2.5 concentrations were in�uenced by a peak recorded
during the morning, similar to the continuous black carbon
measurements, which agrees with a recurrent stable layer

formednear the surface before 8:00 h and lightwinds favoring
particle accumulation.

Average hourly aerosol light absorption was 22Mm−1

which is smaller compared to both urban and rural sites.
Average hourly aerosol scattering (76Mm−1) was higher
compared to a rural site but much lower than at Mexico City.
Elevated values were related to uncommon �aring activities
in the re�nery in addition to changes in the boundary layer
height. High scattering values were associated to a persistent
shallow stable atmospheric layer which traps most primary
pollutants emitted close to the surface. Low scattering values
were related to the development of the mixing layer favoring
the dilution of air pollutants.

Elevated BC concentrations were inversely coincident
with the wind speed peak with light winds as the boundary
layer is stable favoring stagnation of pollutants. In addition,
the decrease of the 1/WS favored dilution of pollutants with
the lowest levels of BC.

Stable carbon isotope measurements in the biomonitor
species Tillandsia recurvata provide the long-term signature
of pollutant dispersion in the region. Results show that the
emission plume from the re�nery and nearby thermoelectric
power plant directly affects the SE sector of Mezquital Valley
where the plume is directed by the prevalent winds and
then constrained by a mountain range preventing its fast
dispersion. Using stable isotope-mass balance, the carbon
contribution as CO2 near the emission source to this epiphyte
is estimated at around 5% of the total assimilated by the plant.

e population in this region is exposed to a multi-
pollutant environment, including high levels of sulfur diox-
ide, submicrometric particles, and black carbon. In addition,
frequent adverse meteorological conditions in the morning
may exacerbate acute and chronic exposition to these pol-
lutants. e in�uence of emissions from the RTPPC also
affects, to a less extent, the population of MCMA’s northern
sector. e above-mentioned results evidence the need to
establish a contingency plan to avoid population exposure to
high concentrations of pollutants in addition to the reduction
in industrial emissions to improve wellbeing. Studies within
the area that determine the impacts of speci�c particulate
constituents and sources are needed for the effective design of
air quality control policies. Finally, a continuous monitoring
of both criteria pollutants and meteorological parameters
along the Tula-Vito-Apasco corridor is needed to support
actions considered in the contingency plan and to better
understand impacts of industrial activities on human and
ecosystems health.
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Particulate matter (PM) and nanoparticles (NPs) induce activation and dysfunction of endothelial cells characterized by inhibition
of proliferation, increase of adhesion and adhesionmolecules expression, increase of ROS production, and death. DHEAhas shown
anti-in�ammatory and antioxidant properties in HUVEC activated with proin�ammatory agents. We evaluated if DHEA could
protect against some in�ammatory events produced by PM10 and TiO2 NPs in HUVEC. Adhesion was evaluated by a coculture
withU937 cells, proliferation by crystal violet staining, and oxidative stress throughDCFDAandGriess reagent. PM10 andTiO2 NPs
induced adhesion and oxidative stress and inhibited proliferation of HUVEC; however, when particles were added in combination
with DHEA, the effects previously observed were abolished independently from the tested concentrations and the time of addition
of DHEA to the cultures. ese results indicate that DHEA exerts signi�cant anti-in�ammatory and antioxidative effects on the
damage induced by particles inHUVEC, suggesting that DHEA could be useful to counteract the harmful effects and in�ammatory
diseases induced by PM and NPs.

1. Introduction

Particulate matter (PM) is an environmental factor that
has been associated with increased cardiovascular morbidity
and mortality, particularly mass concentrations of PM with
aerodynamic sizes ≤2.5 or ≤10𝜇𝜇M (PM2.5, PM10). Numerous
studies have shown associations between PM and risk of
cardiac ischemia and arrhythmias, increased blood pressure,
decreased heart rate variability, and increased circulating
markers of in�ammation and thrombosis [1]. Also, ultra-
�ne particles (UFPs; PM < 0.1 𝜇𝜇M) induce oxidative stress
leading to in�ammation and resulting in respiratory and
cardiovascular disease, because they have high pulmonary
deposition efficiency and their magnitudes in the particle
number concentration are higher than larger particles; thus
they have a much larger surface area. Such is the case of

titanium dioxide nanoparticles (TiO2 NPs) that cause several
adverse effects on mammalian cells such as increase of reac-
tive oxygen species (ROS) production and cytokines levels,
reduction of cell viability and proliferation, and induction of
apoptosis and genotoxicity [2].

We have previously shown that PM2.5 and PM10 induce
adhesion of U937 cells to human umbilical vein endothelial
cells (HUVEC), which was associated with an increase in the
expression of adhesion molecules such as E- and P-selectins,
ICAM-1, PECAM-1, and VCAM-1 [3, 4]; besides, they
induce production of ROS and NO and nuclear translocation
ofNF-𝜅𝜅B [5]. Also, we have shown that TiO2 NPs are internal-
ized intoHUVEC; they inhibit strongly cell proliferation; and
induced cellular death (necrosis and apoptosis) [6]. Besides,
TiO2 NPs induce activation of HUVEC through an increase
in adhesion and in the expression of adhesion molecules
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and other molecules involved in the in�ammatory process.
ese effects were associated with oxidative stress and NF-
𝜅𝜅B pathway activation [6]. Together, all these results indicate
that all these particles induce HUVEC activation, suggesting
that theymay participate in the development of in�ammatory
diseases.

In previous works, we have shown that dehydroepian-
drosterone (DHEA), an adrenal hormone, has shown anti-
in�ammatory and antioxidative roles inHUVEC treated with
two proin�ammatory molecules such as TNF-𝛼𝛼 and oxLDL
[7, 8]. DHEA decreases the adhesion of monocytic cells to
HUVEC, decreases the expression of early and late molecules
of adhesion, and interferes with the translocation of NF-𝜅𝜅B
and I𝜅𝜅B-𝛼𝛼 degradation. Also, DHEA inhibits ROS and NO
production.

In this work, we hypothesized that DHEA could protect
HUVEC against in�ammatory events induced by PM10 and
TiO2 NPs. To test this, we exposed HUVEC to PM10 and
TiO2 NPs in combination with DHEA and evaluated the
adhesion of monocytic cells, proliferation, and ROS and NO
production.

2. Materials andMethods

2.1. Materials. RPMI 1640 and M199 media and trypsin
were purchased from GIBCO/BRL (Grand Island, NY, USA),
and fetal bovine serum (FBS) was HyClone (Logan, UT,
USA). Sterile plastic material for tissue culture was from
NUNC and COSTAR. Flow cytometry reagents were pur-
chased from Becton Dickinson, Immunocytometry Systems
(San José, CA, USA). TNF-𝛼𝛼 was purchased from R &
D Systems (Minneapolis, MN, USA). Peroxidase-labeled
monoclonal antibody against Von Willebrand factor was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). H2DCFDAwas purchased fromMolecular Probes and
TiO2 NPs from Paris Drugstore (Mexico City, Mexico). All
other chemicals were purchased from Sigma Aldrich (St.
Louis, MO, USA).

2.2. Particles and Preparation. PM10 were collected from the
north zone ofMexico City. Samples were taken three days per
week throughout 2007 using a GMW high-volume particle
collector (model 1200 VFC HV PM10, Sierra Andersen) to
collect particles with mean aerodynamic diameters equal to
or smaller than 10 𝜇𝜇M. Particles were recovered from the
�lters as previously described [9].

At least 1mg of particles was weighed and sterilized by
autoclave the night before of each experiment. PM10 and
TiO2 NPs suspensions in M199 medium, at a concentra-
tion of 1mg/mL, were prepared few minutes before cell
exposure. Aliquots were taken from these suspensions and
further diluted with culture medium until the required �nal
concentration was obtained. TiO2 NPs used were previously
characterized by our work group [6]. eir characterization
showed aggregates of spheres of less than 50 nm with a size
distribution of aggregates between 105 and 1281 nm and a
mean size of 421 nm, when TiO2 NPs were suspended in
M199 medium plus 10% FBS. In our assays, NPs were not

sonicated because in our previous studies we did not observe
difference in the biological effects induced by sonicated or
nonsonicated TiO2 NPs.

2.3. Endothelial Cell Cultures. Primary HUVEC cultures
were obtained by proteolytic dissociation of the umbilical
cord veins from normal deliveries, treated with collage-
nase type II (0.2mg/mL), and cultured on gelatin-coated
culture dishes in M199 supplemented with 10% FBS, glu-
tamine (2mM), heparin (1mg/mL), and endothelial mitogen
(20𝜇𝜇g/mL), as previously described [5]. Cells were used for
all experiments on their second passage. e phenotype of
HUVEC cultures was con�rmed by Von Willebrand antigen
staining. Cultures exposed to human recombinant TNF-𝛼𝛼
(10 ng/mL) or H2O2 (500𝜇𝜇M) were used as positive controls
of endothelial activation.

2.4. Culture of U937 Cells. Human leukemia promonocytic
U937 cells were cultured in RPMI-1640 medium supple-
mented with 10% FBS and L-glutamine (2mM).

2.5. Adhesion of U937 Cells to Endothelial Cells. Adhesion
was evaluated using U937 cells that were labeled with [3H]-
thymidine; 1 × 105 HUVEC were seeded in 24-well tissue-
culture plates with 1 mL of supplemented M199 medium and
treated with TNF-𝛼𝛼 (10 ng/mL), DHEA (1, 10, and 100 𝜇𝜇M),
TiO2 NPs (10 𝜇𝜇g/cm2), and PM10 (20 𝜇𝜇g/cm2) for different
times, whereas 6 × 106 U937 cells were incubated with 30 𝜇𝜇Ci
of [3H]-thymidine for 48 h. Pretreated HUVEC were co-
cultivated for 3 h with 5 × 105 U937 cells/well. Each well
was washed to eliminate U937 cells not attached to HUVEC.
Aer this, cells were �xed with 95%methanol and lysed with
NaOH (200mM) for 12 h, and radioactivity was determined
in a scintillation counter (Beckman Coulter model LS6500,
Miami, FL, USA). Counts per minute (cpm) were considered
directly proportional to the number of U937 cells adhered to
HUVEC.

2.6. Crystal Violet Staining. Cell number was evaluated
by crystal violet staining. HUVEC were cultured on 96-
multiwell plates without andwithDHEA (1, 10, and 100 𝜇𝜇M),
TiO2 NPs (10 𝜇𝜇g/cm2), and PM10 (20𝜇𝜇g/cm2) for 72 h.
DHEA was added 1 h before exposure to particles. At the end
of these treatments, cells were �xed with 100𝜇𝜇L of ice cold
glutaraldehyde (1.1% in PBS) for 15min at 4∘C. Plates were
washed three times by submersion in deionized water, air-
dried, stained for 20min with 100 𝜇𝜇L of a 0.1% crystal violet
solution (in 200mM phosphoric acid buffer at pH 6). Aer
careful aspiration of the crystal violet solution, the plates were
extensively washed with deionized water, air-dried prior to
the solubilization of the bound dye with 100𝜇𝜇L of a 10%
acetic acid solution, and incubated during 30min. Optical
density of the plates was measured at 595 nm in a multiplate
spectrophotometer.

2.7. Measurement of Reactive Oxygen Species. e oxidation
of 2,7-dichlorodihydro�uorescein diacetate (H2DCFDA)
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F 1: Effect of DHEA on the adhesion induced by particles. Cells were treated with 1 (D1), 10 (D10), and 100 𝜇𝜇M (D100) of DHEA
alone or in combination with 10 𝜇𝜇g/cm2 of TiO2 NPs (T) or 20 𝜇𝜇g/cm2 of PM10 (P) for 24 h (a). Aer this, U937 cells labeled with [3H]-
thymidine were cultured with HUVEC for 3 h more, and adhesion was evaluated in a scintillation counter. TNF-𝛼𝛼 (10 ng/mL) was used as
a positive control. In (b), DHEA was added 1 h before (before), at the same time (same), and 1 h aer (aer) the addition of TiO2 NPs or
PM10. e results were expressed as percentage of adhesion with respect to untreated cells (100%) and shown as mean ± SD of three separate
experiments. ∗𝑃𝑃 𝑃 0𝑃01 compared with nontreated cells, and ∗∗𝑃𝑃 𝑃 0𝑃01 compared with particles-treated cells.

into 2,7-dichlorodihydro�uorescein (DCF)was used to assess
Ros generation. HUVEC were cultured without or with
DHEA (1, 10, and 100 𝜇𝜇M), TiO2 NPs (10 𝜇𝜇g/cm2), and PM10
(20𝜇𝜇g/cm2) or in combination for 3 h. DHEA was added
1 h before particles. H2O2 (500𝜇𝜇M) was used as positive
control to induce oxidative stress. Aer treatment, cells were
incubated with H2DCFDA (10 𝜇𝜇M) for 30min at 37∘C and
washed twice with PBS. Aer an extensive wash, �uorescence
was evaluated by �ow cytometry (Facscalibur, Becton Dick-
inson). e mean �uorescence intensity was calculated by
multiplying the number of events (�uorescent cells) by the
mean of the intensity presented by the Cell Quest soware
used for the analysis.

2.8. Production of NO. Quanti�cation of nitrite was used as
an indirect method to determine the production of NO. Cells
were seeded in 96 well plates (NUNC) at a density of 1 × 105
cells/well in M199 (phenol red free) and 10% FBS. Cells were
cultured without or with DHEA (1, 10, and 100𝜇𝜇M), TiO2
NPs (10 𝜇𝜇g/cm2), and PM10 (20𝜇𝜇g/cm2) or in combination
for 72 h. DHEA was added 1 h before particles. Unexposed
cultures were used as negative controls. Aer treatment,
100 𝜇𝜇L of the conditioned medium was diluted 1 : 2 with
100 𝜇𝜇L of Griess solution and incubated for 15min at room
temperature. Previously, a standard curve was performed
using known concentrations of NaNO2. e optical density
of the plates was measured at 540 nm (Microplate autoreader
EL311, Bio-Tek Instruments, Winooski, VT, USA). e con-
centrations of NaNO2 in control and exposed cultures were
plotted against the standard.

2.9. Statistical Analysis. All the endpoints were measured at
least three times.e results are expressed asmean± standard

deviation. Statistical signi�cance was evaluated using one-
way analysis of variance (ANOVA) test using GraphPad
Prism, version 2.0 (GraphPad Soware, CA, USA), followed
by Duncan’s multiple range test (MRT), to assess differences
between group means. Differences were considered signi�-
cant when 𝑃𝑃 𝑃 0𝑃01. When a temporal curve was used to
evaluate the nitrite production, the exposed cultures were
compared with the controls at the respective time point.

3. Results

3.1. DHEA Inhibited the Adhesion Induced by TiO2 NPs and
PM10. Adhesion of U937 cells to HUVEC was evaluated by
a coculture assay. DHEA alone did not induce adhesion,
whereas the treatment with TiO2 NPs and PM10 induced
a 2-fold increase in adhesion, compared to untreated cells;
however, this was signi�cantly inhibited until reaching basal
levels when HUVEC were exposed to a pretreatment with
DHEA (Figure 1(a)). All concentrations of DHEA inhibited
the increase of adhesion induced by particles. In order to
determine if the time of addition of DHEA was important
to exert its protective effect, DHEA was added to HUVEC
before, at the same time, and aer treatment with TiO2 NPs
and PM10. DHEA inhibited the adhesion induced by the par-
ticles independently from the time of addition (Figure 1(b)).

3.2. DHEA Abolished the Decrease of Proliferation Induced by
TiO2 NPs and PM10. To examine the possible involvement
of DHEA on the inhibition of proliferation induced by TiO2
NPs and PM10, HUVEC were exposed to DHEA alone or in
combination with the particles, and proliferation was eval-
uated by crystal violet. Results showed that DHEA reverted
almost completely the inhibition of proliferation induced by
TiO2 NPs at any concentration (Figure 2); however, DHEA
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F 2: Effect of DHEA on the inhibition of proliferation induced
by particles. Cells were treated with 1 (D1), 10 (D10), and 100 𝜇𝜇M
(D100) of DHEA alone or in combination with 10 𝜇𝜇g/cm2 of TiO2
NPs (T) or 20 𝜇𝜇g/cm2 of PM10 (P) for 72 h. Cell proliferation was
evaluated by crystal violet staining. Nontreated cells showed 100%
of proliferation. e results are expressed as mean ± SD of three
separate experiments. ∗𝑃𝑃 𝑃 0𝑃01 compared with nontreated cells,
and ∗∗𝑃𝑃 𝑃 0𝑃01 compared with particles-treated cells.

at 100 𝜇𝜇M in combination with PM10 (P + D100) abolished
100% the inhibition induced by PM10 alone.

3.3. DHEA Abolished the Increase of ROS and NO Induced
by TiO2 NPs and PM10. Oxidative stress was determined
indirectly by measuring the H2O2 and nitrite production by
H2DCFDA and Griess reagent, respectively. Aer exposure
to TiO2 NPs and PM10 for 24 h, �uorescence from most cells
stained with H2DCFDA indicated that intracellular H2O2
had accumulated strongly in HUVEC; however, this was
signi�cantly inhibited reaching almost basal levels by pre-
treatment with DHEA at all concentrations used (Figure 3).
In relation to NO production, TiO2 NPs and PM10 induced
approximately an increase of 150% and 70% of nitrite concen-
tration, respectively.WhenDHEAwas added in combination
with any of the particles, the induction was completely
abolished to control levels (Figure 4).

4. Discussion

Our previous study showed that exposure of human endothe-
lial cells to TiO2 NPs and PM10 caused cytotoxic damage
[7, 8]. We also have observed that DHEA has an anti-in�am-
matory and antioxidant effect, protectingHUVEC against the
damage induced by TNF-𝛼𝛼 and oxLDL [1, 2]. In the present
work, we determined that DHEA protects HUVEC against
some in�ammatory and oxidative effects induced by PM and
NPs.

DHEA, at different concentrations, inhibited the adhe-
sion ofU937 cells toHUVEC induced byTiO2 NPs andPM10,
independently from the time of administration of DHEA to
the culture (Figure 1). Similar results have been found by
Curatola and collaborators [10]. ey observed that DHEA

inhibited the adhesion of monocytes to cultured human
coronary artery endothelial cells (HCAEC), in an estrogen-
and androgen-receptor-dependent manner. Besides, DHEA
is able to abolish the adhesion of U937 cells to HUVEC
treated with proin�ammatory molecules such as TNF-𝛼𝛼 and
oxLDL and high concentrations of glucose [1, 2, 11].

In addition, we observed that the antiproliferative effect
induced by TiO2 NPs and PM10 on HUVEC was similarly
reverted with DHEA (Figure 2). It has been described that
the toxic potential of NPs is stronger than that induced by
PM, because NPs have a much larger surface area, resulting
in a high reactivity [12]; nevertheless, we showed that
DHEA inhibited the antiproliferative effect of both particles,
independently from their size.

DHEA, at all tested concentrations, abolished completely
the oxidative stress induced by TiO2 NPs and PM10, decreas-
ing the H2O2 and nitrite production (Figures 3 and 4). Some
works have reported that the antioxidant effect of DHEA
depends on its concentration [13, 14]. When DHEA was
used at physiological concentrations in Chang liver cells, a
protection against lipid peroxidation and cell death induced
by cumene was observed; but in contrast, at pharmacologi-
cal concentrations (10–50𝜇𝜇M), DHEA increased both lipid
peroxidation and cell death aer the prooxidant stimulus
[15]. In the present study, we found that, at concentrations
ranging from 1 to 100𝜇𝜇M, DHEA exerted an antioxidant
effect. In contrast, other anti-in�ammatory steroids such as
dexamethasone induce oxidative stress [16]. Some works
have shown that glucocorticoids therapy can elicit a variety
of symptoms and signs, including growth retardation in
children; immunosuppression; cardiovascular disorders like
hypertension and atherosclerosis; osteoporosis; myopathy;
and diabetes mellitus [17], while most importantly, no
signi�cant adverse or negative side effects of DHEA have
been reported in clinical studies of men and women [18].

In other cells, it has been described that DHEA prevented
the increased death evoked by glucose deprivation by inhibit-
ing the production of superoxide anion in immunostimulated
C6 glioma cells [19] and attenuated lipid peroxidation in
high-glucose cultured mesangial cells [20]. In endothelial
cells, we previously showed that DHEA inhibits ROS and NO
production induced by high concentrations of glucose [11].

As well, in an in vivo model using ovariectomized rats,
DHEA treatment restored the reduced Cu/Zn-SOD protein
expression and eNOS phosphorylation and the increased
NADPH oxidase protein expression in the aorta [21]. In
rabbits fed with a high-fat diet supplemented with low-
dose of DHEA, it showed a partial reduction of oxidative
stress restoring the oxidative balance and the in�ammatory
state, showing a bene�cial effect [22]. Besides, pretreatment
with sulfated DHEA (DHEAS) reverses the stress-induced
changes in behavioral and oxidative stress markers and also
brain NOx levels in rats [23]. In healthy male Wistar rats,
DHEA exerted a protective effect, particularly in the colon,
by reducing the tissue susceptibility to oxidation of both
lipids and proteins [24]. As a whole, these results suggest an
important action of DHEA, improving endothelial function
and having a bene�cial action by acting as an antioxidant,
when cells are exposed to several in�ammatory molecules
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F 3: Effect of DHEA on ROS production induced by particles. Cells were treated with 1 (D1), 10 (D10), and 100 𝜇𝜇M (D100) of
DHEA alone or in combination with 10 𝜇𝜇g/cm2 of TiO2 NPs (T) or PM10 (P) for 48 h. H2O2 (500 𝜇𝜇M) was used as a positive control. ROS
concentration was evaluated using H2DCFDA by �ow cytometry. In (a), continuous lines correspond to control cells without treatment, and
dashed lines correspond to treated cells. Histograms match to one representative experiment of three performed in an independent way.
In (b), �uorescence intensity was calculated through multiplying the number of events by the mean of the �uorescence intensity value. �e
results are expressed as mean ± SD of three separate experiments. ∗𝑃𝑃 𝑃 0𝑃01 compared with nontreated cells, and ∗∗𝑃𝑃 𝑃 0𝑃01 compared with
particles-treated cells.

such as TNF-𝛼𝛼and oxLDL, high concentrations of glucose,
and particles. All these results suggest that anti-in�ammatory
effects induced by DHEA share a similar signaling pathway.

In conclusion, our results show that DHEA could be
useful as a protective agent in the prevention and treatment
of in�ammatory and cardiovascular effects induced by urban
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F 4: Effect of DHEA on NO production induced by particles.
Cells were treated with 1 (D1), 10 (D10), and 100 𝜇𝜇M (D100)
of DHEA alone or in combination with 10 𝜇𝜇g/cm2 of TiO2 NPs
(T) or PM10 (P) for 72 h. NO concentration was evaluated using
Griess reagent. Previously, a standard curve was performed using
known concentrations of nitrite. Absorbance of the concentrations
of control and problem samples was plotted against the standard
curve. Data are represented as concentration of nitrite (𝜇𝜇g/mL)
and are expressed as mean ± SD of three separate experiments. ∗
Indicates 𝑃𝑃 𝑃 0𝑃01 compared with control cells, and ∗∗𝑃𝑃 𝑃 0𝑃01
compared with particles-treated cells.

particulate matter and nanoparticles where endothelial dys-
function is involved.
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Introduction. Gold- (Au-) based nanomaterials have shown promising potential in nanomedicine. e individual health status is an
important determinant of the response to injury/exposure. It is, therefore, critical to evaluate exposure to Au-nanomaterials with
varied preexisting health status. Objective. e goal of this research was to determine the extent of extrapulmonary translocation
from healthy and in�amed lungs aer pulmonary exposure to AuNPs. Male BALB/c mice received a single dose of 0.8mg ⋅ kg−1
AuNPs (40 nm) by oropharyngeal aspiration 24 hours aer priming with LPS (0.4mg ⋅kg−1) through the same route.Metal contents
were analyzed in different organs by inductively coupled plasma-mass spectrometry (ICP-MS). Results. Oropharyngeal aspiration
resulted in highmetal concentrations in lungs (𝑃𝑃 𝑃 0.001); however, these weremuch lower aer pretreatment with LPS (𝑃𝑃 𝑃 0.0𝑃).
Signi�cantly higher concentrations of Au were detected in heart and thymus of healthy animals, whereas higher concentrations
of Au NPs were observed in spleen in LPS-primed animals. Conclusions. e distribution of AuNPs from lungs to secondary
target organs depends upon the health status, indicating that targeting of distinct secondary organs in nanomedicine needs to
be considered carefully under health and in�ammatory conditions.

1. Introduction

Nanotechnologies have shown promising potentials in mul-
tiple sectors of everyday life. ese advances span from
material science to consumer products. More recently, var-
ious nanomaterials have proved themselves as excellent
candidates for nanomedical applications. ese range from
diagnostics to drug and gene delivery applications. Gold (Au)
is one of the major nanomaterials engineered for utilizations
inmedicine and electronics.e carrier properties of AuNPs
make them promising candidates for delivering biological
molecules into the cells thus making them an ideal platform
for drug and gene delivery [1–4]. Au-based therapeutic
strategies (hyperthermal therapy) mainly imply their role as
heat-mediating objects (due to their strong light absorbing

properties) to destroy particle-loaded cells/tissues [5, 6]. e
absorbed light energy is dissipated into the particle surround-
ings leading to elevated temperatures in their vicinity. is
hyperthermal property can further be used as therapeutic
strategy to open drug carriers (polymer microcapsules) [7].
Moreover, Au NPs have shown promises as labelling/contrast
agents (transmission electron microscopy/X-rays) and sens-
ing agents. Another advantage of these materials is the
possibility of utilizing previously mentioned properties at the
same time (hyperthermal andphotoacoustic imaging) to have
combined schemes for the better evaluation of the biological
phenomenon. Keeping in view the broad spectrum of in vivo
applications of Au NPs, the potential deleterious effects of
theseNPsmight become an issuewhich needs to be evaluated
with care. Presently, there is a need to evaluate the potentials
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deleterious effects of Au NPs in both in vitro and in vivo
conditions as a discrepancy exists in the literature about the
cytotoxic effects of Au NPs on different types of cells [8, 9].

It has been shown that some NPs can cross physiological
barriers, reach to secondary target organs, and may lead to
unexpected outcomes [10, 11]. ere exists a discrepancy
in the existing literature about the extrapulmonary translo-
cation of NPs/ultra�ne particles [10–12]; however, the NP
size dependence of translocation is an accepted fact [13,
14]. Preexisting respiratory disorders (e.g., in�ammation)
may modify the effects of NPs on the respiratory tract and
can in�uence the amount of translocated material. Under
normal conditions, lungs are oen primed with endotoxins
from the inhaled air [15]. We hypothesized that preexisting
in�ammation may in�uence the ability of Au NPs to pass
through the pulmonary barrier and other organs in the body.
To verify this hypothesis, we tested Au (40 nm) NPs in LPS-
treated mice as an airway in�ammation model.

2. Materials andMethods

2.1. Reagents. Tetrachloroauric acid (99.999%, 3H2O) was
purchased from Aldrich. Citrate Tribasic dihydrate (95%,
C6H5O7Na3, 2H2O) and LPS (Escherichia coli O55: B5) were
obtained from (Sigma-Aldrich, Steinheim, Germany). e
glassware and magnetic beads were always cleaned prior
to use with freshly prepared aqua regia (1 : 3 HNO3 : HCl)
followed by rinsing with ultrapure water (Millipore, conduc-
tivity: 0.8mS⋅cm).

2.2. Animals. Male BALB/c mice (approximately 25 g, 6
weeks old) were obtained from Harlan (e Netherlands).
e mice were housed in a conventional animal house
with 12 h dark/light cycles. ey received lightly acidi�ed
water and pelleted food (Trouw Nutrition, Gent, Belgium)
ad libitum. All experimental procedures were approved
by the Local Ethical Committee for Animal Experiments
(Katholieke Universiteit Leuven, Leuvin, Belgium).

2.3. Au Nanoparticle Synthesis. Au NPs of 40 nm primary
particle size were prepared in the laboratory (Institut
d’Electronique Fondamentale UMR CNRS 8622, Université
Paris-Sud, Orsay, France) by Turkevich method. Brie�y, an
aqueous solution of gold tetrachloroauric acid, with a weight
content of 82.8mg of gold, was heated until boiling point
under vigorous stirring. en, an aliquot of a 1% sodium
citrate aqueous solution is added. Gold nanoparticles with
average sizes of 39.8 nm were prepared by adjusting the ratio
[AuCl−4]/[Citrate] from 0.4 to 1.3. Aer the introduction of
the citrate solution, a purple colour appeared which then
turned to ruby red. e solution was then stirred and kept
at boiling conditions for another 45 minutes to complete
the reduction process. In these experiments, NP suspensions
(0.4mg/mL, i.e., 0.8mg/kg) stabilized in 2.5mM sodium
citrate tribasic dihydrate (vehicle) were utilized to treat the
mice.

2.4. Au NP Characterization. ese particles were thor-
oughly characterized for their physicochemical characteris-
tics including morphology, zeta potential (𝜁𝜁𝜁, size distribu-
tion, and hydrodynamic diameters.

2.4.1. Transmission Electron Microscopy (TEM). Microscope
measurements were performed using a Philips CM30 TEM
(Philips FEI, Eindhoven, e Netherlands) operating at
300 kV. Small volumes of sample were deposited on copper
mesh grids and covered with carbon coating �lms. e
samples were then dried under an N2 atmosphere in a glove
box.

2.4.2. Dynamic Light Scattering. Dynamic light scattering
(DLS) measurements were performed with a Brookhaven
90 Plus Nanoparticle Size Distribution Analyzer (scattering
angle 90∘, wavelength 659 nm, power 15mW; Brookhaven
Instruments Ltd, Redditch, UK). Correlation functions were
analyzed using the Clementine package (maximum entropy
method) for Igor Pro 6.02A (WaveMetrics, Portland, OR,
USA). is resulted in intensity-weighted distribution func-
tions versus decay times. By converting the decay times with
instrument parameters and physical parameters to hydrody-
namic diameters, an intensity-weighted size distribution is
obtained. A log-normal �t was applied to each population,
resulting in the intensity-weighted average hydrodynamic
diameter of the population. Mass- and number-weighted
distributions were estimated using the Rayleigh scattering
approximation and a correction factor for the form factor of
spherical particles.

2.4.3. 𝜁𝜁 Potential Measurements. 𝜁𝜁 potential measurements
were performed on the same NP solutions as used for
DLS. Au and 𝜁𝜁 potential were measured with a Brookhaven
90Plus/ZetaPlus instrument applying electrophoretic light
scattering. A primary and reference beam (659 nm, 35mW)
modulated optics and a dip-in electrode system were used.
e frequency shi of scattered light (relative to the reference
beam) from a charged particle moving in an electric �eld
is related to the electrophoretic mobility of the particle. e
Smoluchowski limit was used to calculate the 𝜁𝜁 potential from
the electrophoretic mobility.

2.5. LPS Treatment. LPS (Escherichia coli O55: B5, Sigma
Aldrich) was suspended in HBSS and administered 10𝜇𝜇g/
mouse (0.4mg/kg). e dose of LPS was based on informa-
tion available in the literature; the amount given induces only
local (pulmonary) in�ammation [16].

2.6. Experimental Design. On day, 1 animals were exposed
to 10 𝜇𝜇g (10 𝜇𝜇L) of LPS or HBSS (vehicle for LPS) by
oropharyngeal aspiration (Figure 1). On day 2, animals were
administered 40 𝜇𝜇L of 0.4mg/mL (0.8mg/kg) NP suspen-
sions or vehicle through same route.Onday 3 (24 hours later),
the animals were sacri�ced, blood was collected through
retro-orbital plexus, and the organs were removed. Organs
(brain, thymus, lung, heart, liver, spleen, kidney, and testis)
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Day 1 Day 2 Day 3

Organ collection for
ICP-MS

Body and organ wtsLPS/HBSS NPs/vehicle

F 1: Experimental design. Animals (𝑛𝑛 𝑛 𝑛) were given 10 𝜇𝜇L
of LPS or its vehicle (HBSS) on day 1 by oropharyngeal route. On
day 2, animals were administered 40 𝜇𝜇L of NP suspension or vehicle
for NPs (2.5mM trisodium citrate) by the same route. Twenty
four hours later, animals were weighed and sacri�ced, organs were
collected, wet organ weights were measured, and samples were
processed for ICP-MS analysis.

were weighed to obtain wet weight. Each experimental group
comprised of 4-5 animals.

2.7. Metal Content Analysis. Aer weighing, the organs were
placed in glass tubes and digested using 2mL pure 60%
nitric acid (Sigma-Aldrich). e tubes were placed in a
water bath at 80∘C until all the tissues were solubilized. e
samples were then analyzed formetal contents.e analytical
determination ofAu in sampleswas performed by inductively
coupled plasma-mass spectrometry (ICP-MS) using Agilent
7500cx. Samples were diluted 100 times with a basic diluents
(butanol 2%, EDTA 0.05%, NH𝑛OH 1%, and triton 0.05%)
containing internal standards. e quanti�cation of Au was
performed using the unique 197Au isotope and 193Ir as an
internal standard in the “nogas mode” (standard mode).

2.8. Statistical Analysis. Data are presented as mean ± SD
where 𝑛𝑛 𝑛 𝑛-𝑛 animals per group. All groups were tested
for normality using the Kolmogorov-Smirnov normality test.
Since our data were normally distributed, we applied an
analysis of variance (ANOVA) followed by Tukey’s test for
multiple comparisons using Graphpad (Graphpad Prism
4.01, Graphpad Soware Inc., San Diego, USA). A level of
𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 (two tailed) was considered signi�cant.

3. Results

3.1. Au NP Characteristics. Au NP suspension optical spec-
troscopy analysis of Au NP revealed a single Plasmon peak
around 520 nm.TEManalysis revealed sphericalmorphology
of Au NPs (Figure 2(a)), and size distribution analysis
indicated a single peak of Au NPs with 40 nm hydrodynamic
diameter (Figure 2(b)). e 𝜁𝜁 potential measurements in
2.5mM sodium citrate solution (vehicle for animal exposure)
indicated that Au NPs had −73mV showing that electrostatic
repulsions are important factor in stabilising the suspensions.
is further con�rmed the stabilising effect of citrate solution
as theseNPs showed lower negative 𝜁𝜁 potentials inwater (data
were not shown).

3.2. Animal Study. Only lung relative weights differed
signi�cantly between saline and LPS-treated groups (data
were not shown) due to in�ammation and oedema caused by

LPS in the lungs. Signi�cant increases in metal concentration
(relative to background values in an untreated group) in the
lungs of the animals were detected by ICP-MS (Figure 3).
Aer priming with LPS, lower amounts were detected in the
lungs of primed animals as compared to those of nonprimed
animals (Figure 3). In nonprimed animals, higher amounts
of Au were detected in heart and thymus. However, a
signi�cant increase aer LPS priming was observed in spleen
(Figure 3 inset).

4. Discussion

is study was designed to assess the extrapulmonary
translocation of AuNPs in a pulmonary in�ammationmodel.
Quantitative data indicated that 81% ± 1𝑃% of the aspirated
dose remains in the lungs of the healthy animals, with 𝑛%
± 𝑛% and 6% ± 2% being found in heart and thymus,
respectively. However, in LPS primed animals, only 2𝑃%± 8%
was detected in lungs, with 7% ± 𝑃% detected in spleen and
𝑛% ± 1% detected in thymus. Interestingly, we found that in
LPS-primed animals, the amount of Au which reach spleen is
5-6 fold higher than found in healthy animals.

We demonstrate here that even in healthy animals, Au
NPs reach secondary target organs aer lung exposures.
Moreover, striking differences in the target organs (spleen
versus heart) between LPS exposed and unexposed animals is
of particular interest. A graphical overview of the �ndings is
presented in Figure 4. Recently, several reports have empha-
sized the potential applications of Au NPs in nanomedicine,
but the possibilities of such secondary effects have not been
illustrated. e mechanisms of translocation through the air-
blood barrier remains unclear: epithelial uptake may occur
and cause damage to epithelial cells; electron microscopic
study demonstrated UFPs passage via the cles between the
alveolar epithelial cells in healthy conditions. As to themech-
anisms of damages of the alveolar wall by LPS, it is suggested
that macrophages and neutrophils activated by LPS release
free radicals resulting in the degeneration of the air-blood
barrier. Translocation of NPs from the air-blood barrier to
the capillary lumen may take place through the degenerated
structures with acute in�ammatory condition [15, 17].

Is has also been observed that NPs potentiate an in�am-
matory response in subjects with lung in�ammation. In
view of the impact on (innate and adaptive) immunity, NPs
in�uence cell populations, such as macrophages�monocytes,
neutrophils, dendritic cells, natural killer cells, and lympho-
cyte [18–20]. e preexposure stimulation of the immune
system with LPS, resulting in signi�cant changes in the
spleen, probably lays on the basis of the different distribution
in in�ammatory conditions [21].

An important fact is that these data are obtained using
realistic NP doses (doses which do not induce in�ammation
in the lungs of healthy animals) contrary to the literature
reports which used huge amounts of NPs to observe systemic
translocation. Previously, it was demonstrated that themajor-
ity of the administeredAuNPs are retainedwithin the healthy
lung and only small portion reaches systemic circulation aer
inhalation exposure [22].
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F 4: Schematic overview of the results presented in this study.

We have recently reported that in the experiments done
in parallel with the same dose of Au NPs given through same
route did not induced in�ammation (neither an increase
in bronchoalveolar lavage �uid cellularity nor cytokines)
[23]. e reason for the increase in Au in the spleen
aer LPS exposure is not clear. LPS exposure provokes an
in�ammatory response, leading to in�ux of in�ammatory
cells in the lungs resulting in an increase in phagocytosis
of deposited material by macrophages. ese macrophages
might play a central role in the transport and clearance of
the Au NPs, thus explaining the lower amounts material
aer LPS exposure [24]. Moreover, we have recently showed
increased numbers of Au laden macrophages in broncho-
alveolar lavage �uids of �asthmatic� animals in a mouse
model of diisocyanate-induced asthma [23]. It has been
demonstrated that macrophages (in particular Kupffer cells)
play themost important role in the clearance of intravenously
injected Au NPs [25]. We are currently evaluating these
mechanisms in detail, butwe consider it timely and important
to share our preliminary observations with the scienti�c
community. However, in another study, it was shown that
15-day inhalation chamber exposure to Au NPs results in
accumulation of signi�cant amounts of Au in spleen along
with many parts of digestive and cardiovascular system
in rats [26]. Recent studies demonstrated the presence of
gold nanoparticles and nanorods in spleen aer intravenous
exposures [27]. e differential interaction with lung lining
�uid (in case of inhalation exposure) and blood proteins
(in case of intravenous exposure) were postulated to be the
reasons for differential body distributions of Au NPs in
inhalation versus intravenous exposures [27]. We show here
that AuNPs can reach spleen even in case of lung exposure. It
could be speculated that there might exist the possibilities of
immunomodulatory/immunotoxic effects of Au NPs. More-
over, it is noteworthy that it has been already shown that Au
reduces the antigen presentation and autoimmune reactions
in rheumatoid arthritis [28]. However, in depth, mechanistic
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studies are needed to elucidate whether AuNPs exposure that
can also result in similar outcome is unknown.

e shortcomings of the present study did not include
directly measuring in�ammatory response in the lungs
(relying on the literature data/previous experience with the
LPS dose to induce in�ammation) and housing animals in
metabolic cages to comprehensively estimate the clearance of
NPs from the body and to account for the dose lost from the
LPS-primed lungs.Moreover, the role of NP physicochemical
characteristics, surface modi�cation/functionalization, and
protein corona need in-depth evaluations. Recently, It has
been shown that protein corona can signi�cantly modify the
responses to biomedical nanoparticles and its complemen-
tary factor cell vision should also be considered [29].

5. Conclusion and Perspectives

In conclusion, our results con�rm the hypothesis of particle
translocation from the lungs to secondary organs like spleen,
heart, and thymus. e observation that NPs target different
organs depending on the health status of the animal warrants
further studies to understand the mechanisms involved in
this process and possible consequences. ere is an urgent
need of both in vivo and in vitromechanistic studies to better
understand the possible differences in interactions of Au NPs
with different organ systems in the body. A particular focus
must be made to understand the unexpected outcomes of
Au NP exposures in animal models of different diseases.
Moreover, mechanistic studies are warranted to understand
the interaction of Au NPs with immune system.

6. Executive Summary

(i) AuNPs can cross the air-blood barrier in both healthy
and in�amed lungs.

(ii) Preexisting in�ammation alters the body distribution
pattern of Au NP.

(iii) Distinct organ targeting in case of in�amed lungs
indicates the need to evaluate the consequences of NP
administration in diseases status.
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e biological effects of inhalable nanoparticles have been widely studied in vitro with pulmonary cells cultured under submerged
and air-liquid interface (ALI) conditions. Submerged exposures are experimentally simpler, but ALI exposures are physiologically
more realistic and hence potentially biologically more meaningful. In this study, we investigated the cellular response of human
alveolar epithelial-like cells (A549) to airborne agglomerates of zinc oxide (ZnO) nanoparticles at the ALI, compared it to the
response under submerged culture conditions, and provided a quantitative comparison with the literature data on different types
of particles and cells. For ZnO nanoparticle doses of 0.7 and 2.5 𝜇𝜇g ZnO/cm2 (or 0.09 and 0.33 cm2 ZnO/cm2), cell viability was not
mitigated and no signi�cant effects on the transcript levels of oxidative stress markers (HMO�1, SOD-2 and GCS) were observed.
However, the transcript levels of proin�ammatory markers (IL-�, IL-6, and GM-CSF) were induced to higher levels under ALI
conditions. is is consistent with the literature data and it suggests that in vitro toxicity screening of nanoparticles with ALI
cell culture systems may produce less false negative results than screening with submerged cell cultures. However, the database is
currently too scarce to draw a de�nite conclusion on this issue.

1. Introduction

Exposure to airborne particles has been linked to adverse
health effects including pulmonary in�ammation, throm-
bosis, neurodegeneration, and cardiovascular disease [1–
3]. A number of studies have indicated that particles with
diameters below 100 nm have a more pronounced effect
than larger particles, implying that nanoparticles (or ultra�ne
particles) are more toxic on a mass basis [3–6].

Zinc is an ubiquitous transition metal associated with
industrial emissions (e.g., mining and smelting of zinc)

that typically appears in the form of zinc oxide (ZnO) in
ambient particulate matter (PM) [7–9]. ZnO is known as an
occupational hazard, since inhalation of high concentrations
of ZnO formed during welding activities can lead to metal
fume fever [10, 11] associated with a marked upregulation
of proin�ammatory markers in the lung [11–13]. In addition
to these inadvertently generated ZnO nanoparticles, there is
a variety of ZnO nanostructures, which have shown great
potential for nanotechnological products includingmanufac-
turing and pharmaceutical applications [14, 15]. However,
there is increasing concern that the desirable technological
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characteristics of nanosized ZnO may be countervailed by
increased health and environmental risks due to toxic effects
that do not occur for bulk ZnO. While the enhanced toxicity
potential of nanoparticles is at least in part due to their
inherently large surface-to-mass ratio [4, 6, 16, 17], there
is also evidence that some metal particles trigger addi-
tional toxicological pathways making them more toxic (per
surface area) than many other particle types (e.g., carbon,
polystyrene) [18].

Cell-based in vitro toxicity assays are widely used to assess
the toxicity of nanoparticles.ese toxicological in vitro stud-
ies are typically performed using cell cultures grown under
submerged conditions, where the toxin/stressor is dissolved
or suspended (nonsoluble nanoparticles) directly in the cell
culture medium covering the cells. While this approach is
experimentally simple, submerged cell exposures have two
main limitations. First, the particle dose interacting with the
cells is typically unknown since the particle fraction reaching
the cells can neither be readily measured nor always be calcu-
lated from the hydrodynamic properties of the particles (size,
density, shape) [19]. is problem is especially pronounced
for particles smaller than about 100 nm, when diffusion
becomes the dominant transport mechanism [20], leading to
loss of particles to lateral walls. e second limitation is that
submerged cell-culture conditions represent an unrealistic
and arti�cial environment for alveolar epithelial cells in
the lungs. In vivo exposure through inhalation involves
deposition of PM onto the lung epithelium, that is, the cells
are exposed to inhaled air (airborne PM) from one side while
being in contact with the blood circulation from the other
side. Since submerged cell systems are completely covered
with cell culture medium (see Figure 1(b)), in vivo exposure
conditions can be mimicked more realistically by exposing
epithelial cells at the air-liquid interface (ALI) (Figure 1(a)).
Various ALI exposure systems have been introduced [21–
28], but it is unclear whether the enhanced experimental
complexity of the ALI exposures compared to submerged
exposures is �usti�ed. For that reason, we compared the
cellular response to nanoparticles aer ALI and submerged
exposure.

One of the most widely accepted paradigms of par-
ticle toxicity states that particles induce in�ammation via
oxidative stress and subsequent activation of redox-sensitive
transcription factors [29]. Nel and colleagues re�ned and
expanded this concept into the hierarchical oxidative stress
paradigm [30, 31] suggesting the transition from an antiox-
idant defense response (tier1) to in�ammation (tier2) and
�nally to cytotoxicity (tier3), if the induced stress is strong
enough. Proin�ammatory responses mediated by oxidative
stress have been proposed to be not only crucial but also the
most sensitive readout for particle toxicity [30]. We therefore
measured three proin�ammatory cytokines (interleukin-8
(IL-8), IL-6, and granulocytemacrophage colony-stimulating
factor (GM-CSF)) and three oxidative stress markers (heme
oxygenase 1 (HMOX1), superoxide dismutase (SOD-2), and
glutamate-cysteine synthetase, catalytic subunit (GCS)) by
qRT-PCR.

In this study the �rst ALI exposure of human epithelial-
like cells (A549) to airborne agglomerates of ZnO nanopar-
ticles is presented. e dose- and time-dependent cellular
responses of the cells were compared aer ZnO exposure
under submerged and ALI conditions at two dose levels
(0.7 and 2.5 𝜇𝜇g/cm2) and two time points (0 h or 2 h aer
incubation). From the exposure-speci�c in vitro toxicity
data, we deduced corresponding lowest observed effect levels
(LOELs) and compared themwith similar studies available in
the literature.

2. Materials andMethods

2.1. Materials. Common laboratory chemicals were pur-
chased from Sigma-Aldrich (Tauirchen, Germany). e
particle exposure experiments were performed with com-
mercially available powder of ZnO nanoparticles (NPs) (Alfa
Aesar, Ward Hill, MA, USA ID 43141) with primary particle
diameters between 24 and 71 nm (manufacturer informa-
tion) and a measured BET surface area of 13 ± 2m2/g, which
agrees with the manufacturer speci�cations (15–45m2/g)
within experimental uncertainties.

2.2. Cell Culture. In this study, the alveolar epithelial-like cell
line (A549) from a human lung adenocarcinoma (obtained
from ATTC, Manassas, VA, USA) representing the alveolar
type II phenotype [32] was used.

For ALI exposure (Figure 1(a)), A549 cells were seeded
on perforated Anodisc membranes (Whatman, Maidstone,
UK; aluminum oxide, diameter: 47mm, pore size: 0.2 𝜇𝜇m)
with about 1.6 × 105/cm2 cells and cultivated in 25mL
Petri dishes under submerged conditions for 9 d at 37∘C
in DMEM/F12/L-Glut/15mM HEPES buffer (Invitrogen,
Germany) containing 100U/mL penicillin, 100 𝜇𝜇g/mL strep-
tomycin, and 10% FCS. Aer 9 d a con�uent layer with a
cell density of approximately 5.1 × 105/cm2 was obtained.
1 hour prior to particle exposure, the cells were transferred
to the ALI, by taking the six cell-covered membranes from
the Petri dishes and placing them in two cell exposure
chambers (described below) using the same culture medium
as above but without FCS. is arrangement allows nour-
ishment of the cells with a cell culture medium through
the perforated membrane from the bottom and exposure
to airborne particles from the top. Immediately aer ALI
exposure, the cells werewashedwith PBS and gently scrapped
off the membranes aer adding trypsin/EDTA (for RT-
PCR). For reasons discussed below, one of the cell-covered
membranes in each ALI exposure chamber was incubated for
a postincubation period of 2 h (submerged in 3mL medium
at 37∘C) prior to determination of the biological endpoints.

For exposure under submerged conditions (Figure 1(b)),
A549 cells were seeded at 2.5 × 105/cm2 in 24-well plates
and incubated for 16 h inDMEM/F12/L-Glut/15mMHEPES
buffer (Invitrogen, Germany) containing 100U/mL peni-
cillin, 100 𝜇𝜇g/mL streptomycin, and 10% fetal calf serum
(FCS) resulting in a cell density of approximately 3.5 ×
105/cm2.
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2.3. Exposure at the ALI. e ZnO powder was aerosolized
with a commercially available venturi-type dry powder dis-
perser (Model SAG 410, TOPAS, Leipzig, Germany) opti-
mized for output stability by taking the following measures:
(i) the metal venturi nozzle was replaced by a ceramic nozzle
to avoid chemical and mechanical erosion, (ii) the particle
reservoir and the inlet of the venturi nozzle were permanently
�ushed with dry nitrogen instead of �ltered ambient air to
minimize clogging due to moisture effects, (iii) the scraper
in the reservoir was modi�ed to allow for permanent stirring
of the powder especially at the bottom of the reservoir,
(iv) the aerosol output was passed through a buffer volume
to remove extremely large particles (sedimentation) and
smoothen �uctuation in ZnO NP concentration, and (v)
particle growth due to coagulationwasminimized by diluting
the aerosol (1 : 1) with compressed �ltered air directly aer
generation.

A detailed description of the ALI exposure chamber used
here was provided by Bitterle et al. [21]. Brie�y, ZnO aerosol
was generated at a �ow rate of 1.5 L/min with the generator
described above and evenly distributed to two cell exposure
chambers (one for particle exposure or control) holding three
cell-covered Anodisc membranes each. e two chambers
were operated in parallel using symmetric �ow splitters with
the control atmosphere (clean air) being obtained by �ltration
with a PALL �lter (BB50TE, PALL, Newquay, UK). Each
chamber was supplied with 0.25 L/min aerosol-laden air (or
�ltered air for control), which was directed at a radially
symmetric stagnation point �ow pro�le over the cell-covered
membrane. is design assures spatially uniform particle
deposition onto the cells at a deposition fraction, which was
experimentally determined to be almost constant (2% of the
particles in the sample �ow) over a broad particle size range
of about 50 to 500 nm [33], due to the compensating effects of
diffusional and gravitational deposition [34].e air �owwas
conditioned to 37∘C and 99.5 % relative humidity. A more
detailed description of the ALI exposure chamber is provided
by Bitterle et al. [21].

e particle number size distribution was measured
immediately downstream of the exposure units with a scan-
ning mobility particle sizer (SMPS, model 3080, TSI, St. Paul,
MN, USA, combined with a TSI model 3025A condensation
particle counter). By maintaining a constant particle concen-
tration (within about±20%) during the 3 h exposure time, the
cell-delivered particle dose increased linearly with time. Aer
3 h the �nal dose was reached and the biological parameters
were evaluated at this time point (referred to as 0 h) and
aer an additional 2-hour postincubation time at 37∘C under
submerged conditions (referred to as 2 h).

2.4. Exposures under Submerged Conditions. For ZnO expo-
sures under submerged conditions, the culture medium in
each well was replaced with serum-free medium into which
NPs of 0.7 and 2.5𝜇𝜇g/cm2 of well area were given by
adding the appropriate volume of a freshly prepared 1mg
ZnO/mL H2O stock suspension (vortexed and sonicated
twice for 1min intermittently immediately prior to applica-
tion). e size distribution of the ZnO NPs in suspension

was determined with a dynamic light scattering sizer (DLSS)
(HPPS 5001 Malvern Instruments Ltd., Worcestershire, UK).
As shown in the Results section, gravitational settling was
sufficient for all particles to reach the cells within 1 h. us,
the �nal particle dose was delivered to the cells aer a
1 h exposure time. e biological parameters are reported
relative to control conditions (incubated cell cultures without
ZnO) either directly aer the exposure time (referred to as
0 h) or aer an additional 2 h postincubation time (referred
to as 2 h).

2.�. qRT��CR Measurements o� �roin�ammatory and �xi�
dative Stress Markers (mRNA Expression). Gene expression
levels of interleukin-8 (IL-8), IL-6, granulocyte macrophage
colony-stimulating factor (GM-CSF), the antioxidant enzyme
heme oxygenase 1 (HMOX1), superoxide dismutase (SOD-
2), and glutamate-cysteine synthetase, catalytic subunit
(GCS), were measured by RT-PCR with SYBR green. Aer
exposure, cells were lysed and homogenized in a buffer con-
taining guanidine isothiocyanate and total RNA was isolated
using a RNeasy kit according to the method recommended
by themanufacturer (Quiagen, Germany). To detect cytokine
mRNA expression, RNA was reverse-transcribed into cDNA
using the First-Strand cDNA Kit (Pharmacia, Germany).
For PCR ampli�cation, the above-mentioned cDNA served
as template and 3 𝜇𝜇L was added together with the speci�c
5′ and 3′ primers to the Absolute QPCR SYBR Green
Mixes from ABgene (ermo Fisher Scienti�c, Germany).
Quantitative PCR was performed in a TaqMan instrument
(TaqManABI Prism 7700 SequenceDetector System; Perkin-
Elmer, Germany) offering the advantage of fast and real-
time measurement of �uorescent signals during ampli�-
cation. e housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as internal reference
to normalize the RNA levels of the genes being studied.
e following primers were used (sense; antisense): IL-8
(ATGACTTCCAAGCTGGCCGTGGCT; TCTCAGCCC-
TCTTCAAAAACTTCTC), IL-6 (GACAGCCACTCACCT-
CTTC; CCAGGCAAGTCTCCTCAT), GM-CSF (CTTCCT-
GTGCAACCCAGATT; CTTGGTCCCTCCAAGATGAC),
HMOX1 (AAGATTGCCCAGAAAGCCCTGGAC; AAC-
TGTCGCCACCAGAAAGCTGAG), SOD-2 (CCTGGA-
ACCTCACATCAACG; AACCTGAGCCTTGGACACC),
GCS (GTTCTTGAAACTCTGCAAGAGAAG; ATGGAG-
ATGGTGTATTCTTGTCC), GAPDH (CCATGAGAA-
GTATGACAACAGCC; TGGCAGGTTTTTCTAGACGG).

2.6. Viability Assay. Cell viability was measured with the
cell proliferation reagent WST-1 (Roche Applied Sciences,
Germany). e WST-1 reagent is a ready-to-use solution
which was added to the cells at a concentration of 100𝜇𝜇L/mL.
Light absorbance was measured aer 30min incubation at
37∘C at 450 nm (iEMS Reader MF, Lab Systems).

2.7. Statistical Analysis. Results are presented as geometric
mean and geometric standard error of the mean of at least
four separate experiments (𝑛𝑛 = 4–7), since the data are
not normally but close to log normally distributed. Data
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F 1: Schematic of the two cell exposure models used for studying particle-cell interaction. (a) Exposure at the air-liquid interface (ALI):
airborne particles are directly deposited on cells grown at the air-liquid interface. (b) Exposure under submerged conditions: particles were
suspended directly in the cell culture medium covering the cells.
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F 2: Typical ZnO particle size distribution during ALI sub-
merged (SUB) exposure conditions, respectively. When comparing
the particle size distributions during ALI and submerged exposures,
one has to consider that different sizing instruments were used.
As discussed in the text, both SMPS (ALI) and DLSS (submerged)
measure the particle mobility diameter. Furthermore, the volume
distribution (normalized to the maximum volume level) is approx-
imately equal to the (normalized) light intensity distribution in the
size range between about 315 to 1250 nm (highlighted by the grey
shaded area), which encompasses most of the size regime of interest
here. e ALI size distributions showed volume-weighted median
diameters of about 335±40 nm and a width of 1.77±0.05 (geometric
standard deviations). For the submerged conditions (SUB), dynamic
light scattering measurements (DLSS) showed ZnO aggregates of
about 900 nm (mobility diameter) with a less pronounced (∼20%)
secondary mode near 350 nm. us it is evident that the average
ZnO agglomerates were considerably larger during submerged than
during ALI exposure condition. For comparison with other studies,
the number-weighted size distribution of the ZnO particles during
ALI exposure had a count median diameter of about 140 nm (data
not shown).

comparisons were carried out using the Kruskal Wallis test
(Statgraphics plus 5.0), a nonparametric one-way analysis of
variance (ANOVA). 𝑃𝑃 𝑃 0.05 was considered as statistically
signi�cant.

3. Results

3.1. Particle Size Distribution. e measurement of particle
size distributions in different media, such as air and liquid
during ALI and submerged exposure, respectively, requires
the use of different measurement techniques, here scanning
mobility sizing with an SMPS (ALI) and dynamic light scat-
tering using a DLSS (submerged). e SMPS counts individ-
ual particles, which are size-selected based on theirmigration
speed in an electric �eld [35]. e DLSS determines the
mobility diameter from the time-dependent �uctuations of
the scattered light intensity signal from an ensemble of
suspended particles [36]. While both instruments measure
the mobility diameter (𝑥𝑥-axis of size distribution as depicted
in Figure 2), the SMPS counts individual particles and the
DLSS reports a signal proportional to the light intensity of
a given particle [35]. Since the light intensity signal cannot be
directly related to particle number concentration, the SMPS
number distribution was converted into effective volume (or
mass) distribution, which can be related to the scattered
light intensity as described below. Accurate performance and
comparability of both instruments was validated with NIST-
traceable (National Institute of Standards and Technology,
USA) reference particles.

For ALI exposures, the SMPS measurements of the ZnO
aerosol revealed a count median (mobility) diameter (CMD)
and geometric standard deviation of 141 ± 12 nm and 1.77 ±
0.05, respectively. Since the CMD is larger than the diameter
of the primary ZnO NPs (24–71 nm), it is evident that the
ZnO aerosol mainly consists of agglomerated (nonspherical)
structures. For the two dose levels studied here, the mean
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and standard deviation of the number concentration was
(3.5 ± 0.45) × 105 and (9.5 ± 0.9) × 105 particles/cm3. is
corresponds to average mass concentrations of 10.1mg/m3

and 30.4mg/m3, respectively, with an almost constant mass
(or volume) median diameter (±standard deviation) of 335 ±
40 nm. As mentioned above, for comparison of SMPS and
DLSS, data the SMPS data were converted from number-
into mass-based (volume-based) size distribution taking into
account the nonspherical shape of the ZnO particles as
follows. First, the number size distribution was converted
into volume distribution (assuming spherical particle shape
for now) and �tted as lognormal distribution using the
Hatch-Choate equations for consistent conversion of the
count median into mass median diameter. Integration of
the volume distribution yields the total volume. For correct
conversion into particlemass accounting for the nonspherical
particle shape, the volume is multiplied by the effective
density of 4.6 g/cm3 [37], which was experimentally deter-
mined by dividing the gravimetrically determined particle
mass by the (spherical) particle volume determined from
the SMPS data (see Figure 2). e fact that the effec-
tive density of the ZnO aerosol is smaller than the bulk
density of ZnO (5.6 g/cm3) is consistent with the agglom-
erated structure of the ZnO particles [37]. e relatively
small difference between effective and bulk density indicates
that the particles have a relatively compact (sphere-like)
structure.

Although exposures under submerged conditions were
performed with the same ZnO particles as used for ALI
exposures, ZnO particles suspended in the cell culture
medium were more agglomerated and hence larger than
those dispersed in air (ALI exposure). As seen from the DLSS
size distribution depicted in Figure 2, the ZnO particles,
suspended in cell medium for 30min, displayed a minor
mode near 350 nm (about 20% of total mass) and a more
pronouncedmode near 900 nm (∼80% of total particlemass).
For accurate comparison of the DLSS sizing data, one has
to relate the volume-based size distribution derived from
the SMPS data with the light intensity values of the DLSS.
For particle sizes near the wavelength 𝜆𝜆 of the light source
(between about 𝜆𝜆𝜆𝜆 and 𝜆𝜆𝜆), it has been shown that the
light-intensity-to-volume ratio is almost constant [38]. us
for the Malvern DLSS (𝜆𝜆 𝜆 𝜆33 nm), we can assume
that the normalized light intensity distribution (normalized
to the maximum of the intensity spectrum) as shown in
Figure 2 is approximately equal to the normalized volume (or
mass) distribution obtained from the SMPS in the size range
between 315 and 1250 nm (shaded area in Figure 2), which
covers most of the size range of interest for the present study.
Outside this range, the light intensity level is systematically
lower than the corresponding volume level [38].

In summary, it is evident that the ALI size distribution
was dominated by ZnO agglomerates with a volume median
diameter near 350 nm. While this mode is also seen during
submerged exposures, most of the particle mass (∼80%)
resides in a mode near 900 nm indicating that suspending
the ZnO particles in cell culture medium for 30min leads to
enhanced particle size due to agglomeration effects.

3.2. Particle Dosimetry. For reliable comparison of the cel-
lular dose-response relationship under ALI and submerged
culture conditions, the biological response should be corre-
lated to the cell-delivered particle dose (𝐷𝐷𝑀𝑀) normalized to
the cell-covered surface area. Here𝐷𝐷𝑀𝑀 is given by

𝐷𝐷𝑀𝑀 𝜆
𝑀𝑀Dep
𝐴𝐴cell

, (1)

where𝑀𝑀 is the particle mass passing or �oating over the cell
layer during the exposure, Dep is the deposition efficiency
(fraction of particles depositing onto the cell layer), and 𝐴𝐴cell
is the area covered by the exposed cells.

For the ALI exposure, 𝑀𝑀 is calculated from 𝑀𝑀 𝜆 𝑀𝑀𝑀𝑀𝑀𝑀,
where 𝑀𝑀 is the average mass concentration (ZnO mass per
volume air; 10.1 and 30.4mg/m3 for the low and high dose
level, resp.), 𝑀𝑀 𝜆 0.𝜆5 L/min is the volumetric �ow rate
passing over the cell layer, and 𝑀𝑀 𝜆 3 h is the exposure time.
With 𝐴𝐴cell 𝜆 1𝜆.𝜆 cm𝜆 (per culture membrane) and Dep
= 0.02 [21, 33], we �nd from (1) that 𝐷𝐷𝑀𝑀,ALI 𝜆 0.7 and
2.2 𝜇𝜇gZnO/cm𝜆 for the low and high doses, respectively.With
the speci�c BET surface area of 13m𝜆/g, this corresponds
to BET surface area doses of 0.09 and 0.29 cm𝜆 ZnO/cm𝜆,
respectively.

For submerged exposures, we substitute 𝑀𝑀 by 𝑀𝑀 𝜆 𝑀𝑀𝑀𝑀
in (1), where 𝑀𝑀 is the ZnO particle mass concentration in
the stock suspension (here 1mg/mL) and 𝑀𝑀 is the volume
of the ZnO stock suspension (here 1.4 or 5𝜇𝜇L) added to
the culture medium (1mL). Under the assumption that all
particles contained in the medium will deposit on the cells
within 3 h (i.e., Dep = 1; will be �usti�ed below) we �nd from
(1) that 𝐷𝐷𝑀𝑀,sub 𝜆 0.7 and 2.5 𝜇𝜇g ZnO/cm𝜆 (with 𝐴𝐴cell 𝜆
𝜆.0 cm𝜆) or 0.09 and 0.33 cm𝜆 ZnO/cm𝜆, respectively.

As a �usti�cation for Dep = 1 under submerged condi-
tions, the following aspects were considered [39]: (I) Is the
particle deposition dominated by sedimentation or diffusion
(the latter would result in loss of particles to the lateral walls
and hence Dep < 1) and (II) if sedimentation dominates
particle deposition, is the exposure time long enough for
all particles (even the ones near the top of the cell culture
well) to reach the cells at the bottom of the well? To address
these issues, we calculated the gravitational settling velocity
and the mean diffusional displacement speed of the particles
in water to be 56mm/h and 0.033mm/h, respectively [20],
where we assumed an average particle diameter of 900 nm
(see Figure 2). Since the ratio of gravitational to diffusional
displacement speed is about 1700 for 900 nm particles with a
density of 4.6 g/cm3 (ZnO), sedimentation is the dominant
deposition mechanism; that is, negligible particle loss to
lateral walls is expected. Secondly, for a sedimentation speed
of 56mm/h and a 50mm depth of the cell culture medium
(1mL ofmedium; 2 cm𝜆 cross-sectional area of well), all ZnO
particles are expected to deposit onto the cells within about
1 h.

As a caveat we note that due to differences in deposition
kinetics during ALI and submerged exposures (as described
above), the �nal dose was delivered to the cells a�er 3 h and
1 h, respectively.
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3.3. Biological Endpoints. Several biological endpoints were
investigated aer ZnO exposures of the A549 cells represent-
ing human alveolar epithelium type II cells [32, 40]. First, cell
viability was determined to exclude the possibility that the
observed effects of ZnO NPs on gene expression levels are
negatively biased due to cytotoxic effects. No effects on cell
viability were seen for the ZnO concentrations investigated
here for both ALI (viability in % of (submerged) unchal-
lenged control: 93.5% ± 2.1, at ≤2.2 𝜇𝜇g/cm2) and submerged
conditions (94% ± 7.99, at ≤2.5 𝜇𝜇g/cm2). Hence, the cellular
response to ZnO exposure was not signi�cantly hampered by
reduced cell viability and there was no signi�cant reduction
in cell viability due to exposure of the cells to the air-liquid
interface.

ALI exposure of A549 cells to ZnO NPs caused elevated
levels of mRNA coding for IL-8, GM-CSF, and IL-6 as shown
in Figure 3(a) (le panel). IL-8 showed a signi�cant increase
with increasing dose and time.e time response of GM-CSF
was similar to that of IL-8, but no signi�cant dose effect was
observed. IL-6 was increased for all ALI exposure scenarios,
but no signi�cant dependence on dose or time was observed.
On the other hand, the oxidative stress markers HMOX1 and
SOD-2 showed no signi�cant increases in mRNA expression
except for GCS mRNA which was slightly, but statistically
signi�cantly increased for both time points of the high dose
level (1.8-fold and 3-fold increased at 0 h and 2 h, resp., see
Figure 3(b), le panel).

Under submerged conditions, the expression levels of all
proin�ammatory markers were lower than those under ALI
conditions (Figure 3(a), right panel). For IL-8 only the high
dose showed a signi�cant induction of 1.9-fold and 3.7-fold
at the two time points, and IL-6 was increased (4-fold) for the
high dose at 2 h. Out of the three oxidative stress markers, a
signi�cant expression was observed only for HMOX1 (2.7-
fold) aer 2 h (Figure 3(b), right panel).

In summary, compared to the submerged conditions, ALI
exposure showed slight, but statistically signi�cant enhance-
ments in mRNA expression of IL-8, GM-CSF, and IL-6 for
all dose levels and time points as well as for the high dose
level of GCS (both time points). e only case where the
submerged exceeded the ALI response was HMOX1 (high
dose, 2 h). us the ALI exposure system was generally more
sensitive to mRNA induction than the submerged exposure
assay especially for the proin�ammatory markers.

4. Discussion

To the best of our knowledge, the data presented here
represents the �rst in vitro measurements of the cellular
response to an exposure of airborne agglomerates of ZnO
particles at the ALI. We model inhalation exposure to ZnO
NPs with the widely used A549 cell line. A549 cells represent
human alveolar epithelial type II cells [32, 40], which are
considered the defenders of the alveoli because they are
important producers of cytokines [41] and metabolically
more active than type I pneumocytes [42, 43]. Consequently,
A549 cells are widely regarded as a validmodel cell system for
pulmonary particle toxicity studies [44, 45].

e data presented here are consistent with positive
dose-response correlations. Focusing on ALI conditions �rst,
we �nd that the IL-8 response (2 h postincubation time)
is enhanced for the higher concentration with a 94.5%
con�dence level (𝑃𝑃 𝑃 𝑃.𝑃55). A positive dose-response is
also found for GCS (2 h postincubation time; 95% con�dence
level). On the other hand, no signi�cant response is found for
HMOX1 and SOD2 for any of the concentrations used here,
since none of these parameters is upregulated. Furthermore,
the lack of a dose-response correlation for GM-CSF and
IL-6 might be due to reaching the saturation levels already
for the lower concentration. Similar considerations can be
conducted for the submerged cell culture data. A positive
dose-response is seen for IL-8 (both time points), IL-6, and
HMOX-1 aer 2 h postincubation time. All other parameters
are not changed.

While historically in vitro particle toxicity studies have
been performed with submerged cell systems, various ALI
exposure systems have recently been introduced in an
attempt to mimic more realistically the exposure conditions
during particle inhalation [21–28]. Further advantages of
ALI exposures include the preservation of the physicochem-
ical characteristics of the airborne particles (e.g., particle
agglomeration and/or particle-medium interactions such
as partial dissolution of ZnO in cell culture medium are
avoided [46]), the synergistic effects between particulate and
gaseous compounds can be investigated (e.g., relevant for
combustion emissions) and the biological complexity can be
more adequately represented (e.g., surfactant coating can be
added to of alveolar epithelial cells). Last but not least, it is
typically technically simpler to determine the cell-delivered
particle dose under ALI than submerged conditions [47,
48]. Some of the recently introduced ALI exposure systems
utilize aerosolized nanoparticle suspensions instead of dry
airborne nanoparticles [28]. While these systems allow for
cell exposure at the ALI, partial dissolution and possibly
agglomeration of the nanoparticles cannot be ruled out with
these systems.

Although ALI exposures have become more widely used,
there is very little quantitative information on whether and
how the exposure type (ALI and submerged) affects the
cellular response. A summary of the currently available
studies is listed in Table 1 and will be discussed below.
In Table 1 all but one investigator utilizes gene expression
analysis instead of protein determination as toxicological
readout. Gene expression is commonly preceding protein
expression; however, the latter can additionally be regu-
lated at the posttranscriptional level. In some cases, protein
expression without associated gene expression can occur.
However, this is not the case for any of the markers listed
in Table 1. Hence, both protein and gene expressions are
suitable for toxicity studies. e advantages of gene expres-
sion analysis by qPCR include higher sensitivity than the
measurement of protein levels, simultaneous quanti�cation
of several markers and higher cost efficiency. For these
reasons, gene expression analysis was used in the present
study to screen for representative markers of different acute
response pathways related to in�ammation and oxidative
stress.
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As mentioned above, the cellular response to nanoparti-
cles depends on numerous aspects including cell type, pre-
and postprocessing of the cells, state of cell differentiation,
particle dose, deposition kinetics, and physicochemical par-
ticle characteristics. Matching all of these aspects is very
difficult, if not impossible, since, for instance, the state of cell
differentiation is inherently different under submerged and
ALI culture conditions [49–51] and particle deposition rates
onto the cell systemmay vary signi�cantly for submerged and
ALI conditions, since they depend on agglomeration state
and carriermediumof the particles (air or liquid). Hence, any
study on cellular response under ALI versus submerged cell
conditions should provide as much details on these aspects as
possible as is done in the following section.

Exposures were performed at two dose levels with no
statistically signi�cant difference for the two exposure types
(low: 0.7 𝜇𝜇g/cm2; high: 2.2 𝜇𝜇g/cm2 (ALI) and 2.5 𝜇𝜇g/cm2

(submerged)). In addition, the cell type (A549) was identical
for both exposure types and the cell densities (cells per
cm2) were similar at the time of exposure. Preprocessing of
the cells was different because it had to be adapted to the
two different exposure conditions, whereas postprocessing
of the cells was identical. ere have been several studies
indicating differences in cell differentiation due to transfer
of the cells from submerged to ALI culture conditions even
at the �rst investigated time points between a few hours
and 1 d [49–51]. However, we assume that in the present
study the state of cell differentiation was similar, since cells
were kept under submerged conditions except for a brief
period of time during ALI exposure (1 h prior to exposure;
3 h during exposure). is is supported by the fact that we
found no statistically signi�cant differences in cell viability
as well as IL-8 mRNA and HMOX-1 mRNA aer transfer
of the cells to ALI conditions. is is an important aspect,
since with an already strained antioxidant defense, as, for
instance, reported by [49], cells may be more susceptible to
the effects of the particle exposure. Other important aspects
for ALI-submerged comparisons are related to the particle
characteristics. For ALI conditions, the count median and
mass median particle diameters were 141 nm and 335 nm,
respectively, and the rate of particle deposition onto the cells
was constant (within 20%) during the 3 h exposure time by
keeping the sample �ow and the ZnO aerosol concentration
constant. Under submerged conditions, the size of the ZnO
particles increased from a mass median diameter of about
350 nm to about 900 nm within about 30min due to agglom-
eration, which results in an approximately 3-fold deposition
rate; that is, the entire ZnO dose is delivered to the cells
with about 1 h. Hence, differences in deposition kinetics may
affect the comparison of the two exposure scenarios. Since
the total number of primary particles in the medium is not
changing with the agglomeration state, agglomeration does
not affect the number of primary particles or the surface area
dose delivered to the cells. However, agglomerate size may
in�uence the biological response of the A549. Furthermore,
ZnO is partially soluble in aqueous media [30]. Hence, the
Zn2+/ZnO ratio may be different under ALI and submerged
conditionswith higher Zn2+/ZnO ratios to be expected under

submerged conditions due to the relatively high dissolution
of ZnO in the cell culture medium.

In spite of some experimental differences between sub-
merged and ALI exposures, as described above, it is instruc-
tive to compare the ZnO dose-response curves observed
under ALI and submerged conditions and relate these �nd-
ings to similar data sets for other particle and pulmonary cell
types from the literature. is can be done by determining
the dose range in which the lowest observed effect levels
(LOELs) occurred. If none of the two dose levels investigated
here showed a statistically signi�cant response, the LOEL lies
above the highest dose level (>2.5 𝜇𝜇g/cm2). If the low dose
showed no response, but the high dose did, then the LOEL
falls in the range of 0.7–2.5 𝜇𝜇g/cm2. If both dose levels showed
a response, then the LOEL is below <0.7 𝜇𝜇g/cm2.

As seen fromTable 1, our data indicate that four biological
parameters (mRNA levels of IL-8, GM-CSF, IL-6, and GCS)
showed lower LOELs and hence elevated response levels
under ALI conditions. e results for two of the six inves-
tigated parameters (HMOX1, SOD-2) were inconclusive,
since the investigated dose regime was not broad enough to
discern differences in LOEL. Similar results were reported
by other studies with pulmonary cell lines and primary cells
reported in the literature (Table 1). Volckens and colleagues
[26] exposed primary human bronchial epithelial cells to
concentrated coarse ambient particulate matter. Applying
our LOEL scheme to their data indicates that the mRNA
levels of IL-8 andHMOX1weremore pronounced under ALI
conditions, while no conclusive result was found for COX-2
mRNA expression. Holder and colleagues [24] investigated
Diesel exhaust particles with a human bronchial epithelial
cell line (16HGE14o). As seen from Table 1, they found no
conclusive result for IL-8 protein levels but state that a much
smaller dose was required to induce similar IL-8 expression
levels. We contend that this claim is not substantiated by
their data, since in contrast to submerged exposures their
IL-8 response under ALI conditions was not statistically
signi�cantly different from unity (according to their own
statistical analysis). It is important to note that the currently
available data on submerged versus air-liquid exposure com-
parisons is limited, but diverse. As seen from Table 1 the
data were generated with both immortalized and primary
cell cultures as well as with different particle types, vari-
ous biological endpoints, and different pre-/postprocessing
protocols. ese differences are likely to result in exposure-
dependent differences in the state of cell differentiation,
particle-cell interaction, and deposition kinetics. In spite of
this heterogeneity, none of the currently available studies
has identi�ed a biological parameter, which responded to
be more sensitive to particle challenge under submerged
exposure conditions than under ALI conditions. While it
cannot be inferred that this is true for all possible biological
endpoints, the currently available data suggest that air-liquid
interface exposures are a more “conservative” toxicity test
than submerged systems, that is, ALI cell systems are likely
to lead to less false negatives.

To put the particle dose levels typically used for in vitro
toxicity testing into perspective, it is instructive to consider
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F 3: Comparison of the effect of ZnO on proin�ammatory and oxidative stress markers in A549 cells following exposure at the ALI
and under submerged (S�B) conditions. (a) mRNA expression of proin�ammatory cytokines (IL-8, GM-CSF, and IL-6) was measured with
RT-PCR either directly aer (0 h aer incubation) or two hours aer the exposure (2 h). (b) Same as (a), but for oxidative stress markers
(HMOX1, SOD-2, andGCS).e postincubation of the cells aer ALI exposure was also performed under submerged conditions.emRNA
values were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels and expressed as the fold increase over control (the
control level was set to unity) which was �ltered air and pure medium for ALI and S�B, respectively. e data show the geometric means
and geometric standard error of the mean based on 4 to 7 independent experiments. Due to differences in the deposition kinetics described
in the experimental section, the �nal dose was delivered to the cells aer 3 h (ALI, open bars 0.7 𝜇𝜇g/cm2 and solid bars 2.2 𝜇𝜇g/cm2) or 1 h
(submerged, open bars 0.7 𝜇𝜇g/cm2 and solid bars 2.5 𝜇𝜇g/cm2). e symbol (∗) indicates signi�cant differences from control levels at 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃,
and (∗∗) at 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃. e symbol (#) indicates mRNA values which are statistically different from the corresponding submerged mRNA
levels (differences are 2.8 to 12-fold (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃)).

that the currently recommended Occupational Safety and
Health Administration (OSHA) standard for ZnO fume (and
many other occupational dusts) is 5mg of ZnO fume per
cubic meter of air (mg/m3) averaged over an eight-hour-per-
day work shi. Assuming an accumulated breathing volume
of 3m3 in 8 h, a lung surface area of 140m2, an alveolar
deposition efficiency of 10–50% depending on particle size,
and negligible clearance from the alveolar regime within 24 h

[52], the OSHA standard corresponds to a daily alveolar
surface dose of 1.1–5.4 ng/cm2, which is about 3 orders
of magnitudes smaller than what was deposited during
the ZnO ALI exposures performed here (0.7–2.2 𝜇𝜇g/cm2).
Furthermore, it can be seen from Table 1 that the LOEL
during submerged exposures is typically between 1 and
65 𝜇𝜇g/cm2, which is in the range of the expected lifetime dose
(4–18 𝜇𝜇g/cm2) under worst case conditions represented by
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a worker exposed to the OSHA (ZnO) dust limit (5mg/m3)
for 5 days per week, 50 weeks per year for 45 years (where we
assumed that only about 30% of the lung-deposited particles
remain in the alveoli due to alveolar clearance mechanisms).
As the in vitro dose is deposited onto the cells within a few
hours instead of 45 years, this does not represent a realistic in
vivo exposure scenario. In spite of these unrealistically high
dose levels, in vitro cell tests are useful for pharmacological
and toxicological prescreening of substances and studies of
cellular response mechanisms, but lower cellular doses may
be desirable. Table 1 suggests that an incremental progress
may be possible with ALI cell systems. In combination with
other measures such as the use of multicell cocultures instead
of single-cell cultures, this may lead to signi�cantly more
realistic in vitro dose rates in the future.

5. Conclusion

In this study the in vitro response of pulmonary epithelial
cells to different types of (nano-)particles was compared for
air-liquid interface (ALI) and submerged exposure condi-
tions. e scarce data pool on this issue was expanded by
presenting the �rst ALI data on airborne agglomerates of
ZnO nanoparticles using alveolar epithelial-like type II cells
(A549). For ZnO, the lowest observed effect levels (LOELs)
of the proin�ammatory markers (mRNA gene expression of
IL-8, IL-6, and GM-CSF) were lower under ALI than under
submerged conditions, while no signi�cant response was
observed for most of the oxidative stress markers (HMOX1,
SOD-2, and GCS). ese �ndings are consistent with the
few previous comparative studies on this issue indicating
that toxicity testingwith the conventional submerged systems
may yield more false negatives than the more recently
developed ALI systems.

e dose levels used here and in similar studies reported
in the literature are in the range of an entire lifetime dose of
occupational dust received by a heavily exposed worker. e
ability to induce cellular responses at somewhat lower and
hence more realistic dose levels under ALI conditions may
provide biologicallymoremeaningful data than those obtain-
able with the conventional submerged exposures. Further
advantages of ALI cell systems include the biologically more
realistic exposure scenario (cells in the lungs are exposed
under ALI-like not submerged conditions), the absence of
inadvertent modi�cations of the particle properties in the
cell culturemedium (e.g., agglomeration, partial dissolution),
and the possibility of direct dose measurement (e.g., quartz
crystal microbalance). Depending on the application, these
aspects may outweigh the larger experimental complexity
of ALI exposures. However, quantitative comparisons of
the cellular response under ALI and submerged culture
conditions are still very limited. us, further studies are
needed to address these issues.
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Recent studies have suggested a link between inhaled particulate matter (PM) exposure and increased mortality and morbidity
associated with cardiorespiratory diseases. Since the response to PM1 has not yet been deeply investigated, its impact on mice
lungs and cardiovascular system is here examined. A repeated exposure to Milan PM1 was performed on BALB/c mice. e
bronchoalveolar lavage �uid (BALf) and the lung parenchyma were screened for markers of in�ammation (cell counts, tumor
necrosis factor-𝛼𝛼 (TNF-𝛼𝛼); macrophage in�ammatory protein-2 (MIP-2); heme oxygenase-1 (HO-1); nuclear factor kappa-light-
chain-enhancer of activated B cells p50 subunit (NF𝜅𝜅B-p50); inducible nitric oxide synthetase (iNOS); endothelial-selectin (E-
selectin)), cytotoxicity (lactate dehydrogenase (LDH); alkaline phosphatase (ALP); heat shock protein 70 (Hsp70); caspase-8-p18),
and a putative pro-carcinogenic marker (cytochrome 1B1 (Cyp1B1)). Heart tissue was tested for HO-1, caspase-8-p18, NF𝜅𝜅B-p50,
iNOS, E-selectin, and myeloperoxidase (MPO); plasma was screened for markers of platelet activation and clot formation (soluble
platelet-selectin (sP-selectin); �brinogen; plasminogen activator inhibitor 1 (PAI-1)). PM1 triggers in�ammation and cytotoxicity
in lungs. A similar cytotoxic effect was observed on heart tissues, while plasma analyses suggest blood-endothelium interface
activation.ese data highlight the importance of lung in�ammation inmediating adverse cardiovascular events following increase
in ambient PM1 levels, providing evidences of a positive correlation between PM1 exposure and cardiovascular morbidity.

1. Introduction

Epidemiology studies have shown that increased levels of
particulate matter (PM) in ambient air are associated with
aggravation of respiratory diseases and cardiovascular func-
tion impairment. ese adverse events have been correlated
with exposure to �ne PM (particles with aerodynamic diam-
eter ≤2.5 𝜇𝜇m) [1], even if the pathophysiological mechanisms
remain still unclear.

Lung PM penetration and clearance are size dependent:
larger particles (greater than 10𝜇𝜇m), deposited in the upper
airways, are removed by the mucociliary clearance mecha-
nism, while smaller particles (below 10 𝜇𝜇m) reach deeper the

lungs and are only partially removed by alveolarmacrophages
(AMs) [2].

Following PM deposition in the lungs, AMs rapidly
phagocytose particles and migrate towards the broncho-
alveolar junction [3]. A large number of ultra�ne particles
(≤0.1𝜇𝜇m in aerodynamic diameter), however, poses a sub-
stantial burden for the macrophage phagocytic system and
results in increased number of particles coming in contact
with the respiratory epithelium. Damage to the capillary
endothelium and type I alveolar cells has been observed
as one of the earliest events in lung toxicity mediated by
particles, leading to neutrophils recruitment and triggering
the onset of an acute in�ammatory status [2, 4]. Moreover,
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PM contains transition metals able to generate reactive
oxygen molecules which in turn exert a cytotoxic effect on
lung cells [2].

Translocation of inhaled nanoparticles across the alveo-
lar-blood barrier has been demonstrated in animal studies for
a range of nanoparticles delivered by inhalation or instillation
[5–7]. Convincing demonstration of translocation has been
difficult to achieve in humans [8, 9]; however, given the
deep penetration of nanoparticles into the alveoli and the
close apposition of the alveolar wall and capillary network,
such particle translocation seems plausible either as a naked
particle or aer ingestion by AMs.

Many authors proposed the hypothesis that �ne particles
inhalation provokes a low grade in�ammatory response in
the lung, causing an exacerbation of preexisting lung dis-
eases. We previously reported [10] that a single intratracheal
instillation of �ne particles in mice stimulates mild lung
in�ammation. e present study extends these �ndings by
showing that the repeated deposition of particulate matter in
the lungs triggers the onset of systemic adverse events.

Milan’s particles concentration and its chemical com-
position have been widely examined [11, 12]. Despite the
number and quality of chemical data, the biological effects
produced on in vivo and in vitro systems have been only
recently and partly investigated [4, 10, 13, 14]. In this
paper we present and discuss pulmonary and cardiovascular
adverse events induced inmice by intratracheal instillation of
Milan PM1. is fraction represents PM with aerodynamic
diameter ≤1 𝜇𝜇m [15], constituted by almost 40% of particles
≤400 nm in diameter. Lonati and Giugliano [16] monitored
particles size distribution in four different sites in Milan and
concluded that, at open air sites, 99.5% of the total number of
particles are characterised by a diameter smaller than 1𝜇𝜇m.

2. Materials andMethods

2.1. Animals. Male BALB/c mice (7-8 weeks old) were pur-
chased from Harlan Laboratories (Italy); food and water
were administered ad libitum. Mice were housed in plastic
cages under controlled environmental conditions (temper-
ature 19–21∘C, humidity 40–70%, lights on 7 am–7 pm).
e established rules of animal care approved by Italian
Ministry of Health (DL 116/92) were followed. Intratracheal
instillations have been performed in mice under controlled
general anaesthesia to avoid pain and discomfort. During the
whole experiments we found no changes in mice weights or
behaviour.

2.2. PM Sources and Chemical Characterization. Atmo-
spheric PM1 was collected during 2007-2008 in a Milan
urban area as described in previous papers [13].e sampling
site was located at Torre Sarca, an urban site with high vehicle
traffic. Samplers were located in a fenced area at about 2.5m
from the ground, 10m from the road, and 30m from the
nearest traffic light.

PM1was sampled and chemical analyses were performed
as described in Perrone et al. [17]; Milan PM1 chemical com-
position (inorganic ions, elements, and PAHs) is summarized
in Table 1.

Particles’ suspensions were prepared as follow: just before
the intratracheal instillation, PM1 aliquots were properly
diluted in sterile pyrogen-free saline, sonicated and vortexed,
and then immediately instilled in mice.

2.3. Dose. Our study was designed to measure the sys-
temic response to repeated PM1 exposure and test in an
animal model the hypothesis that sustained PM1 exposure
could exert cardiovascular dysfunctions. Similar investiga-
tions have been previously based on very high PM exposure
rate in single or repeated intratracheal instillation [20–23].

Lung in�ammation play a key role in enhancing the
extrapulmonary translocation of particles [21]. So, we tested
the threshold valid to lengthen the PM1 proin�ammatory
effects within lungs of our BALB/c mice, and it resulted
higher than the estimated daily dose possibly deposited at the
hot spot of lungs in worst pollution conditions. Ideally, in vivo
studies should be performed with realistic dose levels, but, as
already indicated for in vitro systems [24], short-term in vivo
applications have some limitations, �rst of all the necessity to
obtain measurable responses within few days.

We started from the dose used by Happo et al. [22],
who instilled in mice a cumulative dose of 0.82mg/animal
of �ne PM in a week, and we reduced the cumulative dose to
0.3mg/animal of PM1 within the same time frame, in order
to avoid particles lungs overload. e PM dose here used is
not directly correlated to human urban PM exposures, but it
has been determined as the lowest which induces a mild but
still sustained lung in�ammatory response in PM1 exposed
mice.

2.4. Intratracheal PM1 Instillation and Broncho Alveolar
Lavage. Animal testing was carried out by instilling 4 mice
for each experimental group and the experiment was repli-
cated twice, for a total of 8 sham and 8 PM1-treated mice.

Male BALB/c mice were brie�y exposed to a mixture
of 2.5% iso�urane (�urane) anesthetic gas and kept under
anaesthesia during the whole instillation procedure. Once
a deep stage of anaesthesia was reached, mice were intra-
tracheally instilled by means of MicroSprayer Aerosolizer
system (MicroSprayer Aerosolizer- Model IA-1C and FMJ-
250 High Pressure Syringe, Penn Century, USA) with 100𝜇𝜇g
of PM1 in 100 𝜇𝜇L of isotonic saline solution, or 100 𝜇𝜇L of
isotonic saline solution (sham) as previously reported [4, 10,
14]. Each mouse was placed in a supine position, the mouth
was opened and the tongue was gently moved aside using
a pince to better incannulate the trachea. e particles were
suspended in the appropriate solution just before the intratra-
cheal instillation. PM1-treated and sham mice were allowed
to recover under visual control before placing them back
in plastic cages, under controlled environmental conditions.
e intratracheal instillation was performed on days 0, 3, and
6, for a total of three instillations. 24 h aer the last instil-
lation, mice from each experimental group were euthanized
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T 1: Table summarizingmean chemical composition (𝜇𝜇g/𝜇𝜇g PM) of 8 PM1 pooled samples (modi�ed by �Seasonal variations in chemical
composition and in vitro biological effects of �ne PM from Milan� [17]). Inorganic ions explained about the 43% of the PM mass, the sum of
all elements explained about the 0.8% while the contribution of PAHs was 0.016%. BaP: benzo[a]anthracene; BeP: benzo[e]pyrene; Bb+jF:
benzo[b+j]�uoranthene; BkF: benzo(k)�uoranthene; BaP: benzo[a]pyrene; dBahA: dibenzo[a,h]anthracene; BghiP: benzo[g,h,i]perylene;
IcdP: indeno[1,2-Cd]pyrene. Particles size distribution over the Milano metropolitan area has been studied by Ferrero and colleagues [18].
Concerning sources, traffic and heating during cold season constitute the 49–53% of the primary combustion sources of �ne PM; during
warm season they constitute about the 25%, while secondary sources are predominant (50–66%) [19]. Elemental carbon (primarily from
traffic) contributes for about 10–15% to the �ne fraction; organic matter, calculated applying a speci�c organic matter-to-organic carbon
conversion factor to each source, contributes for 31–38% to the �ne fraction [19].

Inorganic ions Elements PAHs
Mean Mean Mean

F− 0.0001125 Al 0.000334 BaA 0.000011
Cl− 0.0061875 As 0.000025 Cr 0.000016
NO3
− 0.1905875 Ba 0.000046 BeP 0.000025

PO4
3− 0.001 Cd 0.00001 Bb+jF 0.000041

SO4
2− 0.091325 Cr 0.00005 BkF 0.00001

Na+ 0.0022375 Cu 0.000369 BaP 0.000017
NH4
+ 0.1348875 Fe 0.005804 dBahA 0.000001

K+ 0.0062875 Mn 0.000081 BghiP 0.000022
Mg2+ 0.0001125 Mo 0.000053 IcdP 0.000015
Ca2+ 0.0012125 Ni 0.00005

Pb 0.000251
V 0.000025
Zn 0.00099

with an anestheticmixture overdose (Tiletamine/Zolazepam-
�ylazine and iso�urane). e effects were assessed 24 h aer
the last treatment since the greatest in�ammatory response
occurs by this time [22]. e broncho alveolar lavage (BAL)
procedure, pellets, and supernatant recovery have been per-
formed as described in Mantecca et al. [4, 14].

2.5. BALf Biochemical Assays

2.5.1. Cell Counts. Aer centrifugation, the BALf pellets were
resuspended in 500 𝜇𝜇L of DMEM (10% FBS, 1% penicillin-
streptomycin, 1% glutamine), and total and differential cells
counts performed as described in Mantecca et al. [4, 14].

2.5.2. LDH and ALP. LDH and ALP assays were performed
on cell-free BALf supernatants. e commercially avail-
able kits for alkaline phosphatase (DALP-250 QuantiChrom
Alkaline Phosphatase Assay Kit, Gentaur Molecular) and
lactate dehydrogenase (DLDH-100 QuantiChrom Lactate
Dehydrogenase Kit, Gentaur Molecular) were employed
according to the manufacturers’ instructions.

2.5.3. Cytokines. e analyses of proin�ammatory cytokines
released in the BALf was performed by DuoSet ELISA kits
for tumour necrosis factor-𝛼𝛼 and macrophage in�ammatory
protein-2 (TNF-𝛼𝛼 andMIP-2; R&DSystems) according to the
manufacturer’s protocols.

2.6. Lung and Heart Biochemical Analyses. e lungs of
sham and PM1-treated mice, at the end of BAL procedure,

were quickly excised from the chest and washed in ice cold
isotonic saline solution. e le lobes were dissected and
submitted to histology, the right lobes were preserved for the
biochemical analyses. For protein assays, lungs were minced
at 4∘C, suspended in NaCl 0.9%, brie�y homogenized for
30 seconds at 11000 rpm with Ultra-Turrax T25 basic (IKA
WERKE) and sonicated for other 30 seconds.

en samples were submitted to trichloroacetic acid
(TCA) precipitation according to the procedure described
in Farina et al. [10]. e pellets were suspended in water
and protein quantity determined by BCA method (Sigma
Aldrich, USA).

ereaer, lung homogenates of sham and PM1-treated
mice were loaded on SDS-PAGE and submitted to elec-
trophoresis, followed by Western blot. e membranes
were stained with Ponceau and the protein loading was
assessed by densitometry (BIORAD Densitometry 710,
program Quantity one) as described [25]. Aer blocking,
blots were incubated for 2 h with the primary antibody
diluted in PBS-Tween20/milk. Lung parenchyma was tested
for Cyp1B1, HO-1, Caspase8-p18, NF𝜅𝜅B-p50, Hsp70, E-
selectin, and iNOS (anti-Cyp1B1 1 : 200, anti-HO-1 1 : 200,
anti-Casp8-p18 1 : 200, anti-NF𝜅𝜅B-p50 1 : 200, anti-Hsp70
1 : 200, anti-E-selectin 1 : 200, anti-iNOS 1 : 200, all by Santa
Cruz). en, blots were incubated for 1.5 h with horseradish
peroxidase-conjugated anti-rabbit IgG (1 : 5000) or anti-goat
IgG (1 : 2000) diluted in PBS-T/milk.

Proteins were detected by ECL using the SuperSignal
detection kit (Pierce, Rockford, IL). Immunoblot bands
were analyzed and the optical density (OD) quanti�ed by
KODAK (Kodak Image Station 2000R); all the data have been
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normalized to 𝛽𝛽-actin (anti-𝛽𝛽-actin 1 : 1500 by Sigma) and
each protein in PM1-treated group was normalized to the
corresponding sham group.

Heart tissue from sham and PM1-treated mice was
submitted to all the procedures above described for lungs, and
homogenates tested for HO-1, Caspase8-p18, NF𝜅𝜅B-p50, E-
selectin, iNOS, and MPO (anti-HO-1 1 : 200, anti-Casp8-p18
1 : 200, anti-NF𝜅𝜅B-p50 1 : 200, anti-E-selectin 1 : 200, anti-
iNOS 1 : 200, anti-MPO, all by Santa Cruz).

2.7. Lung Histopathological Analyses. Once excised, the le
lungs from sham and PM1 treated mice were �xed in
Bouin’s solution, embedded in paraffin, cross-sectioned at
7𝜇𝜇m thickness by a rotary microtome, mounted on slides,
and stained by hematoxilin and eosin (HE). Some sections
were mounted onto Superfrost slides and processed for
the immunohistochemical detection of HO-1, as previously
reported [4], using a rabbit anti-HO-1 polyclonal antibody
(Santa Cruz), and the peroxidase-based Vectastain Elite ABC
Kit (Vectastain Laboratories) to visualize the immunochem-
ical reaction. Slides were observed under a Zeiss Axioplan
light microscope and images taken with a ZeissAxioCam
MRc5 digital camera interfaced with the Axiovision Real 4.6
soware.

2.8. Blood Analyses. Blood of sham and PM1-treated mice
was collected by intracardiac puncture. Plasma has been
recovered aer two centrifugation, the �rst at 2000 g for
20 minutes and the second at 10000 g for 10 minutes at
4∘C to completely remove platelets, and then submitted to
sP-Selectin (Quantikine Mouse sP-selectin, R&D Systems),
�brinogen (Mouse Fibrinogen Antigen assay, Molecular
Innovations), PAI-1 (murine PAI-1 activity assay, Molecular
Innovations), and cytokines analyses (TNF-𝛼𝛼 and MIP-2;
R&D Systems).

2.9. Statistical Analyses. Results are expressed as mean ±
standard error of the mean (SE). Data distribution was
tested by Shapiro-Wilk test; statistical differences were tested
accordingly by 𝑡𝑡-test or non parametric 𝑈𝑈 Mann-Whitney
test. Statistical differences were considered to be signi�cant
at the 95% or 99% level (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 or 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃).

3. Results

3.1. BALf Analyses

3.1.1. Cell Counts. Signi�cant increases of total cells number
and lymphocytes (Ls) percentage (Table 2) have been found
in PM1-treated mice. Polymorphonuclear cells (PMNs) per-
centage (sham 9𝑃4𝑃 ± 2𝑃7𝑃%, PM1-treated 𝑃4𝑃27 ± 𝑃𝑃𝑃𝑃%)
as well as alveolar macrophages (AMs) percentage (sham
9𝑃𝑃3𝑃 ± 2𝑃79%; PM1-treated 84𝑃72 ± 𝑃𝑃86%) were basically
unaffected by PM1 treatment. However, AMs full of particles
are clearly visible in the BALf of PM1-treated mice (Figures
1(a)–1(c)).

3.1.2. LDH, ALP, and Cytokines. Lactate dehydrogenase
(LDH) and alkaline phosphatase (ALP) activities signi�-
cantly increased in the BALf of PM1-treated mice (Table 2).

MIP-2 concentration increased in the BALf of PM1-
treated mice (Table 2), while TNF-𝛼𝛼 was unchanged (sham
22𝑃3𝑃 ± 6𝑃89 pg/mL, PM1-treated 2𝑃𝑃84 ± 6𝑃𝑃7 pg/mL).

3.2. Lung Analyses. PM1 treatment induced a signi�cant
reduction of Hsp70 (heat shock protein 70, a functionally
related protein involved in proteins folding) and a signi�cant
increase in HO-1 levels (heme oxigenase-1, a stress related
protein which catalyzes heme degradation) in the lung
parenchyma (Table 2 and Figure 2(a)), while iNOS (inducible
nitric oxide synthase) was unchanged (sham 𝑃 ± 𝑃𝑃3𝑃; PM1-
treated 𝑃𝑃𝑃2 ± 𝑃𝑃𝑃2). e immunohistochemical analyses to
evidence the HO-1 expression con�rmed the activation of
this antioxidant protective protein in the deep lung. HO-1
was mainly localized in AMs and in the alveolar epithelium
(Figures 3(a) and 3(b)).

NF𝜅𝜅B rules the transcription of different genes, including
pro- and antiapoptotic, and pro- and anti-in�ammatory ones.
A signi�cant increase of its active fragment p50, as well as
of the active fragment of the proapoptotic marker Caspase8-
p18, was detected in the lungs of PM1-treated mice (Table 2
and Figure 2(a)).

Cyp1B1, a cytochrome of the P450 superfamily involved
in the activation of many xenobiotics and in polycyclic
aromatic hydrocarbons (PAHs) metabolism, did not increase
in PM1-treatedmice (sham 𝑃±𝑃𝑃𝑃2; PM1-treated 𝑃𝑃32±𝑃𝑃𝑃7)
as well as the E-selectin (sham 𝑃 ± 𝑃𝑃2𝑃; PM1-treated 𝑃𝑃33 ±
𝑃𝑃𝑃8), a cell adhesion molecule related to in�ammation.

Following PM1 exposure, 24 h aer the last instillation,
the histological evaluation of PM1-exposed lungs fail to
disclose massive in�ammation (Figures 4(a) and 4(b)). e
most signi�cant evidence in PM1 treated lungs was the
ubiquitous presence in the alveolar airspace of AMs full of
PM1 associated to lyses of the alveolar epithelium (Figures
4(b) and 4(c)).ese data evidenced the active involvement of
AMs in PM1 clearance and the direct cytotoxic effects elicited
by PM1 on the lung alveolar epithelium, as con�rmed by
LDH, ALP, and Caspase-8 analyses.

3.3. Heart Analyses. MPO (myeloperoxidase, a marker of
acute in�ammation), iNOS, and E-selectin did not increase in
heart of PM1-treatedmice (MPO: sham 𝑃±𝑃𝑃𝑃6, PM1-treated
𝑃𝑃𝑃7 ± 𝑃𝑃𝑃𝑃; iNOS: sham 𝑃 ± 𝑃𝑃𝑃7, PM1-treated 𝑃𝑃9𝑃 ± 𝑃𝑃𝑃; E-
selectin: sham 𝑃 ± 𝑃𝑃𝑃8, PM1-treated 𝑃𝑃94 ± 𝑃𝑃𝑃9). Consistent
with these observations, 24 h aer the last intratracheal
instillation of PM1, HO-1 was basically unchanged (sham
𝑃 ± 𝑃𝑃𝑃3; PM1-treated 𝑃𝑃𝑃𝑃 ± 𝑃𝑃𝑃6), while NF𝜅𝜅B-p50 and
Caspase8-p18 levels increased (Table 2 and Figure 2(b)).

3.4. Blood Analyses. Prothrombogenic and proin�ammatory
markers were analysed within the plasma of sham and
PM1-treated mice: sP-selectin, a well-known marker of the
activated platelet/endothelium interface, was signi�cantly
increased 24 h aer the last intratracheal instillation in PM1-
treated mice (Table 2). Fibrinogen (sham 2𝑃89 ± 𝑃𝑃𝑃𝑃 ng/mL,



BioMed Research International 5

T 2: Table summarizing signi�cant results in BALf, lung, heart, and blood in sham and PM1-treated mice, 24 h aer the last intratracheal
instillation. Concerning protein markers in lung and heart tissues, the data were normalized for the corresponding 𝛽𝛽-actin signal in each lane
and expressed in relative to sham value. Data distribution was tested by Shapiro-Wilk test; statistical differences were tested by t-test or by
non parametric U Mann-Whitney test. e data are expressed as mean ± SE. Sham versus PM1-treated: ∗P < 0.05; ∗∗P < 0.01.

Sham PM1 P
Mean ±s.e. Mean ±s.e.

BALf

Total cells (𝐸𝐸 𝐸 𝐸𝐸) 7.28 1.41 10.48 1.43 ∗

% Ls 0.24 0.14 0.78 0.26 ∗∗

LDH (IU/L) 19.49 1.59 27.5 0.4 ∗∗

ALP (IU/L) 0.07 0.02 0.15 0.01 ∗∗

MIP-2 (pg/mL) 58.99 9.52 102.12 12.12 ∗

Lung

Hsp70 1 0.04 0.75 0.03 ∗

HO-1 1 0.04 5.28 0.97 ∗

NF𝜅𝜅B-p50 1 0.18 3.12 0.13 ∗

Casp8-p18 1 0.04 1.42 0.11 ∗

Heart NF𝜅𝜅B-p50 1 0.02 1.37 0.08 ∗

Casp8-p18 1 0.19 1.84 0.18 ∗

Blood sP-selectin (ng/mL) 97.8 6.82 132.03 4.87 ∗∗

PM1-treated 2.91 ± 𝐸.𝐸7 ng/mL) and PAI-1 plasma con-
centration (sham 𝐸.1𝐸 ± 𝐸.𝐸𝐸 ng/mL, PM1-treated 𝐸.23 ±
𝐸.𝐸3 ng/mL), as well the cytokines MIP-2 and TNF-𝛼𝛼 (under
kit detection limits, data not shown), were unaffected by PM1
intratracheal instillation.

4. Discussion

Our previous investigations [10] disclosed that a single
instillation of �ne particles in mice stimulates mild lung
in�ammation. e current study extends these �ndings,
showing that repeated instillations of �ne particulate matter
trigger systemic adverse effect. e systemic response follow-
ing repeated particle exposure could be due to a different
pattern of the in�ammatory mediators released from the
lung, as compared with acute exposure.

���� �n�����tion �n� �n���� in �i�� ��n��� Increased BALf
total cells counts in PM1-treated mice suggested a recruit-
ment of proin�ammatory cells in the alveolar spaces indeed,
24 h aer the third instillation an increase in Ls percentage
was clearly visible as well as AMs burdened by particles
(Figures 1(a)–1(c)).

In the BALf of healthy mice, AMs are abundant (>90%)
while neutrophils are rare [26]. e PM1-intratracheal instil-
lation could facilitate the deposition of particles in the
alveolar spaces, where they come in contact with AMs,
the �rst cells actively engaged in the clearance of inhaled
particles [27]. Many studies have demonstrated that inhaled
�ne particles and aggregates of ultra�ne particles are able to
burden AMs thus impairing their phagocytosis [2, 28]. Such
AMs in the BALf of treatedmice could trigger lymphocellular
in�ammatory reaction within the bronchoalveolar districts.
Following particles phagocytosis, AMs usually migrate to
bronchoalveolar junctions, where they tend to accumulate

and aggregate [29], releasing in�ammatory mediators thus
inducing a slight in�ux of neutrophils.

An increase in the number of T lymphocytes has already
been demonstrated in bronchial biopsies of healthy human
volunteers exposed to PM [30]; moreover, PM has been
shown to drive T-cell mediated cytokine production in the
BALf of treated mice [31]. Many potentially biologically
active components such as endotoxin, metals, polycyclic
aromatic hydrocarbons (PAHs), and ozone might activate
lymphocytes in the lung of PM-treated mice [23, 31]. PM1
induced changes in total and differential cells counts may be
due both to a mild PMNs and Ls recruitment associated to
reduced AMs migration toward the bloodstream.

In our in vivo study no signi�cant change in TNF-
𝛼𝛼 concentration was evident in the BALf of PM1-treated
mice, while MIP-2 concentration was signi�cantly increased
comparing to sham, suggesting that in�ammation is still
present 24 h aer the third intratracheal instillation of PM1.

However within the lungs, PM1 failed to induce the
expression of proin�ammatory adhesion molecules associ-
ated with endothelial activation, as con�rmed by the E-
selectin levels basically unchanged in sham and PM1-treated
mice.

Fine and ultra�ne particles have large surface area and
therefore the adsorbed chemicals are largely bioavailable for
redox or electrophilic chemistry [32]. It has been proposed
that the proin�ammatory process induced by particles could
be related to the presence of PAHs [33]. Becker et al. [34]
found that also Cr, Mn, Fe, Al, Si, Ti, and Cu may be
related with cytokines production. Organic chemical compo-
nents and transition metals associated with PM1 may thus
contribute to adverse health effects based on their ability
to induce oxidative stress responsible for the lung alveolar
in�ammation.

Oxidative stress and proin�ammatory cytokines are
known to induce HO-1 expression in various cell types,
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(a) (b)
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F 1: Differential staining of BALf cells. (a) Alveolar
macrophages in the BALf collected 24 h postinstillation from
sham; (b) and (c) alveolar macrophages engul�ng particles (square
arrows) and in�ltration of PMNs (arrows) in the BALf collected
24 h aer the last intratracheal instillation from PM1-treated mice.
(a), (b), (c) bars = 50 𝜇𝜇m.

including type II pneumocytes and AMs [35]. HO-1 acts
as defence protein and its de�ciency leads to enhanced
endothelial cells injury [36]: the role of HO-1 is to catabolize
the heme group from the cytosol, thus generating CO,
biliverdin (converted to bilirubin) and Fe2+; all these prod-
ucts are thought to play a putative protective role against the
in�ammation onset and progression [37]. HO-1 increased in
PM1-treated mice in agreement with previous data related to
airborne pollutant toxicity both in vivo [4, 10, 38] and in vitro
systems [39, 40], and could account for themild ongoing lung
in�ammation we found in PM1-treated mice. Due to the role
of HO-1 in regulating cellular heme availability for structural
and functional heme-dependent proteins [41], within lungs
no change in Cyp1B1 and iNOS levels were induced by PM1.

AMs in�ltrated in the lung parenchyma are positively
stained for HO-1, thus suggesting that AMs in PM1-treated
mice were suffering for oxidative stress due to the large bur-
den of particles. �ithin the lungs, the pool of in�ammatory
phagocytes is the most signi�cant and important cellular
ROS generating system [42]; metals and organic substances
adsorbed on PM surface have been related to their phagocytic
oxidative burst [42].

Several transition metals adsorbed onto �ne particles
have been proved to trigger the generation of reactive oxygen
species, in turn able to activate NF𝜅𝜅B, one of the most

important mechanisms involved in PM induced pulmonary
toxicity [43]. In our investigations, p50, one of the active
subunits of the NF𝜅𝜅B transcription factor, increased in PM1-
treated mice, in agreement with previous �ndings [10].

It has been reported [2, 44] that ultra�ne particles, which
are not efficiently cleared via mucociliary or macrophage-
mediated mechanisms, very likely may enter the epithe-
lial cells, cause injury to the integrity of the alveolar and
endothelial cells thus spreadingwithin the circulatory system.
Increased LDH and ALP activity in the BALf of PM1-
treated mice could be strictly related to the alveolar epithe-
lium damage. Supporting this hypothesis and in agreement
with previous investigations [4, 10, 14, 22, 41], histological
analyses showed signs of alveolar cells damage within lungs
of PM1-treated mice. Gerlofs-Nijland et al. [33] suggested
that metals may contribute to the alveolar cell lyses and
consequently to the LDH leakage in the BALf. In addition,
the signi�cant increase in Caspase-8 activation found in lung
parenchyma of PM1-treated mice strengthens the hypothesis
of a direct cell damage and apoptosis on AMs and lung
epithelial cells mediated by �ne particles [45].

It is generally known that HSPs are increased during
cell stress. Surprisingly, Hsp70 levels in lung parenchyma
of PM1-treated mice were signi�cantly lower than in sham.
Also, Stoeger et al. [46] reported reduced Hsp70 mRNA
expression aer particles instillation in BALB/cmice. Indeed,
Hsp70 in the lungs is expressed by bronchial epithelium,
alveolar cells and AMs [47]. HSPs may have a rapid turnover,
especially during cell stress [48], and both the synthesis and
chaperoning action of HSPs are energy requiring. ere-
fore, we might speculate that an energy imbalance and the
increased turnover of lung epithelial cells, as demonstrated by
high ALP activity in the BALf, did not permit the synthesis of
sufficient quantities of Hsp70.

Taking together, these results prove that PM1 promotes
in instilled mice a mild ongoing lung in�ammation in
agreement with previous �ndings [32], thus triggering pro-
oxidative and cytotoxic effects, both on AMs and lung cells.

4.2. Effects on Mice Cardiovascular System. Epidemiological
studies provided evidences of serious health hazards linked
to human exposure within highly polluted urban centres PM
[49].

Growing experimental evidences suggest that inhaled
smallest particles can indeed translocate into the blood
systemic circulation reaching extrapulmonary organs, such
as heart and brain [50]. ese adverse systemic effects might
occur aer �ne or ultra�ne particles inhalation basically in
the absence of symptomatic and clinically detectable lung
in�ammation [32]. In our study, no variations in several
in�ammation and oxidative stress markers on heart tissues
of PM1-treated mice were observed. However, an increase
in NF𝜅𝜅B-p50 expression has been found in heart tissue, as
already described aer nanoparticles intratracheal instilla-
tion in rats [51].

Once again we observed increased activation of Caspase-
8 in the hearts of PM1-treated mice, thus indicating the
activation of the Caspase cascade. Cardiomyocytes apoptosis
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F 2: Protein analyses. (a) Representative western blottings showing Hsp70, HO-1, NF𝜅𝜅B-p50, Caspase8-p18 and 𝛽𝛽-actin in lung
parenchyma in sham and PM1-treated mice. (b) Representative western blottings showing NF𝜅𝜅B-p50, Caspase8-p18 and 𝛽𝛽-actin in hearts
of sham and PM1-treated mice.

(a) (b)

F 3: Lung parenchymaHO-1. Immunohistochemistry of HO-1 in lung tissues. Immunochemical reaction was developed by peroxidase
and is visible as brown precipitate of DAB. (a) Sham lung showing no appreciable HO-1 signal; (b) PM1-treated lung showing intense HO-1
signal in particles’ engulfed in alveolar macrophages (arrows). (a) and (b) bars = 50 𝜇𝜇m.

may be involved in the cardiac function impairment triggered
by �ne PM [52]. ese �ndings are in agreement with the
assumption that PM1 mainly exerts a direct cytotoxic effect
on heart.

A direct correlation has been found between �ne particles
inhalation and increased �brinogen level, plasma viscosity
and red blood cell count [53]. Many data indicates the adhe-
sion of platelets to the endothelium before the development
of manifest atherosclerotic lesions [54]. Furthermore, is gen-
erally accepted that platelets contribute to the �nal stages of
cardiovascular diseases, thus in thrombosis and myocardial
infarction [55]. Soluble P-selectin (sP-selectin) is considered
a marker of an activated platelet/vasculature/blood interface,
as it can be released by activated platelets as well as by
activated endothelial cells [53]. Indeed, we found a signi�cant
increase in sP-selectin concentration within plasma of PM1-
treated mice, though both �brinogen and PAI-1 concentra-
tion did not change and TNF-𝛼𝛼 and MIP-2 concentration
were under the kit detection limits.

Among several hemostasis and in�ammation mediators,
only sP-selectin blood concentration was associated with
preclinical cardiovascular risk, thus conferring to sP-selectin
assay a clinical usefulness for detecting and managing high
cardiovascular risk in primary prevention [56].

5. Conclusions

Short term exposure to PM1 induced in the lungs of BALB/c
mice a mild in�ammation, still ongoing 24 h a�er the last
instillation. Particles escaping phagocytosis by impaired and
overloaded macrophages could then elicit their cytotoxic
effect directly on alveolar cells.

e inhaled PM1 could exert a progression of preexisting
peripheral arterial occlusive disease sustaining the adhesion
of platelets to the endothelium and considerably increasing
thrombosis and myocardial infarction risks.

A better understanding of mediators and mechanisms
of these processes is mandatory if strategies have to be
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(a) (b)

(c)

F 4: Lung histology. (a) Sham lung parenchyma showing bronchiolar and alveolar epithelia; (b) PM1-treated lung showing abundant
alveolar macrophages engul�ng particles (arrows); (c) detail of alveoli of a lung instilled with PM1 showing particles phagocytosis by alveolar
macrophages and damage of the alveolar epithelium (asterisk). (a), (b) bars = 50 𝜇𝜇m; and (c) bar = 20 𝜇𝜇m.

developed for individual protection to the PM-induced car-
diovascular risk.

Authors’ Contribution

F. Farina and G. Sancini contributed equally to this work.

Con�ict of �nterests

e authors do not have any con�ict of interests.

Acknowledgments

e authors thank the researchers of the Atmospheric Chem-
istry group supervised by Professor E. Bolzacchini, especially
M. G. Perrone, operating in the POLARIS Research Center,
Department of Environmental Science, University of Milan
Bicocca, for their precious contribution in PM1 sampling
and chemical characterization. is research has received a
�nancial support by the Cariplo Foundation to the Project
TOSCA “Toxicity of particulate matter and marker of risk”.
Farina obtained a grant for this project.

References

[1] G. Polichetti, S. Cocco, A. Spinali, V. Trimarco, and A. Nunzi-
ata, “Effects of particulate matter (PM10, PM2.5 and PM1) on

the cardiovascular system,”Toxicology, vol. 261, no. 1-2, pp. 1–8,
2009.

[2] S. Salvi and S. T. Holgate, “Mechanisms of particulate matter
toxicity,” Clinical and Experimental Allergy, vol. 29, no. 9, pp.
1187–1194, 1999.

[3] U. Heinrich, U. Mohr, R. Fuchst, and C. Brockmeyer, “Inves-
tigation of a potential co-tumorigenic effect of the dioxides
of nitrogen and sulphur and of diesel engine exhaust on the
respiratory tract of Syrian golden hamsters,” Research Report
29, Health Effects Institute, Cambridge, Mass, USA, 1989.

[4] P. Mantecca, F. Farina, E. Moschini et al., “Comparative acute
lung in�ammation induced by atmospheric PM and size-
fractionated tire particles,” Toxicology Letters, vol. 198, no. 2, pp.
244–254, 2010.

[5] A. Nemmar, H. Vanbilloen, M. F. Hoylaerts, P. H. M. Hoet, A.
Verbruggen, andB.Nemery, “Passage of intratracheally instilled
ultra�ne particles from the lung into the systemic circulation
in hamster,” American Journal of Respiratory and Critical Care
Medicine, vol. 164, no. 9, pp. 1665–1668, 2001.

[6] W. G. Kreyling, M. Semmler, F. Erbe et al., “Translocation of
ultra�ne insoluble iridium particles from lung epithelium to
extrapulmonary organs is size dependent but very low,” Journal
of Toxicology and Environmental Health Part A, vol. 65, no. 20,
pp. 1513–1530, 2002.

[7] G. Oberdörster, Z. Sharp, V. Atudorei et al., “Extrapulmonary
translocation of ultra�ne carbon particles following whole-
body inhalation exposure of rats,” Journal of Toxicology and



BioMed Research International 9

Environmental Health Part A, vol. 65, no. 20, pp. 1531–1543,
2002.

[8] A. Nemmar, P. H. M. Hoet, B. Vanquickenborne et al., “Passage
of inhaled particles into the blood circulation in humans,”
Circulation, vol. 105, no. 4, pp. 411–414, 2002.

[9] N. L. Mills, N. Amin, S. D. Robinson et al., “Do inhaled
carbon nanoparticles translocate directly into the circulation
in humans?” American Journal of Respiratory and Critical Care
Medicine, vol. 173, no. 4, pp. 426–431, 2006.

[10] F. Farina, G. Sancini, P. Mantecca, D. Gallinotti, M. Camatini,
and P. Palestini, “e acute toxic effects of particulate matter
in mouse lung are related to size and season of collection,”
Toxicology Letters, vol. 202, no. 3, pp. 209–217, 2011.

[11] R. Vecchi, G. Marcazzan, G. Valli, M. Ceriani, and C. Anto-
niazzi, “e role of atmospheric dispersion in the seasonal
variation of PM1 and PM2.5 concentration and composition in
the urban area of Milan (Italy),” Atmospheric Environment, vol.
38, no. 27, pp. 4437–4446, 2004.

[12] M. Giugliano, G. Lonati, P. Butelli, L. Romele, R. Tardivo, and
M. Grosso, “Fine particulate (PM2.5-PM1) at urban sites with
different traffic exposure,”Atmospheric Environment, vol. 39, no.
13, pp. 2421–2431, 2005.

[13] M. Gualtieri, P. Mantecca, V. Corvaja et al., “Winter �ne
particulatematter fromMilan inducesmorphological and func-
tional alterations in human pulmonary epithelial cells (A549),”
Toxicology Letters, vol. 188, no. 1, pp. 52–62, 2009.

[14] P. Mantecca, G. Sancini, E. Moschini et al., “Lung toxicity
induced by intratracheal instillation of size-fractionated tire
particles,” Toxicology Letters, vol. 189, no. 3, pp. 206–214, 2009.

[15] N. Sabbagh-Kupelwieser, H. Horvath, and W. W. Szymanski,
“Urban aerosol studies of PM1 size fraction with reference
to ambient conditions and visibility,” Aerosol and Air Quality
Research, vol. 10, no. 5, pp. 425–432, 2010.

[16] G. Lonati and M. Giugliano, “Size distribution of atmospheric
particulate matter at traffic exposed sites in the urban area of
Milan (Italy),” Atmospheric Environment, vol. 40, supplement 2,
pp. 264–274, 2006.

[17] M. G. Perrone, M. Gualtieri, L. Ferrero et al., “Seasonal vari-
ations in chemical composition and in vitro biological effects
of �ne PM from Milan,” Chemosphere, vol. 78, no. 11, pp.
1368–1377, 2010.

[18] L. Ferrero, M. G. Perrone, S. Petraccone et al., “Vertically-
resolved particle size distribution within and above the mixing
layer over the Milan metropolitan area,”Atmospheric Chemistry
and Physics, vol. 10, no. 8, pp. 3915–3932, 2010.

[19] M. G. Perrone, B. R. Larse, L. Ferrero et al., “Sources of
high PM2.5 concentrations in Milan, Northern italy: molecular
marker data and CMB modelling,” Science of the Total Environ-
ment, vol. 414, pp. 343–355, 2012.

[20] M. Naota, A. Shimada, T. Morita, K. Inoue, and H. Takano,
“Translocation pathway of the intratracheally instilled C60
fullerene from the lung into the blood circulation in the
mouse: possible association of diffusion and caveolae-mediated
pinocytosis,” Toxicologic Pathology, vol. 37, no. 4, pp. 456–462,
2009.

[21] J. Chen, M. Tan, A. Nemmar et al., “�uanti�cation of extrapul-
monary translocation of intratracheal-instilled particles in vivo
in rats: effect of lipopolysaccharide,” Toxicology, vol. 222, no. 3,
pp. 195–201, 2006.

[22] M. S. Happo, R. �. Salonen, A. I. Hlinen et al., “In�ammation
and tissue damage in mouse lung by single and repeated
dosing of urban air coarse and �ne particles collected from
six European cities,” Inhalation Toxicology, vol. 22, no. 5, pp.
402–416, 2010.

[23] V. Saunders, P. Breysse, J. Clark, A. Sproles, M. Davila, and
M. Wills-Karp, “Particulate matter-induced airway hyperre-
sponsiveness is lymphocyte dependent,” Environmental Health
Perspectives, vol. 118, no. 5, pp. 640–646, 2010.

[24] H. R. Paur, F. R. Cassee, J. Teeguarden et al., “In-vitro cell
exposure studies for the assessment of nanoparticle toxicity in
the lung-A dialog between aerosol science and biology,” Journal
of Aerosol Science, vol. 42, no. 10, pp. 668–692, 2011.

[25] R. Daffara, L. Botto, E. Beretta et al., “Endothelial cells as early
sensors of pulmonary interstitial edema,” Journal of Applied
Physiology, vol. 97, no. 4, pp. 1575–1583, 2004.

[26] R. F. Henderson, “Use of bronchoalveolar lavage to detect
respiratory tract toxicity of inhaled material,” Experimental and
Toxicologic Pathology, vol. 57, no. 1, pp. 155–159, 2005.

[27] M. T. Kleinman, C. Sioutas, M. C. Chang, A. J. F. Boere, and
F. R. Cassee, “Ambient �ne and coarse particle suppression of
alveolar macrophage functions,” Toxicology Letters, vol. 137, no.
3, pp. 151–158, 2003.

[28] M. Lundborg, S. E. Dahlén, U. Johard et al., “Aggregates of
ultra�ne particles impair phagocytosis of microorganisms by
human alveolar macrophages,” Environmental Research, vol.
100, no. 2, pp. 197–204, 2006.

[29] J. L. Mauderly, M. B. Snipes, and E. B. Barr, “Pulmonary toxicity
of inhaled diesel exhaust and carbon black in chronically
exposed rats,” Report 68, Health Effects Institute, Cambridge,
Mass, USA, 1994.

[30] S. Salvi, A. Blomberg, B. Rudell et al., “Acute in�ammatory
responses in the airways and peripheral blood aer short-
term exposure to diesel exhaust in healthy human volunteers,”
American Journal of Respiratory and Critical Care Medicine, vol.
159, no. 3, pp. 702–709, 1999.

[31] D. M. Walters, P. N. Breysse, and M. Wills-Karp, “Ambient
urban Baltimore particulate-induced airway hyperresponsive-
ness and in�ammation in mice,” American Journal of Respira-
tory and Critical Care Medicine, vol. 164, no. 8, pp. 1438–1443,
2001.

[32] A. K. Cho, C. Sioutas, A. H. Miguel et al., “Redox activity of
airborne particulate matter at different sites in the Los Angeles
Basin,” Environmental Research, vol. 99, no. 1, pp. 40–47, 2005.

[33] M. E. Gerlofs-Nijland, A. Campbell, M. R. Miller, D. E. Newby,
and F. R. Cassee, “Toxicity of inhaled traffic related particulate
matter,” Journal of Physics: Conference Series, vol. 151, Article ID
012049, 2009.

[34] S. Becker, L. A. Dailey, J. M. Soukup, S. C. Grambow, R. B.
Devlin, and Y. C. T. Huang, “Seasonal variations in air pollution
particle-induced in�ammatory mediator release and oxidative
stress,” Environmental Health Perspectives, vol. 113, no. 8, pp.
1032–1038, 2005.

[35] L. E. Fredenburgh, M. A. Perrella, and S. A. Mitsialis, “e role
of heme oxygenase-1 in pulmonary disease,” American Journal
of Respiratory Cell and Molecular Biology, vol. 36, no. 2, pp.
158–165, 2007.

[36] S. W. Ryter and R. M. Tyrrell, “e heme synthesis and degra-
dation pathways: role in oxidant sensitivityHeme oxygenase has
both pro- and antioxidant properties,” Free Radical Biology and
Medicine, vol. 28, no. 2, pp. 289–309, 2000.



10 BioMed Research International

[37] T. A. Reiter and B. Demple, “Carbon monoxide mediates
protection against nitric oxide toxicity in HeLa cells,” Free
Radical Biology and Medicine, vol. 39, no. 8, pp. 1075–1088,
2005.

[38] L. Risom, M. Dybdahl, J. Bornholdt et al., “Oxidative DNA
damage and defense gene expression in the mouse lung aer
short-term exposure to diesel exhaust particles by inhalation,”
Carcinogenesis, vol. 24, no. 11, pp. 1847–1852, 2003.

[39] B. Y. Chin, M. A. Trush, A. M. K. Choi, and T. H. Risby,
“Transcriptional regulation of the HO-1 gene in cultured
macrophages exposed to model airborne particulate matter,”
American Journal of Physiology, vol. 284, no. 3, pp. L473–L480,
2003.

[40] P. H. Danielsen, P. Møller, K. A. Jensen et al., “Oxidative stress,
DNA damage, and in�ammation induced by ambient air and
wood smoke particulate matter in human A549 and THP-1
cell lines,” Chemical Research in Toxicology, vol. 24, no. 2, pp.
168–184, 2011.

[41] G. Li Volti, V. Sorrenti, P. Murabito et al., “Pharmacological
induction of heme oxygenase-1 inhibits iNOS and oxidative
stress in renal ischemia-reperfusion injury,” Transplantation
Proceedings, vol. 39, no. 10, pp. 2986–2991, 2007.

[42] H. Greim and R. Snyder, Toxicology and Risk Assessment: A
Comprehensive Introduction, John Wiley & Sons, 2008.

[43] Q. Cao, S. Zhang, C. Dong, andW. Song, “Pulmonary responses
to �ne particles: differences between the spontaneously hyper-
tensive rats and wistar kyoto rats,” Toxicology Letters, vol. 171,
no. 3, pp. 126–137, 2007.

[44] A. Elder and G. Oberdörster, “Translocation and effects of
ultra�ne particles outside of the lung,” Clinics in Occupational
and Environmental Medicine, vol. 5, no. 4, pp. 785–796, 2005.

[45] C. J. Obot, M. T. Morandi, T. P. Beebe, R. F. Hamilton, and
A. Holian, “Surface components of airborne particulate matter
induce macrophage apoptosis through scavenger receptors,”
Toxicology and Applied Pharmacology, vol. 184, no. 2, pp.
98–106, 2002.

[46] T. Stoeger, S. Takenaka, B. Frankenberger et al., “Deducing
in vivo toxicity of combustion-derived nanoparticles from a
cell-Free oxidative potency assay and Metabolic activation of
organic compounds,” Environmental Health Perspectives, vol.
117, no. 1, pp. 54–60, 2009.

[47] S. Marschall, M. A. Rothschild, and M. Bohnert, “Expression of
heat-shock protein 70 (Hsp70) in the respiratory tract and lungs
of �re victims,” International Journal of Legal Medicine, vol. 120,
no. 6, pp. 355–359, 2006.

[48] D. Kültz, “Evolution of the cellular stress proteome: frommono-
phyletic origin to ubiquitous function,” Journal of Experimental
Biology, vol. 206, no. 18, pp. 3119–3124, 2003.

[49] S. Hertel, A. Viehmann, S. Moebus et al., “In�uence of short-
term exposure to ultra�ne and �ne particles on systemic
in�ammation,” European Journal of Epidemiology, vol. 25, no.
8, pp. 581–592, 2010.

[50] G. Oberdörster and M. J. �tell, “�ltra�ne particles in the urban
air: to the respiratory tract—and beyond?” Environmental
Health Perspectives, vol. 110, no. 8, pp. A440–A441, 2002.

[51] R. Para, Evaluation of toxicological effects of intra tracheal
instilled CeO2 nanoparticles on the heart of male sprague-dawley
rats [Ph.D. thesis], 2011.

[52] J. Zhao, Y. Xie, X. Qian, R. Jiang, and W. Song, “Acute effects
of �ne particles on cardiovascular system: differences between
the spontaneously hypertensive rats and wistar kyoto rats,”
Toxicology Letters, vol. 193, no. 1, pp. 50–60, 2010.

[53] E. Cozzi, C. J. Wingard, W. E. Cascio et al., “Effect of ambi-
ent particulate matter exposure on hemostasis,” Translational
Research, vol. 149, no. 6, pp. 324–332, 2007.

[54] S. Massberg, K. Brand, S. Grüner et al., “A critical role of platelet
adhesion in the initiation of atherosclerotic lesion formation,”
Journal of Experimental Medicine, vol. 196, no. 7, pp. 887–896,
2002.

[55] I. Weinberger, J. Fuchs, E. Davidson, and Z. Rotenberg, “Cir-
culating aggregated platelets, number of platelets per aggregate,
and platelet size during acute myocardial infarction,” American
Journal of Cardiology, vol. 70, no. 11, pp. 981–983, 1992.

[56] G. Chironi, C. Dosquet, M. Del-Pino et al., “Relationship of
circulating biomarkers of in�ammation and hemostasis with
preclinical atherosclerotic burden in nonsmoking hypercholes-
terolemic men,” American Journal of Hypertension, vol. 19, no.
10, pp. 1025–1031, 2006.



Hindawi Publishing Corporation
BioMed Research International
Volume 2013, Article ID 685074, 9 pages
http://dx.doi.org/10.1155/2013/685074

Research Article
Quanti�cation o� Cigarette �mo�e �article Deposition
In VitroUsing a Triplicate Quartz Crystal Microbalance
Exposure Chamber

Jason Adamson, David Thorne, JohnMcAughey, Deborah Dillon, and Clive Meredith

British American Tobacco, Group R&D, Regents Park Road, Southampton SO15 8TL, UK

Correspondence should be addressed to Jason Adamson; jason_adamson@bat.com

Received 3 October 2012; Accepted 22 November 2012

Academic Editor: Ernesto Alfaro-Moreno

Copyright © 2013 Jason Adamson et al.is is an open access article distributed under the Creative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ere are a variety of smoke exposure systems available to the tobacco industry and respiratory toxicology research groups, each
with their own way of diluting/delivering smoke to cell cultures. us a simple technique to measure dose in vitro needs to be
utilised. Dosimetry—assessment of dose—is a key element in linking the biological effects of smoke generated by various exposure
systems. Microbalance technology is presented as a dosimetry tool and a way of measuring whole smoke dose. Described here is
a new tool to quantify diluted smoke particulate deposition in vitro. e triplicate quartz crystal microbalance (QCM) chamber
measured real-time deposition of smoke at a range of dilutions 1 : 5–1 : 400 (smoke : air). Mass was read in triplicate by 3 identical
QCMs installed into one in vitro exposure chamber, each in the location in which a cell culture would be exposed to smoke at
the air-liquid interface. is resulted in quanti�cation of deposited particulate matter in the range 0.21–28.00 𝜇𝜇g/cm2. Results
demonstrated that the QCM could discriminate mass between dilutions and was able to give information of regional deposition
where cell cultures would usually be exposed within the chamber. Our aim is to use the QCM to support the preclinical (in vitro)
evaluation of tobacco products.

1. Introduction

Modelling human disease processes in vitro is important
for our understanding of the risks associated with human
exposure to known and unknown inhaled chemicals or
toxicants. ese in vitromodels can be used for mechanistic-
based research and/or to assess potential harm of consumer
goods, such as household products, cosmetics, or tobacco
products. Although it can be argued that in vitromodels have
limitations in human physiological relevance, it is believed
that these models have potential to reduce the �nancial and
ethical burden on in vivo animal testing.

Looking speci�cally at the toxicological assessment of
tobacco smoke, there are a number of in vitro models of
toxicity using whole smoke exposure systems already in use
[1–9]. Exposure system setups may differ greatly but their
function and purpose is shared. A smoking machine/robot
is used to generate and/or dilute mainstream whole smoke;
this is delivered to an exposure chamber/module containing

a simple or complex in vitro model of the lung at the air-
liquid interface (ALI) so that a biological endpoint (usually
related to one of the major smoking related diseases) can
be assessed. As with the diversity of exposure systems and
setups available, the same can be said of the in vitro model
and endpoint testing. ese may range from something
as simple as a cytotoxicity assessment using a continuous
cell line [1, 2, 8] through to complex endpoints assessing
intracellular markers [9], or utilise more sophisticated cell
cultures such as primary cell lines [10, 11], coculture systems,
3D-tissue models, or whole lung slices [3]. Currently, there
are no de�ned regulatory protocols for whole smoke exposure
systems, but these are being developed to support human
in vitro models of disease. Aforementioned, there are a vast
number of whole smoke exposure systems described in the
literature, either commercially available [1–9] or one-off in-
house setups [10, 12, 13]. Additionally, tobacco smoke is a
concentrated and complexmix of at least 5,600 chemicals and
toxicants found across two phases, the particulate (tar) and
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vapour phase [14].us, assessing smoke dose is challenging.
Consequently, when presenting whole smoke dose-response
data, authors variously describe “dose” in many different
ways: as a percentage of smoke; a fraction of smoke; ratios
of smoke to air; puff number; total number of cigarettes
smoked; total exposure of micrograms per culture insert;
a �ow rate of mixing air and vacuum applied to a smoke
dilutor, all depending on the machine being used to gen-
erate and dilute the smoke [15]. Hence there is a need to
accurately quantify particle and/or chemical deposition in
our in vitro systems, such that comparisons of biological
endpoints between different systems can be achieved with
improved precision and accuracy both within and ultimately
between laboratories. is is of increasing importance to
scientists and regulators as it will allow consistent interpre-
tation of results and quick cross-comparison of biological
endpoints for de�ned smoke doses [16, 17]. Dosimetry (the
assessment/measurement/quanti�cation of smoke dose) is
therefore a key element that can unite the biological effects
of whole smoke generated by various and diverse exposure
systems [3].

ere are small numbers of chemicals or markers which
can be quanti�ed to assess tobacco smoke dosimetry; most of
these dosimetry measurements assess the particulate phase
due to the challenges of measuring individual components in
the vapour phase, especially at higher smoke dilutions (lower
concentrations) [15]. Chemicals/markers have been selected
historically due to their facile quanti�cation and include,
but are not limited to: carbon monoxide [5] and oxides of
nitrogen (NO𝑥𝑥) which are in the gas phase; solanesol [18] and
nicotine which are particulate markers; carbonyls which are
split between phases; particulate matter as a whole either via
gravimetric or chemical methods [7, 15].

Adamson et al. [15] reported a gravimetric method of
particulate deposition quanti�cation using a single quart�
crystalmicrobalance (QCM)which robustlymeasuredwhole
smoke particulate dose. e QCM is a sensitive gravimetric
balance capable of measuring and detecting changes in mass
of thin oscillating adherent �lms, within the nanogram range
[19–22]. Previously, Adamson et al. [15] presented a new
application (of an existingmicrobalance technology) of a sin-
gle QCM unit in a chamber to assess the real-time deposition
of tobacco smoke in vitro with veri�cation by a chemical
�uorescence method for smoke particle deposition. We now
present a new, unique, and characterised dosimetry tool
where the exposure chamber base accommodates 3 identical
QCM units (Figure 1), termed the triplicate QCM chamber
or 3-in-1QCM chamber. Primarily, the study objectives were
to assess/give an indication of regional deposition within the
chamber (uniformity of particle deposition to cell cultures)
where the previous single unit QCM could not show us
this, and to increase robustness through the use of higher
replicate numbers per run (from 1 to 3). For users of this
exposure chamber, both sets of additional information are
new and useful and could not have been provided by the
single unit QCM. In this study we investigated the ability of
the triplicate QCM to detect mass differences of whole smoke
dilutions from 1 : 5 to 1 : 400 (smoke : air, volume : volume),
for 30 minutes/run. e range 1 : 5–1 : 400 was selected as

∗

F 1: British American Tobacco’s standard exposure chamber
used for in vitro exposures to whole smoke at the air-liquid interface
was modi�ed to accommodate the 3 QCM units. e picture shows
a top view of the 3-in-1 QCM exposure chamber base (crystal ø =
2.54 cm; cell support insert ø = 2.4 cm). QCMposition 1 is proximal
to the passive exhaust port∗. QCMpositions 2 and 3 are distal to the
exhaust port and behind position 1 on the right and le, respectively.

this represents the RM20S dilutions used in the laboratory
to generate a biological dose response using robust in vitro
primary and continuous cell cultures [1, 7, 9].

Our results demonstrated that the QCM was able to
discriminate mass between each dilution and was able to
give information of regional deposition where ALI cell
culture inserts would usually be at positions 1, 2, and 3 in
the chamber (Figure 2). Furthermore, these results showed
absolute agreement with the single unit QCMdata previously
reported [15]. Overall, the integrated triplicate QCM tool
delivered robust, real-time, quantitative whole smoke mass
measurements at nanogram levels and demonstrated an
achievable dose response.

2. Materials andMethods

2.1. Whole Cigarette Smoke Generation. Reference cigarettes
(3R4F, 9.4mg pack tar) (University of Kentucky, Lexing-
ton, KY, USA) were used for all experiments. Whole
cigarette smokewas generated and diluted using two identical
Borgwaldt RM20S smoking machines (Borgwaldt-kc, Ham-
burg, Germany) within the same laboratory, as previously
described [1, 15]. e smoking machines and individual
syringes from each machine were used interchangeably and
at random and statistical analysis of the data thereaer
showed that this had no effect on mass values obtained at
the same dilution (data not shown). Five smoke dilutions
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were programmed as a ratio of smoke to air—1 : 5, 1 : 10,
1 : 25, 1 : 100, and 1 : 400 (smoke : air, volume : volume)—and
5 replicate experiments were conducted per dilution (𝑛𝑛 𝑛
5). For all experiments, the machine smoked for 30 minute
duration at ISO 4387 : 2000 smoking regime (35mL puff
over 2 seconds, once a minute, to a de�ned number of �
puffs/cigarette). Aer the last cigarette was extinguished, the
QCMs were le to record real-time data until all residual
smoke in the chamber had deposited and mass values were
observed to plateau and stabilise, usually taking an additional
10 minutes.

To prove deposition was due to smoke particulate alone,
a Cambridge �lter pad (CFP) (Borgwaldt-kc, Hamburg,
Germany) was installed inline of smoke generation just prior
to entry to the chamber for an additional single run of
1 hour (twice the duration of a standard run). As CFPs
effectively trap 99.9% particulate matter [14, 23], anything
detected by the QCM would therefore give an indication of
nonparticulate mass activity within the exposure chamber
during a smoke run.

2.2. e QCM Exposure Chamber Module. e previously
described in vitro whole smoke exposure chamber manufac-
tured for BAT by Curbridge Engineering (Southampton, UK)
[7] had its base adapted to symmetrically house 3 identical
commercially available QCM microbalance units (Vitrocell

Systems GmbH, Waldkirch, Germany). e QCM housing
units were installed with 5MHz AT cut quartz crystals held
between two Au/Cr polished electrodes, 1 inch (2.5 cm)
diameter as described by Mülhopt et al. [19] (Figure 1). e
QCM read at a resolution of 10 nanogram/cm2/second [15].

Before smoke exposure, the 3-in-1 QCM chamber was
sealed and acclimatised in an incubator at 37∘C to ensure
quartz crystal stability. Quartz crystal stability was reached
by zeroing the soware before exposure until the baseline
showed negligible dri (zero point stability) of less than
20 ng/cm2 over a duration of a few minutes. is took 5–10
minutes of zeroing prior to and between exposures in a
stable environment. During longer periods of stability where
the crystal was zeroed over a period of a few hours at
constant environmental conditions, we were able to observe
absolute zero point stability (0.00±0.01 𝜇𝜇g/cm2) for 5minutes
prior to smoke exposure. During the deposition phase, the
QCM recorded mass every 2 seconds for the 30 minute
smoke exposure and 10 minute plateau phase, reporting as
mass per unit area. Cell culture media was not included
in the chamber for these mass measurements therefore
media-in and media-out ports were blocked airtight to stop
smoke leaking. Aer whole smoke exposure and between
consecutive runs, quartz crystals were cleaned in situ (within
the chamber, still screwed into their housing units). e
crystal’s surface was wiped with a so lint-free tissue and
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70% ethanol, and then polished to a shine. Crystals were not
removed/replaced between readings; however, these should
be replaced if broken or if their surface is severely scratched.
Crystal stabilisation time was greatly reduced from up to 60
minutes to around 10minutes when the crystals were cleaned
in situ.

2.3. Statistics. Data were reported as a mean ± standard
deviation. e individual value plot of QCM-detected mass
(Figure 3(a)), the multi-vari chart (Figure 3(b)), and the
interaction plot comparing both QCM devices (Figure 4)
were created using MINITAB v.16 statistical soware. Main
effects plots to check experimental variables (not shown)
and a one-way ANOVA test using Tukey method to assess
differences between QCM positions and QCM devices were
also determined using MINITAB. All residual plots for all
graphs generated by MINITAB were checked to ensure the
quality of the data obtained. Real-time traces of deposited
mass (Figure 5) were made using Microso Excel.

3. Results

e3-in-1QCMexposure chamberwas able to record partic-
ulate mass in a dose-dependent manor in the dilution range
1 : 5–1 : 400 (smoke : air, v/v) (Figure 3(a)). Mean deposited
mass ranged from 0.21 𝜇𝜇g/cm2 (210 ng/cm2) ±0.06 𝜇𝜇g/cm2

at the most dilute dose of 1 : 400, up to 28.00 𝜇𝜇g/cm2

(27,998 ng/cm2) ±2.25 𝜇𝜇g/cm2 at the most concentrated dose
of 1 : 5. is mass range was obtained from the means of
all three QCM positions per dose (𝑛𝑛 𝑛 𝑛/position). A
one-way analysis of variance (ANOVA) test showed that, as
expected, there were signi�cant differences between dilutions
(𝑃𝑃 𝑃 𝑃𝑃𝑃𝑛); however, 1 : 100 and 1 : 400 dilutions had grouped
con�dence intervals indicating that overall mass values were
in the same range at these high dilutions.

e data were presented by individual QCM position so
that the regional deposition around the chamber could be
assessed (Figure 3(a)). QCM position 1 is most proximal
to the passive exhaust port where smoke exits the chamber,
whereas positions 2 and 3 are paired distal to the port,
right and le, respectively (Figures 1 and 2). To assess the
distribution of particulate deposition around the chamber
positions at all the dilutions tested, a multi-vari chart was
produced (Figure 3(b)). is chart demonstrates the uni-
formity of particle deposition in the biological exposure
range, showing the mean deposited mass of the three QCM
positions at all �ve dilutions tested. ere were no signi�cant
differences between QCM positions 1, 2, and 3 for all
dilutions tested—1 : 5 (𝑃𝑃 𝑛 𝑃𝑃2𝑃𝑛), 1 : 10 (𝑃𝑃 𝑛 𝑃𝑃𝑃𝑃𝑃), 1 : 25
(𝑃𝑃 𝑛 𝑃𝑃𝑃2𝑃), 1 : 100 (𝑃𝑃 𝑛 𝑃𝑃𝑃𝑃𝑃), and 1 : 400 (𝑃𝑃 𝑛 𝑃𝑃𝑃𝑃𝑛).

e dose-response data generated from this triplicate
QCM tool was compared with the aforementioned single
unit QCM [15], and good parity was observed between
them with no statistically signi�cant difference between the
different tools at all dilutions tested (Figure 4). For dilutions
1 : 10–1 : 400 deposition was highly comparable between the
two tools (𝑃5%) (Table 1). At the most concentrated dilution
of 1 : 5, the difference in detected deposited mass between the
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F 3: Triplicate QCM deposition data. (a) An individual value
plot showing deposited particle mass quanti�cation of I�O whole
smoke (9.4mg) diluted in the range 1 : 5–1 : 400 (smoke : air, v/v),
𝑛𝑛 𝑛 𝑛/position. (b) A multi-vari chart of mean deposited mass at all
�ve dilutions 1 : 5–1 : 400. e chart shows the average distribution
of particulate deposition around the chamber within the range
tested, from 25 values (5 dilutions at 𝑛𝑛 𝑛 𝑛/dilution). ere was
no statistically signi�cant difference in deposition between the three
QCM positions.

tools was 8.4% (Table 1). Considering the entire range tested,
the difference between both tools at all dilutions was <10%
which we would consider to be an acceptable difference (�t
for purpose).

Finally, a Cambridge �lter pad (CFP) was placed inline
of smoke generation to occlude particulate entering the
chamber—the purpose was to assess semivolatile deposition
or potentially the behavior of other gases. Figure 5 shows a
real-time trace of particulate detection during an extended
smoke exposure of 1 hour at the highest smoke concentration
of 1 : 5 (smoke : air, v/v) with a CFP inline. e trace showed
that mass increased over time, but this increase was nominal
considering the high tar level of 3R4F cigarettes (9.4mg) and
the high concentration of whole smoke chosen (1 : 5). ere
was an increase of 78 ng/cm2 with the CFP inline compared
with particulate matter deposition of 27,998 ng/cm2 for
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T 1: Mean deposited mass values obtained from the single unit QCM [15] (𝑛𝑛 𝑛 𝑛) compared to the 3-in-1 QCM unit (𝑛𝑛 𝑛 𝑛𝑛); the
percentage difference between mean mass detected by the two tools; the 𝑃𝑃 values indicating no signi�cant difference between tools at all
dilutions tested. For the single unit, the values were the mean of 5 repeat experiments with the QCM (in position 2 of the chamber) [15]; for
the triplicate QCM the values were the mean of 5 repeat experiments and 3 QCM positions per repeat (𝑛𝑛 𝑛 𝑛𝑛).

Mean deposited mass (𝜇𝜇g/cm2) ± SD
Dilution (1 :𝑋𝑋) 5 10 25 100 400
Single unit 25.75 ± 2.30 10.51 ± 0.42 3.29 ± 0.24 0.69 ± 0.09 0.22 ± 0.03
Triplicate unit 28.00 ± 2.25 11.51 ± 1.81 3.64 ± 0.72 0.75 ± 0.20 0.21 ± 0.06
Difference (%) 8.4 4.5 5.2 4.9 2.3
𝑃𝑃 value 0.071 0.245 0.304 0.503 0.573
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F 4: An interaction plot of the data means for the single unit
QCM [15] and the 3-in-1 QCM, at the �ve air�ows tested. ere
was no statistically signi�cant difference between the two different
devices.

diluted whole smoke at the same dilution of 1 : 5. Further-
more, aer 1 hour of smoking the overall mass reached
was <200 ng/cm2 (mean of the 3 positions was 156 ng/cm2).
Whilst the initial chart would suggest that negligible mass
was detected and that the traces were �at lined, however,
when the scale was adjusted (Figure 5 pullout) a repeated
and conserved saw-tooth pattern was observed, indicative (at
least in time) of some transient mass deposition, probably
constituents of diluted vapour phase orwater vapour entering
the chamber. In addition, a further inline CFP measurement
at the higher smoke dilution of 1 : 400 showed a similar saw-
tooth mass deposition pattern of negligible cumulative mass
(not reported). e single “n-shaped” unit observed here
would suggest a small increase, plateau, and decrease in mass
as diluted vapour phase smoke was delivered to the chamber.
is could be an indication of semivolatile deposition on the
QCM surface followed by evaporation as air�ow through the
chamber changed per puff.

As noted, cumulative mass over 60 minutes with the CFP
inline was 156 ng/cm2/hr. If the sum of the transient peaks is
calculated with subsequent reevaporation ignored (Figure 5),
the cumulative mass was approximately 620 ng/cm2/hr. is
amount of detected mass is too low to be water vapour or
vapour phase in its totality. e repeat pattern does suggest
some components of the vapour phase but it would be diffi-
cult to identify semivapour phase revolatilising here without
additional chemistry analysis. Rodgman and Perfetti [24]
cite an example cigarette of generating 7.5mg vapour phase
and 17.4mg NFDPM (nicotine free dry particulate matter).
If this proportionality is maintained for the 3R4F cigarette,
ISO yields of 9.4mg NFDPM, 0.87mg water (measured),
and 4.1mg vapour phase (estimated) and calculating orders
of magnitude and the contribution of particulate, vapour,
and water from a 3R4F cigarette, we would expect to see
about 14,000 ng for total vapour phase and about 2,800 ng for
water. us what we have identi�ed on the QCM with the
particulate phase occluded is too low to be either water or
total vapour.

4. Discussion

In this study we present a new and unique tool (Figure 1)
to quantify diluted whole smoke particulate matter deposi-
tion in vitro. is tool measured real-time deposition at a
range of dilutions 1 : 5–1 : 400 (smoke : air, v/v) resulting in
quanti�cation of deposited particulate matter in the range
0.21–28.00 𝜇𝜇g/cm2, most dilute to most concentrated smoke
dilution (Figure 3(a)). e technology was able to detect
deposited mass with such resolution that it could identify
puff-by-puff pro�les, probably of some vapour phase con-
stituents alone (when particles were occluded with a �lter
pad) (Figure 5). For the �rst time, mass values were read in
triplicate by 3 identical QCMunits installed into the exposure
chamber, each in exactly the same location as the cell culture
inserts would be exposed to whole smoke at the ALI (Figure
2). is information is particularly useful to users of the
chamber as it demonstrates uniformity, with no difference in
particle deposition to the 3 positions where culture inserts
would be exposed to smoke.

To further assess the sensitivity of the QCM technology,
a Cambridge �lter pad (CFP) was placed inline of smoke
generation to effectively occlude the particulate fraction of
whole smoke. e hypothesis here was that no particulate
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F 5: Deposition when a Cambridge �lter pad (CFP) was placed prior to the QCM chamber to trap particulate matter. Cigarettes (3R4F)
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mass would be detected and anything being detected would
be derived from the diluted gas/vapour phase delivered to
the chamber. As predicted, nominal mass was detected in
the range <200 ng/cm2 in 1 hour; however, a distinct and
repeated saw-tooth pattern was observed in the real-time
trace (Figure 5). Although we are yet to identify what is being
deposited on the QCM surface when the CFP is inline, we
predict this could be an indication of some vapour phase
components condensing and evaporating as air�ow through
the chamber changes per puff. Elution, chemical analysis, and
quanti�cation will help us potentially identify what part of
the vapour phase is deposited on the exposed QCM surface,
and we plan to do this in subsequent studies.

ere are unique challenges not only in the identi�cation
of smoke components but also their quantitation [14]. Of
the particulate matter which is being quanti�ed by the
QCM, grossly it approximates 16% water, 6% nicotine, and
78% “tar” (NFDPM), of which the major components of
NFDPM are alcohols (20%), acids (17%), and aldehydes
and ketones (14%) [14]. Sophisticated analytical tools, such
as gas-chromatography mass spectrometry (GC/MS), are
required to further identify these compounds. e challenge
persists when it is estimated that components representing
less than 1mg of the particulate phase remain unidenti�ed,
averaging in the low nanogram and picogram levels [14]. At
the ALI cell exposure surface, the particles depositing will
have a soluble and an insoluble fraction. erefore there will
be species available to the thin surface liquid which lines the
cell monolayer. ere is little direct information published
on soluble particle components and cellular interactions at
the ALI, but recent in-house data suggests that a soluble
fraction is 40%–90% of the particle droplet. Lastly and as
previously discussed, vapour phase components are largely
overlooked by this sampling method; Figure 5 demonstrates
the minor quantities of material being deposited when the
diluted smoke passes through a CFP.

We previously published a study demonstrating the use
of a single unit QCM in the same exposure chamber [15].
Based on that data obtained, and usefulness of the tool,
we further developed the triplicate chamber to support in
vitro testing and con�rm uniformity of particle deposition
around the chamber, where the single unit QCMdevice could
not show us this. As well as allowing us to assess potential
positional deposition around the exposure chamber, this
expanded tool allowed us to increase dosimetry replicate
number per exposure.Within each dilution tested, there were
no statistically signi�cant differences in deposition around
the 3 positions in the chamber (Figure 3(b)) with 𝑃𝑃 values
for all dilutions greater than 0.1.

Data obtained from the triplicate QCM exposure cham-
ber compared to that obtained from the previously published
single unit device [15] con�rmed they were performing
equally (Figure 4). At dilutions greater than 1 : 10, the results
obtained from the two tools differed by 5% or less in terms
of quanti�ed mean deposited mass; this is to be expected
as interrun variability. At 1 : 5 dilution, the difference was
slightly higher at 8.4% (Table 1). But overall, these differences
were all <10% (a range of 6.1% across the dilution range
tested) which we would deem to be acceptable.

We have presented a new study demonstrating an addi-
tional/expanded, novel, and simple tool used to quantify
tobacco smoke deposition in vitro in real time. e QCM
technology itself is not new and in the past it has been used for
such activities as environmental monitoring [21, 25], biologi-
cal applications [26, 27], and inhalation toxicity assessment of
(nontobacco) aerosols and engineered nanoparticles in vitro
[19, 28, 29]. However, the utilisation and combination of
these technologies for assessment ofwhole smoke exposure in
vitro is novel. Certainly, QCM technology hasmany potential
applications in the �eld of inhalation toxicology, not just
tobacco smoke.
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As discussed previously, there are many different setups
available to industry and other respiratory toxicology
research groups; in this study we used the Borgwaldt RM20S
to dilute and deliver mainstream smoke to the triplicate
QCM. Because so many different smoking machine and
exposure systems are used, it is clear there needs to be a
simple and aligned method of measuring dose in vitro; this
is especially the case with the current switch from liquid to
ALI exposures of aerosols in vitro [16]. Dosimetry is therefore
a key element that can link the biological effects of tobacco
smoke generated by various exposure systems [3]. As dose
measurementswith aQCMallow real-time, fast, and accurate
determination of the cell deposited dose [28], we believe
microbalance technology offers a way forward, not only for
the assessment of whole smoke but also for other inhalable
toxicants [30]. In terms of human smokers, this tool can be
used to generate deposition values in vitro consistentwith val-
ues measured in human smokers. For example, in this study
QCMs detected deposition of diluted particulate matter in
vitro in the range 0.21–28.00 𝜇𝜇g/cm2. For context, McAughey
et al. [31] estimated daily deposited lung doses in the order
of 40–100 𝜇𝜇g/cm2 in the extrathoracic region, 1.0–2.0 𝜇𝜇g/cm2

in the bronchial/bronchiolar region, and 0.1–0.2 𝜇𝜇g/cm2 in
the alveolar-interstitial region, based on human smoking data
for lung retention and regional deposition. ese human
values in the lower range 0.1–2.0 𝜇𝜇g/cm2 (bronchial-alveolar)
further align with our in vitro exposure system: primarily it
is cells of the bronchial epithelium or alveolar (A549) cells
which would be used in these biological models of disease
and exposed at the ALI in this chamber.

e 3-in-1 tool described herewas compared to the previ-
ously published single QCM chamber (Figure 4). Currently,
neither of the these QCM chambers can accommodate cell
cultures at the same time as deposition quanti�cation (the
3-in-1 cannot house cells as there is no space, and yet the
single QCM has not been tested concurrently with media
and/or cell cultures). However, this is something we will
look at in future studies. us the operational advantage
of the triplicate QCM versus the single QCM chamber is
to increase replicate number from one to three during a
single smoke exposure. is would be useful for deposition
dose-range studies of different cigarettes types, for example.
To obtain directly comparable chemistry deposition data
alongside QCM deposition, the single QCM chamber should
be used as positions 1 and 3 are available to house nude
cell support inserts. Furthermore, if cell cultures could be
supported on inserts for a whole smoke exposure without
basal media, then this single unit tool could be used to obtain
deposition data at the same time as a biological response. As
the data have shown here, there is no statistically signi�cant
difference between the tools, thus both QCM chambers have
applicability depending on the design of the experiment and
the desired outcome.

5. Conclusion

In this study, the QCM successfully determined deposited
smoke mass generated from the Borgwaldt RM20S Smoking

Machine, but it can easily be adapted to assess smoke
mass produced from other commercially available smoking
machines. Consequently, we predict that this tool may help
align smoke exposure technologies. Additionally, the 3-in-
1 QCM exposure chamber, although designed to quantify
deposited smoke mass in vitro, could potentially be used to
assess other types of aerosol delivery to in vitro cultures, such
as manufactured particles and �bres, some aerosolised cos-
metics, household products, or pesticides. Certainly aerosols
similar to tobacco whole smoke which are submicron liquid
spherical droplets would be easy to detect. Hence the scope
of this tool is vast. e 3-in-1 QCM also offers a robust
and efficient alternative to traditional chemistry methods or
supports such methods and delivers additional bene�ts of
particulate quanti�cation: (1) it is single person operated;
(2) no other resource or reagents are required; (3) data is
generated fast, in real time and because of this; (4) it can
be used as a QC device to rapidly assess the status of a
smoke exposure or identify issues withmachine smoking and
dilution.

Until now, there have been few (if any) reliable and accu-
rate methods of determining particulate dose delivered to the
exposure chamber in real time.us biological dose-response
data has been presented as the machine’s programmed ratio
of smoke to air, with the expectation that smoke dilutions
delivered from the smoking robot are robust and repeatable.
In the case of the Borgwaldt RM20S, precision of smoke
dilution and delivery has been previously investigated and
proven to be reliable by a number of physicochemical and
analytical methods, and this has been published [1, 5]. e
addition of this QCM work further supports our con�dence
in the machine’s ability to dilute and deliver smoke reliably.

Finally, we propose to continue to use these QCM tools to
support the preclinical in vitro evaluation of tobacco products
and accurately quantify particle dose delivery to cell cultures.
In addition, this tool has been shown to align generated
deposition values in vitro consistent with values measured in
human smokers.
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Silver nanoparticles are one of the most prevalent nanomaterials in consumer products. Some of these products are likely to be
aerosolized, making silver nanoparticles a high priority for inhalation toxicity assessment. To study the inhalation toxicity of
silver nanoparticles, we have exposed cultured lung cells to them at the air-liquid interface. Cells were exposed to suspensions
of silver or nickel oxide (positive control) nanoparticles at concentrations of 2.6, 6.6, and 13.2 𝜇𝜇g cm−2 (volume concentrations
of 10, 25, and 50 𝜇𝜇gml−1) and to 0.7 𝜇𝜇g cm−2 silver or 2.1 𝜇𝜇g cm−2 nickel oxide aerosol at the air-liquid interface. Unlike a
number of in vitro studies employing suspensions of silver nanoparticles, which have shown strong toxic effects, both suspensions
and aerosolized nanoparticles caused negligible cytotoxicity and only a mild in�ammatory response, in agreement with animal
exposures. Additionally, we have developed a novel method using a differential mobility analyzer to select aerosolized nanoparticles
of a single diameter to assess the size-dependent toxicity of silver nanoparticles.

1. Introduction

As the number of nanotechnology-based consumer products
in the marketplace grows, so too does the potential for
inhalation exposures to nanomaterials. Aerosolized nanopar-
ticles have been shown to be released during many phases
of production: particle synthesis [1–4], handling of dry
powders [5] and liquid suspensions of nanoparticles [6], and
machining composite materials containing nanoparticles [7].
Experimental studies have shown that engineered nanoparti-
cles released by sprays and powders can potentially deposit in
the respiratory system [8–11].

Due to their antibacterial qualities, silver nanoparticles
are widely used in consumer products. Nanosilver is present
in ∼30% of the available products containing nanomaterials
[12], and of these, ∼14% have a high potential for inhalation
exposure [13]. Inhalation exposures are likely to occur with
personal hygiene and cleaning products that are intended to
be sprayed. Because these consumer products release silver
nanoparticles into the breathing zone of consumers, it is
imperative to determine the potential hazards associatedwith
inhaling silver nanoparticles.

A safe level for airborne silver nanoparticles has yet
to be determined. Inhaled silver has been detected in

the blood, liver, brain, and kidneys of exposed rats [14,
15]. Despite the wide distribution of silver throughout the
body, no adverse effects were observed in hematology and
histopathology assessments at low doses (∼0.06mgm−3)
[15]. Animals exposed to silver subacutely at a high dose,
3.3mgm−3, showed minimal pulmonary in�ammation or
cytotoxicity [16]. In contrast, animals exposed to a moderate
dose, 0.5mgm−3, showed signs of chronic in�ammation in
the lungs and abnormalities in the liver [17, 18]. In vitro
studies with silver nanoparticles have shown stronger effects,
with many different cell lines showing reduced viability or
oxidative stress response at doses ranging from the order
of 1𝜇𝜇gmL−1 to 100 𝜇𝜇gmL−1 [19–21]. Cell studies have
also shown a size-dependent effect; the smallest particles
(∼5–15 nm) required a lower mass dose to cause decreased
viability and greater oxidative stress [22–24].

ere are several possible explanations for the variation
among in vitro studies and the differences between the
in vitro and inhalation studies. Firstly, the properties of
the silver nanoparticles used in each study likely differed.
e inhalation studies were all performed with metallic
silver nanoparticles (10–20 nm) condensed from silver vapor
generated from either a spark discharge apparatus [14] or
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a furnace [25]. Alternatively, all of the in vitro studies were
performed with silver nanoparticles either synthesized in
solution or purchased in powder form, some of which had
coatings, and resuspended in aqueous media. Secondly, the
exposure route may have affected toxicity. Silver nanoparti-
cles in cell culture media may aggregate into larger particles,
obscuring the effects of the nanoparticles, or over time may
release silver ions which can also cause a toxic effect apart
from that of the nanoparticles [26, 27].

One way to bridge the gap between animal inhalation
studies and in vitro studies is to expose cells at the air-liquid
interface (ALI) [28]. In this method, cells are exposed to air,
and aerosolized particles are then deposited directly onto the
cell surface. For in vitro studies intended to probe particle
toxicity associated with inhalation exposure, this approach
is thought to be more physiologically realistic compared
to exposure in a liquid suspension. is technique has
been used to investigate tobacco smoke [29], diesel exhaust
[30, 31], smoke from building material combustion [32],
�ame-generated cerium oxide nanoparticles [33], metal salt
nanoparticles [34], and magnetic nanoparticles [35].

Inhalation exposures of engineered nanoparticles have
been identi�ed as posing a relatively high risk across the
spectrum of potential health and environmental impacts
of nanotechnology [36, 37]. An improved understanding
of the toxicity of silver nanoparticles is needed because of
their widespread use in commercial products, potential for
release into the air [12, 13], and evidence of adverse effects
in animal inhalation studies [17, 18]. e objective of this
work is to evaluate the toxicity of commercially available
aerosolized silver nanoparticles on human alveolar epithelial
cells exposed at the ALI. Additionally, a novel approach is
used to expose cells to particles within a narrow range of
diameters, allowing for the �rst ever measurement of size-
dependent toxicity free of the effects of aggregation.

2. Methods

2.1. Exposure Chamber Design and Characterization. e
exposure chamber consisted of an electrostatic precipita-
tor (ESP) and collagen-coated Transwells (Corning, 12mm
inserts, 0.4 𝜇𝜇m pore size, 1.12 cm2 growth surface), which
contained the cells.e objectives of the chamber designwere
to (1) direct particles to the cell surface using an electrostatic
�eld, (2) direct air �ow across the top of the Transwells rather
than directly at the cell surface, and (3) allow for multiple
wells to be exposed at once. A schematic of the chamber is
shown in Figure 1.

e chamber is constructed of two aluminum plates
(15.2 cm in diameter, 6.4 cm thick) forming the top and
bottom surfaces and an acrylic pipe (14.6 cm in diameter,
3.5 cm in height) forming the cylindrical wall. Four equally
spaced inlets around the acrylic cylinder allow four wells
to be exposed simultaneously. e inlet air �ows over the
Transwells and exits through an outlet in the center of the
top plate. An electric �eld is generated in the chamber by
connecting the lower plate to a negative high-voltage DC
supply (EMCO,model 4120N) and the upper plate to ground.

e clear acrylic wall insulates the ground electrode from
the high-voltage electrode and also allows visualization of
the wells during an exposure. e Transwells are placed
upside down, and cells are grown on what is now the top
side of the Te�on membrane (typically the bottom side), in
order to minimize the vertical distance that particles must
travel before depositing on the cell surface. is orientation
maximizes deposition efficiency.

Particle deposition on the Te�on membrane (i.e., the
Transwell cell culture surface) was measured with a �uo-
rescein aerosol of a single diameter. e aerosol generation
and single-diameter exposure are described below. A foil
substrate was placed on the membrane to collect deposited
�uorescein particles. Fluorescein was extracted with 0.5mL
of nanopure water, and �uorescence was measured on a plate
reader (Molecular Devices, SpectraMax M2). Approximately
100% of the deposited �uorescein can be recovered with
this method. e deposition efficiency was calculated as
the percentage of mass depositing on the Transwell relative
to the total mass entering the inlet, which was derived
from measurements of particle number concentration by
a condensation particle counter (CPC, TSI model 3025A).
e deposition efficiency for each particle diameter (50, 75,
and 100 nm) was measured in three wells in three separate
experiments, except for 50 nm, which was measured in four
separate experiments. In exposure experiments, the dose
of nanoparticles depositing on the cells was calculated by
applying the deposition efficiency to the inlet aerosol concen-
tration. Although the nanoparticles tested have higher densi-
ties than the �uorescein particles, the deposition efficiencies
are not affected. Particle motion in the vertical direction is
dominated by the balance between the electrostatic force
and the drag force; the inertia of the particle is negligible
compared to these two forces.

2.2. Aerosol Generation and Characterization. Silver
(30–50 nm coated with polyvinyl pyrrolidone, PVP
0.2%wt) and nickel oxide (10–20 nm), as a positive
control, nanoparticles were purchased from a commercial
supplier (NanoAmor, Houston, TX, USA). Nanoparticle
stock suspensions were prepared by dispersing the particles
in sterile nanopure water with a probe sonicator (Misonix,
3000) at a concentration of 0.5mgmL−1. Suspensions were
sonicated on ice at approximately 50W for 5min alternating
with a 5min rest on ice. e process was repeated three times
to optimize between maximizing breakup of the aggregates
and minimizing volume loss to evaporation. e resulting
size distribution in suspension was measured by dynamic
light scattering (DLS,Malvern Zetasizer Nano). A drop of the
suspension was dried on a transmission electron microscope
(TEM) grid, and samples were then analyzed with a TEM
(Philips EM420). Elemental analysis was performed with
a scanning electron microscope (FEI Quanta 600 FEG)
equipped with an energy dispersive X-ray spectrometer
(EDX, Bruker Quantax 400).

Aerosols were generated with a constant output atomizer
(TSI, model 3076), which was cleaned with aqua regia
between runs. e nanoparticle aerosols were dried with a
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F 1: Schematic of the electrostatic precipitator exposure chamber. Aerosol �ow entered through four inlets spaced at 90 degrees around
the chamber wall and exited through an outlet on the upper plate. Cells were grown on upside-down Transwells that were placed immediately
in front of an aerosol inlet.

diffusion dryer, charge neutralized with a Kr85 source (TSI,
model 3012), and mixed with CO2 to a concentration of
5%. e size distribution was measured with a scanning
mobility particle sizer consisting of a differential mobility
analyzer (TSI, model 3081) and the CPC. Aerosol samples for
electronmicroscopy were collected by placing a TEM grid on
a Transwell inside the ESP.

2.3. Cell Culture andAssays. All experimentswere performed
with a human alveolar cell line (A549, Sigma ECACC). is
cell line has frequently been used to assess the toxicity of
nanoparticle suspensions because it is representative of Type
II pneumocytes and is a model for the alveolar epithelium
[38, 39]. is region of the lung is particularly susceptible
to the effects of nanoparticles because it has the largest
deposition fraction for particles in the 10–100 nm size range
and does not have the protective mucus lining found in the
nasal and bronchial regions [40]. Cells were grown in F12
mediumusing Kaighn’smodi�cation (F12K, Invitrogen) with
10% fetal bovine serum (FBS, Invitrogen) and 1% antibi-
otic/antimycotic (Invitrogen). Nickel oxide nanoparticles
were used as a positive control as they have previously been
shown to generate more reactive oxygen species compared
to other nanoparticles and cause a cytotoxic response in the
A549 cell line [38].

Measurements of cellular response were made with sev-
eral assays commonly used to assess response from nanopar-
ticles [24, 38, 41]. Cytotoxicity was assessed with a lactate
dehydrogenase (LDH) assay (kit from Sigma) and methylth-
iazol tetrazolium (MTT) assay (Sigma). Leakage of the LDH
protein is measured as an indicator of a loss of membrane
integrity. e exposure medium was collected aer nanopar-
ticle exposure and centrifuged for 10min at 10,000 rpm to
remove the nanoparticles from the medium. e extracel-
lular LDH concentration in the supernatant was measured
following the manufacturer’s protocol. e metabolic activ-
ity of the cells was measured with an MTT assay. Aer
the postexposure incubation period, cells were incubated
another 1.5 hr with MTT (1mM) in F12K medium. Aer
incubation, the medium was aspirated, the formazan was

solubilized with dimethyl sulfoxide, and the absorbance at
540 nm was measured on a plate reader (SpectraMax M2).
A proin�ammatory response was assessed by measuring
the secretion of the pro-in�ammatory cytokine interleukin
8 (IL-8) with an ELISA assay (kit from Invitrogen). IL-
8 secretion is routinely measured to assess in�ammatory
response to aerosols [41]. e exposure medium was col-
lected and centrifuged for 10min at 10,000 rpm to remove
the nanoparticles. e supernatant was kept frozen at −8∘C
until the assay was performed according to manufacturer’s
instructions.

2.4. ALI Exposure. Cells were plated on collagen-coated
Transwell inserts at a density of 105 # cm−2 following a
protocol modi�ed from �ohla et al. [42]. Brie�y, inserts were
turned upside down, and 0.15mL of cell suspension was
placed on the bottom of the insert. e insert was placed
inside an incubator at 37∘C with 5% CO2 for 3 hr while the
cells attached to the Te�on membrane. e excess medium
was removed, and the inserts were placed with the right
side up in a 12-well plate and grown submerged (1.0mL
medium in the bottom chamber, 0.5mLmedium in the upper
chamber) for two days before the exposure.

In preparation for an ALI exposure, the Transwell inserts
were placed upside down inside sterile glass wells (2.6 cm in
diameter, 2.2 cm deep), 8mL of medium was added to the
well, and 0.1mL of mediumwas placed on top of the insert to
prevent the insert from drying out.e glass wells and inserts
were then placed inside the chamber for the duration of the
aerosol exposure (i.e., dosing period). A second groupofwells
was placed in an identical chamber to serve as the control
group. Each chamber was wiped down with ethanol before
the exposure to maintain sterility.

Two ALI exposure scenarios were used in this study:
whole aerosol (polydisperse) exposure and single-diameter
(monodisperse) exposure. e whole aerosol was drawn into
the ESP chamber with the voltage set at −2.4 kV. In this
arrangement, a neutral charge distribution with both positive
and negative charges was established by passing the aerosol
through the Kr85 source; only the positively charged particles
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deposited on the exposed wells. For the single-diameter
exposure, the nanoparticle aerosol was �rst routed through
the differential mobility analyzer to select positively charged
particles of a single diameter. is monodisperse aerosol was
then drawn into the exposure chamber (kept at −2.4 kV),
where the particles deposited on the wells. For both exposure
scenarios, a control experiment with no particles, attained
by placing a �lter (Pall, Fiber�lm T60A20) upstream of the
chamber, was conducted simultaneously.

e cells were dosed at the ALI for 2 hr with the whole
aerosol or 3 hr with a single-diameter aerosol; the extra hour
was intended to increase the mass deposited. Aer being
dosed, the inserts were returned to a 12-well plate, where
they were incubated submerged in 1.0mL of F12K media
with 10% FBS at 37∘C with 5% CO2 for 24 hr. e media was
then collected to measure LDH and IL-8 concentrations, and
the MTT assay was begun. Each ALI exposure condition was
done once on triplicate wells.

2.5. Suspension Exposure. For comparison with the ALI
technique, cells were also exposed to nanoparticles in liquid
suspensions. Cells were plated in 12-well plates at a density
of 105 # cm−2 and grown for two days before an exposure.
Nanoparticle stock suspensions were generated the previous
day in sterile nanopure water and diluted with F12K medium
with 10% FBS to 10, 25, and 50𝜇𝜇gmL−1 immediately before
the exposure. We estimate that all particles in suspension
deposited in approximately 5 hrs, which results in a deposited
dose of 2.6, 6.6, and 13.2 𝜇𝜇g cm−2 on the cell layer. is dose
range was selected to cover the expected ALI concentration
and to be comparable to concentration ranges used in similar
in vitro studies with silver nanoparticles [24, 43]. Cells were
dosed with the nanoparticle suspension (1mL per well) and
kept in an incubator at 37∘C with 5% CO2 for 24 hr. As
was done with the ALI exposures, a single dose (rather
than repeated dosing) and the 24 hr incubation period were
selected to be comparable to previous studies with silver
nanoparticles [24, 43]. Aer the exposure, the medium was
collected for the LDH assay and for IL-8 measurement,
and the MTT assay was begun. Each suspension exposure
condition was done once on triplicate wells.

2.6. Statistical Analysis. Results are presented as the median
and the 25th and 75th percentiles. Errors were propagated
through the calculated parameters using a bootstrap analysis.
Signi�cance was assessed between exposed and control wells
using a Kruskal-Wallis test. Differences between conditions
were deemed signi�cant for P values less than 0.05.

3. Results

3.1. Particle Deposition. Fluorescein particle deposition on
the Te�on membrane was measured for three diameters of
particles (50, 75, and 100 nm), as shown in Table 1. e
deposition efficiencywas highest for the larger 100 and 75 nm
diameter particles and dropped off for the 50 nm particles.
Over time, charge buildup on the chamber wall tended to
reduce the deposition efficiency for the smaller-diameter

T 1: Deposition efficiency (median and 25th and 75th per-
centiles) of �uorescein particles on the cell culture surface. Efficien-
cies are averaged over three replicate measurements and the three
chamber inlets used for the cell exposures, except for 50 nm diame-
ter particles, which were measured in four replicate experiments.

Diameter (nm) Deposition efficiency (%)
Median (25th, 75th)

50 38.2 (32.5, 63.1)
75 63.3 (53.1, 74.9)
100 63.5 (52.7, 75.5)

particles. To prevent this, we wiped down the chamber with
nanopurewater to remove charged particles that accumulated
on the chamber surface. Deposition efficiencies varied by
<30% between runs and 15–25% between wells at different
locations in the chamber in a single run.

3.2. Nanoparticle Aerosol. Atomizing the suspension of silver
nanoparticles resulted in an aerosol that consisted of particles
with a geometric mean diameter of 37 nm and a volume-
weighted geometric mean diameter of 169 nm (Figure 2).
Electronmicroscopy con�rmed that the aerosol particles had
the same physical characteristics as the silver nanoparticles in
suspension. e particles were approximately spherical with
diameters of ∼50 nm and were composed of silver with a
crystalline diffraction pattern.

A comparison between the volume-weighted size dis-
tribution of a silver nanoparticle suspension and aerosol is
shown in Figure 2.e volume distribution in suspensionwas
dominated by small particles and peaked at approximately
20 nm with a second mode at 68 nm. e larger mode from
the suspension approximately corresponds to the aerosol
distribution; an exact match is not expected due to different
sizing methods. e smaller size mode was not apparent in
the aerosol distribution. is mode was likely composed of
PVP released from the particle surface during sonication, as
no silver particles in this size range were observed under
TEM. Similarly, Foldbjerg et al. [20] attributed a peak at
11 nm aer sonication of the same NanoAmor PVP-coated
silver nanoparticles to free particles composed of PVP.

3.3. Cellular Response to Nanoparticles in Suspension. Expo-
sure to suspensions of nanoparticles was used to gauge the
range of responses of this cell line to the silver and nickel
oxide nanoparticles. Results of three different assays are
presented in Table 2 as a percent of the control group for
comparison of different types of exposure. Silver nanoparticle
suspensions caused a mild cytotoxic and proin�ammatory
response. Cell metabolism as measured by the MTT assay
decreased with increasing dose of silver nanoparticles. e
LDH release in cells exposed to silver nanoparticle suspen-
sions was slightly less than the control value, suggesting that
the silver nanoparticles may have interfered with the assay.
e nickel oxide suspensions, used as a positive control,
also showed a mild dose-dependent cytotoxic response.
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speci�ed range of particle diameters. (b) Transmission electron microscope image of a ∼50 nm silver nanoparticle on a lacey carbon grid
(right).

However, the nickel oxide nanoparticles did not cause a pro-
in�ammatory response and were actually shown to decrease
the release of IL-8 or cause an anti-in�ammatory response.

Particles may interfere with cellular assays and cause false
toxic or false nontoxic responses to be measured [44]. To
check for possible interference of nanoparticles with assay
results, we also performed each assay with a known quantity
of nanoparticles but without cells. Aer the incubation
period, the nanoparticles were removed by centrifugation
(10min at 10,000 rpm). Neither nanoparticle type affected
the MTT assay. However, the silver nanoparticles were found
to inactivate or bind LDH protein and thus prevent its
measurement; similarly, Han et al. [45] observed that silver
nanoparticles in a carbon matrix inactivated LDH protein in
a dose-dependent manner. Silver nanoparticles at a concen-
tration of 10𝜇𝜇gmL−1 reduced the measurable LDH to 42%
of the original concentration, and higher silver nanoparticle
concentrations resulted in a greater percentage of the original
LDH being bound. Because of this dose-dependent removal,
the LDH assay for cells exposed to silver nanoparticles
was considered suspect, although at the low doses applied
at the ALI the LDH assay may not be strongly affected
by the silver nanoparticles. e nickel oxide nanoparticles
did not bind the LDH protein at any concentration tested.
Similarmeasurements with IL-8were performed, and neither
the silver nor the nickel oxide nanoparticles bound sizable
amounts of the IL-8 molecule. Only about 8% of the IL-
8 concentration was adsorbed at the highest nanoparticle
concentration of 100𝜇𝜇gmL−1.

e dose at the ALI was slightly lower than the lowest
dose in suspension when normalized by the cell growth area.
e silver aerosol caused a mild cytotoxic effect observed
by increased LDH release. Conversely the metabolic rate
(MTT) for cells exposed to silver nanoparticleswas increased.
e silver aerosol also resulted in increased IL-8 secretion.
In all cases, the interquartile range was relatively high and
none of the observed effects were statistically signi�cant
compared to the control. In contrast, the nickel oxide aerosol
caused a strong cytotoxic effect with reduction of cellular
metabolism (MTT) and membrane integrity (LDH). Similar
to the suspension exposure, the aerosolized nickel oxide
nanoparticles caused a decrease in IL-8 secretion compared
to the control group.

3.4. Cellular Response by Size. Cells were exposed to particles
of a single-diameter aerosol for 3 hr to achieve doses in the
range of 5 to 26 ng cm−2 (Table 3). e number dose was
calculated from the deposition efficiency measured for each
particle diameter, and the surface area and volume dose
were calculated from the number dose assuming spherical
particle geometry. e dose for each size nanoparticle was
different due to the nonuniform size distribution (Figure 2)
and the particle charging efficiency varied with size before
selection by the DMA. In terms of particle number, the
dose was greatest for the 50 nm particles, followed by the
75 nm particles, and then the 100 nm particles. In terms of
mass and surface area, doses were greatest for the 100 nm
particles and decreased with decreasing diameter. Despite the
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T 2: Cellular response to nanoparticles dosed in suspension and at the ALI (median and 25th and 75th percentiles of three replicate wells
for each condition, except where noted). Doses are presented per unit cell growth area, and responses are presented as percent control (ALI
control is �ltered air) to compare across several different experiments.

Material Exposure Dose
(𝜇𝜇g cm−2)

MTT
(% control)

Median (25th, 75th)

LDH leakage
(% control)

Median (25th, 75th)

IL-8
(% control)

Median (25th, 75th)

Silver

Suspension 2.6 94 (86, 97) 97 (95, 99)a 96 (94, 100)
6.6 88 (83, 94) 95 (94, 98)a 98 (96, 102)
13.2 80 (77, 85)∗ 92 (91, 96)a 112 (105, 122)

ALI 0.7 (0.6, 0.7) 110 (66, 185) 96 (91, 265)a 136 (19, 389)

Nickel oxide

Suspension 2.6 93 (80, 97) 101 (99, 103) —
6.6 88 (76, 91)∗ 105 (102, 106) 105 (77, 117)
13.2 83 (79, 86)∗ 107 (106, 109)∗ 87 (58, 89)

ALI 2.1 (1.8, 2.2) 32 (14,76) 180 (160,324)∗ 15 (14, 44)∗
∗Statistically signi�cant at a 𝑃𝑃 value of 0.05. a�alues may be arti�cially low as silver nanoparticles were found to prevent the measurement of LDH protein.

T 3: Number, surface area, and mass dose (median and 25th and 75th percentiles) of silver nanoparticles applied to cells as a function of
diameter.

Diameter (nm)
Number

(# × 106 cm−2)
Median (25th, 75th)

Surface Area
(mm2 cm−2)

Median (25th, 75th)

Mass
(ng cm−2)

Median (25th, 75th)
50 7.6 (4.0, 8.7) 0.06 (0.03, 0.07) 5 (3, 6)
75 5.5 (4.7, 6.5) 0.10 (0.08, 0.12) 13 (11, 15)
100 4.7 (3.9, 5.5) 0.15 (0.12, 0.17) 26 (22, 30)

large variation in the number of 50 nm particles deposited,
the mass was not greatly affected, as these particles have
very little mass. e decreasing number dose and increasing
mass and surface area dose with particle diameter provide an
opportunity to investigate the most appropriate dose metric.

To facilitate visualization of the results in Figure 3, the
response for single-diameter exposures is compared to the
control, and then the difference from 100% is calculated
such that an adverse response is positive (i.e., 100%-percent
control for MTT and percent control-100% for IL-8). e
response is then normalized by number, surface area, and
mass dose to facilitate comparison between exposures to
particles of different diameters with different dose metrics.
Silver nanoparticles of all diameters tested caused a cytotoxic
response, as measured by the MTT assay. e response
normalized by number dose was greatest for the 75 nm
particles and least for the 50 nm and 100 nm diameter
particles. In other words, the same number of 75 nmdiameter
particles caused greater response than either the 50 nm or
100 nm diameter particles. e 100 nm diameter particles
caused the lowest response for themass and surface area dose
metric, suggesting that there may be a size threshold for the
response to silver nanoparticles. None of the particles caused
an in�ammatory response that was statistically different from
that of the control group.

4. Discussion

4.1. Toxicity of Silver Nanoparticles. Characterizing the haz-
ard associated with inhaling silver nanoparticles is urgently

needed because of their widespread prevalence in consumer
products and the high likelihood of their aerosolization dur-
ing product use. e American Conference of Governmental
Industrial Hygienists (ACGIH) has set a threshold limit value
of 0.01mgm−3 for soluble silver and 0.1mgm−3 for insoluble
silver. ese values were determined from epidemiology
studies on workers exposed to silver dust, where few adverse
health effects were observed apart from the development
of argyria [46]. Likewise, rat inhalation exposure studies
found no signi�cant effects below 0.1mgm−3 [15]. In the
current study, silver nanoparticles in suspensions showed
minimal cytotoxicity and only at a high dose of 50 𝜇𝜇gmL−1

(13.2 𝜇𝜇g cm−2). Additionally, when exposed at the ALI, cells
exhibited no signi�cant toxicity to any dose (from 0.005 to
0.7 𝜇𝜇g cm−2) of silver nanoparticles of any size. ese doses
are well above the maximum estimated alveolar dose of
0.001 𝜇𝜇g cm−2 for a worker breathing at a rate of 1m3 hr−1
at the ACGIH recommended threshold limit value for silver
of 0.1mgm−3, assuming a fraction depositing in the alveolar
region of 0.3 and an alveolar surface area of 75m2. e ALI
dose is also well above the estimated dose from exposure to
consumer products containing silver nanoparticles. Quadros
and Marr [8] estimated a dose of 75 ng of silver from
the worst case exposure to consumer products containing
nanomaterials, resulting in an alveolar dose of 0.015 pg cm−2,
seven orders of magnitude higher than the dose at the ALI.
Our results suggest, in agreement with the ACGIH threshold
limit value, that a onetime exposure to silver nanoparticles
from consumer products or in the workplace will not cause
adverse effects. We recommend future studies with the ALI
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F 3: Percent response normalized by (a) number, (b) surface area, and (c) mass dose. Percent response for MTT is calculated as 100%-
percent control and for IL-8 as percent control-100% so that an adverse response from each assay is plotted as a positive value and a bene�cial
response is plotted as a negative value, with zero being no change from the control value. Median values are presented with error bars
representing the 25th and 75th percentiles of three replicates for the control and each diameter exposure, except for the 50 nm exposure,
for which only two valid replicates were obtained.

system incorporating repeated exposures, which are more
likely to occur than the single acute dosing that we have used
here and which are common in conventional toxicity testing.

ese results fall within the range of values reported in the
literature for in vitro assessments. Measurements of cytotoxi-
city of silver nanoparticles in mammalian cells have shown
large variability, with concentrations causing 50% viability
reductions (lethal dose 50, LD50) ranging from 0.8 𝜇𝜇gmL−1

in media [47] to 1mgmL−1 [48]. Some of the variabilities
in these results may be due to the different susceptibility
of different cell types to silver nanoparticles. Schrand et
al. [19] observed varying degrees of cytotoxicity from the
same hydrocarbon-coated silver nanoparticles in different
cell lines. Additionally, the different types of particles may

explain some of the variabilities. For example, a suspension
of water-soluble 10 nm silver nanoparticles [49] exhibited
toxicity in the HepG2 cell line at a concentration of about
3.6 𝜇𝜇gmL−1 as opposed to 10 nm polyethylenimine-coated
silver nanoparticles which caused toxicity in HepG2 cells at a
concentration of 1mgmL−1 [48]. One conclusion is that the
particular particle type used in this study, 30–50 nm PVP-
coated silver nanoparticles manufactured by NanoAmor
(Houston, TX, USA), is relatively nontoxic to A549 cells at
the ALI and only mildly toxic at higher doses in suspension.
e size-dependent effects were not conclusive, as no toxic or
in�ammatory response was statistically signi�cant compared
to the control group. However, the data suggested that the
50 nm and 75 nm particles may be more toxic than the
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100 nm particles despite having much lower mass doses than
the larger particles. A recent study also found size-dependent
results; suspensions of 5 nm PVP-coated silver nanoparticles
were toxic at a concentration of 6.25𝜇𝜇gmL−1 while 100 nm
particles showed no toxicity even at the highest dose of
25 𝜇𝜇gmL−1 [50]. Further study is needed to con�rm whether
a size-dependent effect exists for silver nanoparticles.

4.2. ALI Exposure for Nanotoxicity Studies. Although the ALI
exposure method is still in the early developmental stages,
it is much less expensive and easier to perform than animal
testing, while allowing for a controlled exposure with rela-
tively well-characterized nanoparticle doses. While the ALI
exposure is more difficult to carry out than conventional in
vitro suspension exposures because of the added complexity
of generating an aerosol and measuring particle deposition,
it allows for an in vitro exposure to aerosolized particles
in their native state and a more accurate determination of
true cell dose. True cell dose for suspension exposures is
impacted by particle aggregation in the culture medium and
dependent upon particle transport through the medium to
the cell surface. Following the analysis of Teeguarden et al.
[51], assuming spherical monodisperse particles (∼100 nm,
from DLS measurement), we estimate that the majority of
the particles have deposited on the cell surface in ∼5 hr. is
deposition time is comparable to the ALI dosing period of
2-3 hr. Considering the similar dosing periods, the greater
response at the ALI compared to suspension is likely due
to different particle physical/chemical characteristics rather
than to differences in the dosing period. Another potential
artifact of suspension exposures is that the particles may
interfere with cellular response assays. We found that the
silver nanoparticles prevented measurement of the LDH
leakage in a dose-dependent fashion. Because of this interfer-
ence, we suggest that future studies with silver nanoparticles
investigate differentmeasures of cellular response, such as the
tightness of the monolayer, which will not be susceptible to
such particle interferences.

A major limitation to the ALI approach is achieving
adequate mass or number of particles depositing on the cells.
e approach used in this study, like several others reported
in the literature [52–55], relies on an electric �eld to enhance
the deposition efficiency of charged particles onto the cell
layer. It is possible that the charge on the particles may affect
toxicity as gold nanoparticles with differently charged ligands
have been shown to exhibit charge-dependent effects [56].
However, it is unlikely that the one or two extra positive
charges on the silver nanoparticles will have a measurable
impact on the particle toxicity. Another drawback to our
ALI exposure method is the large degree of variation in the
measures from replicate wells. A part of this variation is
due to variation in dose, that is, the well-to-well deposition
efficiencies. Our system achieved greater deposition efficien-
cies than systems relying on gravitational and diffusional
deposition (7% [57]) as well as other systems employing
electrostatic deposition (2% [52], 15–30% [53–55]). Well-
to-well differences in deposition were larger than desired
but similar to those of other systems, which had standard

deviations as high as 30% [52]. We expect that much of the
variation is due to uncertainties in the dose measurement
rather than actual variations of the amount deposited. e
�uorescein aerosol was assumed to be constant in time,
so �uctuations of up to 10% in the aerosol concentration
stemming from instabilities in the aerosol generator and
uncertainty in the CPC measurement added to the uncer-
tainty of the calculated deposition efficiency. An additional
factor contributing to the large variation among cellular
responses was the difficulty of culturing and exposing cells
on the upside-down Transwell. Cells were not always plated
uniformly because the cell suspension did not always spread
evenly across the Transwell bottom. Evidence of this could
be seen in well-to-well variations of the �ltered air control
that were in some cases larger than the variation seen in
the deposition efficiencies. However, using the Transwells in
the upside-down orientation was necessary to avoid losses of
nanoparticles to the Transwell walls and achieve ameasurable
deposition of nanoparticles. We expect that a considerable
amount of the variation could be reduced if a modi�ed Tran-
swell or alternative culturing methods could be developed.

A novel aspect of this work was the ability to restrict
exposure to nanoparticles of a single diameter. Additionally,
with the ALI we were able to determine the particle number
dose for each condition and to compare the results using
different dose metrics. Although surface area has frequently
been used as a metric to explain particle effects [36], number
dose has not been adequately investigated as a dose metric
perhaps because of the difficulty of determining the number
dose with conventional suspension exposures. We were only
able to achieve low mass doses with our system and were
unable to detect a signi�cant cellular response with the
rather innocuous silver nanoparticles. We expect that larger
doses could be achieved with our exposure system by using
a unipolar charger to improve the charging efficiencies of
nanoparticles [58] and using a coarser size selection method
as opposed to a DMA, which selects a very narrow size range
of the aerosol. Additionally, a different aerosolizationmethod
capable of generating higher concentrations of monodisperse
nanoparticles, such as electrospray, might be considered [59].

5. Conclusions

is research has shown the ALI dosing method to be
effective at delivering microgram quantities of nanoparticles
to the cell surface within a few hours. Additionally, the ALI
approach can be used to expose cells to nanoparticles of a
single diameter, albeit at low doses. e silver nanoparticles
used in this study caused minimal cytotoxicity and only
a mild in�ammatory response. ese results are consistent
with the minimal response observed in rat inhalation expo-
sures at lower concentrations [15]. Indications of a size-
dependent response were observed but were not conclusive.
e ALI method shows great promise for investigating the
size dependence of nanoparticle toxicity and should be devel-
oped further because of its physiologically relevant exposure
technique. Future methodological development should focus
on increasing the concentrations of particles of a single
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diameter that can be delivered to the cell surface and reducing
variability in the deposition efficiency.
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