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The inhaled nanoparticles have attracted more and more attention, since they are more easily to enter the deep part of respiratory
system. Some nanoparticles were reported to cause pulmonary inflammation.The toxicity of nanoparticles depends not only on its
chemical component but also on the quantity and position of the deposition. The deposition of nanoparticles is not uniform and
is influenced by airflow transport. The high deposition mainly occurs at the carinal ridges and the inside walls around the carinal
ridges. Many factors could affect the transport and deposition of nanoparticles, such as particle size, flow rate, structure of airway,
pulmonary function, and age. In this review, we discussed the methods and technique involved in particle transport and deposition
studies. The features of particles deposition could be observed in clinic experiments and animal experiments. The mechanism
of transport could be studied by numerical simulation. Numerical model and experiment study supplement each other. Some
techniques such as medical imaging may support the study of nanoparticles transport and deposition. The knowledge of particles
transport and deposition may be helpful both to defend the toxicity of inhaled particles and to direct inhaled drug delivery.

1. Introduction

More and more attention has been paid to air pollution. The
high concentration of fine particlematter (PM2.5) during the
2013 severe haze of north China has caused public worries
[1, 2]. The most worries are due to the adverse effect of air
pollution on health [3]. It is believed that the most airborne
particles were derived from fossil, biomass, and solid fuels
combustion [4–6]. The traffic exhausts have been verified as
the source of particle matter [7, 8]. The particles emitted by
engines have a high proportion of nanoparticles, thoughmost
of them are in accumulationmode [9]. Epidemiological stud-
ies have confirmed that air pollution makes adverse health
effect, especially the pollutant in nanoscale [10, 11]. Thus,
nowadays most attention paid to airborne pollutants lies in
nanoparticles and ultrafine particles.

Though some studies did not differentiate ultrafine par-
ticles from nanoparticles [12], the different definitions have
also been reported. The particles in nanoscales (<100 nm) in

one dimension could be generally called nanoparticles, while
ultrafine particles are limited to 100 nm in all dimensions [13].
For the purposes of this review, we do not differentiate nano-
particles from ultrafine particles: they are both particles in
nanoscales.

People have great expectation for nanotechnology and
have been trying to apply nanomaterial inmany fields [14, 15].
Thus airborne nanoparticles are unavoidable. For the reason
of small size, nanoparticles may enter the deep part of human
respiratory system with breathing. Pulmonary inflammation
has been reported after inhalation exposure to nanoparticles
[16, 17], so the toxicity of nanoparticles in air should be
considered [18].

Respiratory system is an important pathway for substance
to enter human body besides alimentary canal. Air enters
the trachea through nasal and oral cavities, passing by the
tracheobronchial tree, and arrives at the alveoli, so does
some airborne nanoparticles. The transport and deposition
of particles have great relations with the complicated airway.
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The structures of respiratory system have been described
by Weibel as a bifurcating tubes’ model with 23-generation
bifurcations, and the airways are named as G0–G23 [19, 20].
The airways from G0 to G16 belong to conducting zone,
and the airways from G17 to G23 have the function of gas
exchange.The upper airway, which begins from the nose and
mouth to the trachea (G0), functions not only as the passage-
way but also as a filter to protect the lower airway; however
some small-scale pollutants could still enter the respiratory
system and may cause disease [21–23].

Although many researches have confirmed that the toxi-
city of airborne particles changes along with their composi-
tions [24], the quantity of transport and the position of depo-
sition also have great relations with the toxicity of nanoparti-
cles.This review aims at the toxicity of nanoparticles by inha-
lation with great emphasis on the transport and deposition
of nanoparticles in respiratory system.The research methods
for toxicity of airborne nanoparticles were compared. The
potential application of amedical imaging technique was also
mentioned.

2. The Toxicity of Nanoparticles by Inhalation

Airborne particles especially nanoparticles have been recog-
nized as a potential risk for health. Since airborne nanoparti-
cles enter human body by inhalation, respiratory system has
higher risk exposed to nanoparticles [25]. In the view of epi-
demiology, the increased morbidity and mortality may have
relations with particles in air [23, 26]; for example, fine par-
ticulate pollution is confirmed to be associated with all-
cause, lung cancer and cardiopulmonary mortality [27]. For
their small scale, nanoparticles can enter lower airway, reach
alveoli, and can even pass the alveolar epithelium to intra-
pleural space [28]. Pulmonary inflammation could be caused
when exposed to some nanoparticles [17].

Nanoparticles harm respiratory system mainly by the
injury of epithelium [29], and themost importantmechanism
is the oxidative stress induced by nanoparticles [30, 31]. The
adverse effects happen not only in respiratory system but also
in extrapulmonary organs. Once nanoparticles reach pul-
monary alveoli, some of them may pass through the alveolar
epithelium and capillary endothelial cell and then enter the
cardiovascular system and other internal organs [32]. In the
long term exposure experiment using sensitivemousemodel,
inhaled nickel hydroxide could increase mitochondrial DNA
damage in the aorta and exacerbate the progression of athe-
rosclerosis as well as the inflammation in lung [30].The path-
ological changes in liver have also been reportedwhen inhala-
tion exposed to ferric oxide and zinc oxide nanoparticles [33].

The toxicity of airborne nanoparticles depends on the
chemical component of the nanomaterial. To confirm the tox-
icity of individual nanoparticles, the effect on health of nano-
particles has been studied, respectively. Some nanoparticles
may cause pulmonary inflammation, while some nanoparti-
cles may not. A great deal of metallic oxide and hydroxide
may cause pulmonary inflammation. Nanoparticles of zinc
oxide [34, 35], aluminum oxide [36], copper oxide [37, 38],
cobalt oxide [37], iron oxide [39], cadmium oxide [40], and

nickel hydroxide [30, 41] have been reported to induce pul-
monary inflammation and adverse effects, while no signif-
icant inflammation nor adverse effects have been observed
when exposed to some nanomaterials, such as carbon nano-
particles [41], graphite nano platelets [42], carbon black [42],
and silica [43].

The toxicity of nanoparticles depends not only on the
chemical component, but also on dose, size, and other factors
[13, 17]. For the nanoparticles of the same component, size
and concentration are also crucial [44–46]. More obvious
infection signs have been found in animal experiment after
instillation of smaller size polystyrene particles [45]. The
toxicity of some nanoparticles may also depend on concen-
tration. Inflammatory processes appeared when the exposure
concentration reached 0.5mg/m3 for multiwall carbon nan-
otubes and 10mg/m3 for graphene [42]. Significant inflam-
mation could be observedwhen titaniumdioxidewas inhaled
in high dose, compared with no significant pulmonary
inflammation when it was inhaled in low and medium dose
[47].

The toxicity of particles also depends on the position
where the particles arrive and deposit [48]. Respiratory sys-
tem has complicated bifurcate tree-structure airways which
can be divided into conduction zone and respiratory zone.
In conduction airway the particle matters may stick to the
mucus and be removed with the help of cilia, as well as the
phagocytosis of macrophage [49]. In alveoli, the important
region for gas exchange, there is only macrophage protecting
the body from infection [50]. When particles accumulate in
alveoli, the pulmonary inflammation will be induced [17].
Thus the understanding of how nanoparticles transport and
deposit is as important as the cytotoxic study.

3. The Means to Study Transport and
Deposition of Nanoparticles

As the toxicity of nanoparticles has attracted great attention,
the study of nanoparticles deposition is developing step by
step. Many different methods have been used in particles
deposition study, as shown in Figure 1. The study of particles
transport and deposition could be classified as clinical or
animal experiment studies and computer simulation studies.
Each kind of study method is irreplaceable.They supplement
each other. At first the relations between inhaled particle
pollution and health were detected by epidemiological stud-
ies. At the same time clinical or animal experiment studies
were conducted to understand the particles’ deposition in
respiratory system. Then mathematical models, including
CFDmodel, were established to findmore details of particles’
transport and deposition.

The experiment studies include in vivo experiments and
in vitro experiments. The respiratory tract deposition of par-
ticles could be determined from in vivo experiments during
spontaneous breathing of volunteers, patients, and experi-
mental animals [51–53]. For the reason of ethics, there are
many limitations of in vivo experiments in volunteers and
patients. For volunteers and patients, the total deposition
fractions were derived by comparing the difference between
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Figure 1: The classification of the method to study particles deposi-
tion.

inhaled and exhaled particle concentrations. In animal exper-
iments, the accumulated particles were recovered and asse-
ssed from the excised tissue after sacrifice [54].The lung tissue
could be excised to proceed with pathological examination
[55]. The response of the physiological system, such as
the inflammation caused by inhaled particles [56], could
be also observed during in vivo experiments. For patients
and volunteers, induced sputum after inhalation could be
obtained to analyze inflammation and immune function [52].
The in vivo experiment is good to observe the actual physio-
logical response, but it is not enough to investigate the mech-
anism of transport, deposition, and toxicity of nanoparticles.

In the study of autopsy, the retained particles in human
lung parenchyma could be examined [57], while, to under-
stand how these particles were retained, some designed in
vitro experiments proceeded. In the end of last century, many
particle deposition experiments had been conducted with
replicate human airway cast [15, 58, 59]. Gurman et al. and
Cohen et al. used a replicate cast of human upper tracheo-
bronchial tree to examine the deposition of particles [60, 61].
Some small airways were hard to build cast, so most of the
casts were trimmed to airways with diameter >3mm. In the
study of Cohen et al., the replicate airway cast included 10-
generation airway and retained 141 airways [58]. Most of the
casts were made of silicone rubber [62] and just used to
simulate the transport phenomenon of particles in tube; the
deposition in cell was studied by cell exposure experiment
[63]. The cell exposure experiment could be used to study
the mechanism the toxicity of nanoparticles without cross-
species correlation and ethical concerns, while the results of
in vitro cell exposure experiment were different from those of
in vivo experiment [64] because the cell culture system could
not represent the multicellular organism.

To describe the transport and deposition of nanoparticles
quantitatively, some mathematical models have been estab-
lished based on the results of experiments [65]. Martin and

Finlay used a simple algebraic formulation to predict the total
respiratory tract deposition fraction with an empirical fit to
experiment data [66]. A two-compartment model has been
established to describe the deposition and clearance of par-
ticles in surfactant layer of the alveolar surface and in the cell
plasma of alveolar macrophages [67]. A semiempirical model
has been used to study the particle deposition difference bet-
ween a single breath and multiple breathing cycles [68]. This
kind of mathematicmodel explained the result of experiment
with lumped parameters, instead of providing detailed trans-
port and deposition of local region.

It is difficult to observe and to accurately measure the
local deposition of ultrafine particles in real-time experi-
ment. Computational fluid dynamics (CFD) simulation could
provide the detailed flow mechanics in airway and predict
the deposition of nanoparticles [69]. In CFD studies, the
structure of human airway is the basis for analyzing particle
transport and deposition.The geometricmodel of airway was
divided into tinymeshes; thus the deposition feature could be
compared in very small local regions. The number of meshes
and the time of simulation increase with the complexity of
airway. Thus most of the CFD simulation just focused on
some part of the airway. For example, Zhang andKleinstreuer
studied ultrafine particles deposition and heat transport with
an oral airway model and G0–G3 airway model [70], and
they studied inertial and gravitational deposition of micro-
particles in medium-size bronchial generations G6–G9 [71].
They also attempted to study the deposition in the entire
tracheobronchial airway. Five levels of triple-bifurcation unit
constituted a 16-generation model [72]. The simulation study
was conducted for each triple-bifurcation unit. The respi-
ratory zone of airway was not considered in existing CFD
deposition studies because of the complexity of structure.
Although the CFD technique has been utilized to study in
many fields including the transport of particles in airway, the
reliability of the simulation should be validated by data from
experimental studies.

4. Factors Influence
the Transport and Deposition of Particles in
Respiratory System

The transport of particles with air flow in curved tubes of res-
piratory system can be described by fluid mechanics. In the
study of gas-solid-two-phase flow, Stokes number is used to
describe the behavior of particles in the flow, and Reynolds
number is used to distinguish flow patterns. For low inspi-
ratory flow rate, the transport of particles in airways can be
described as laminar flow with secondary flow, while tur-
bulence appears with the increase of flow rate [73]. Low
Reynolds number 𝐾-𝜔 model for turbulence can be used to
study the transport and deposition of nanoparticles [74, 75].
Though the flow rate is oscillatory in spontaneous breathing,
the flow fields seemed similar to those in steady state inhala-
tion in case of the equivalent Reynolds number [76]. In most
cases, the deposition fraction increases with the increase of
Stokes number [77]. The deposition could also be influenced
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bymany factors, such as size of the particles, inhalationwave-
form, and also the structure of respiratory airway [12, 73, 78].

For the complicated airway structure, the deposition of
particles is not uniform in the total respiratory system. Some
parameters were introduced to describe the total and regional
deposition. The deposition fraction (DF) is the mostly used
not only for deposition in total respiratory system, but also for
that in regional part, which is defined as the ratio of number
of particles depositing to the number of particles entering the
system. The deposition efficiency (DE) is derived as the ratio
of particles depositing within a region to the particles enter-
ing that region. The deposition enhancement factor (DEF) is
defined as the ratio of the number of particles depositing per
unit area in local region to the average number of particles
depositing per unit area in the whole bifurcation [79], which
could indicate the deposition “hot spots” [12]. In the studies
of Gurman et al., the replicate casts of human upper tracheo-
bronchial model were used to examine the deposition ofmic-
roparticles in 0–5 airway generations [60]. The DE of mic-
roparticles in each airway generation was different, especially
between trachea and bronchi. The position-dependent depo-
sition fraction feature also appears for nanoparticles. In the
human tracheobronchial cast deposition experiments, Cohen
showed the different DE of nanoparticles from airway gener-
ation 0 to generation 7 [58]. The DE in trachea (generation
0) was greater than that in main bronchi (generation 1), while
the DF increased from the second generation airway to the
sixth generation airway. In numerical study, the difference of
deposition was also observed in great detail. The deposition
fraction of different parts has been studied such as nasal
cavity, nasopharynx, larynx, and trachea [80].The deposition
fraction in head airway is much higher than that in larynx
and trachea.The local region with high DEF, meaning the hot
spot of deposition, mainly occurs at the carinal ridges and the
inside walls around the carinal ridges [12].

Size of particles plays an important role in particles trans-
port and deposition in respiratory system. The transport of
microparticles mainly depends on inertial impaction and
sedimentation [71], while that of nanoparticles mostly relies
on diffusion [74]. The particles in small scale are easier to
enter the lung. From the analyses of particle content of auto-
psy lungs, it was found that the sizes of the particles and agg-
regates in autopsy lung were obviously smaller than the
average sizes in air, which were mostly in nanoscale [25]. The
placeswhere particles deposit have great relationwith particle
size. For microparticles, the deposition in head airway is
much greater than that in tracheobronchial and alveolar
region. Only when the diameter of particle is less than 10 𝜇m,
the deposition in alveoli became obvious, and the ratio of the
deposition in alveoli to that in total respiratory system increa-
ses remarkably for particles with diameter from 10 𝜇m to
0.5 𝜇m [81]. For nanoparticles, the total deposition and head
airway deposition will increase with the decrease of nanopar-
ticles diameter (from 100 nm to 1 nm) [82, 83]. In alveolar
region and tracheobronchial region, the deposition fractions
of nanoparticles increase firstly and then decrease along with
the decrease of nanoparticle’s diameter, while the deposition
variations in these two regions are not synchronous [84].

The influence of flow rate on particles deposition has
been studied by experiments and numerical simulation. In
deposition experiments formicroparticles and nanoparticles,
it was found that the DE in high flow rate was less than that
in low flow rate [58, 60]. The same results have been received
from computer simulation that the flow rate may influence
the deposition of particles [85]. While in some other meas-
urement experiments, the influence of flow rate is not obvious
[83], which may be because of the differences in the applied
methodologies and the difference of airway model [84].
Besides the flow rate, the influence of inhale waveform has
also been studied. The flow rate, cyclicity, and velocity inlet
profile influence particle deposition to a certain extent [77,
78], while these influences seemed minor compared with
the influence of particle size [12]. Some reports about flow
influences were not coincident, which may be because of
the difference of the airway models. It has been reported for
microparticles, in bronchi, that the DE is greater under cyclic
flow than under constant flow, but the DE in the entire trach-
eobronchial tree showed no observed difference under these
two different means of flow [60].

The transport and deposition of nanoparticles in respi-
ratory system also vary with age, lung function [51, 86, 87].
In volunteer respiratory tract deposition experiments, it was
found that the deposition probability of nanoparticles had
relationswith the lung function and severity of the disease [51,
88]. In simulation study, there was a higher particle deposi-
tion rate for child than that for adults [75, 86].The deposition
variation is due to the difference of airway geometry and
breath parameters. The deposition during exercise is obvi-
ously higher than that in rest, because of the different breath
pattern [89]. The geometry model is also an important factor
to study particles deposition.When considering the laryngeal
model, the DF of microparticles in tracheobronchial airway
increased, while that of nanoparticles in tracheobronchial
decreased [90].

5. Other Techniques Involved in Particle
Transport and Deposition Study

Some other techniques were also involved in the study of
particles transport and deposition, such as medical imaging.
Medical images can not only provide detailed anatomy struc-
ture of airway but also be used to observe the deposition in
vivo. In some early studies, the airway casts were made from
a cadaver [91].With the development of medical imaging, the
geometrical morphology of airway can be picked up from
medical images. CT, MRI, and some other imaging tech-
niques have been used in particles’ transport and deposition
study. Grgic et al. built a realistic extrathoracic model with
simple geometric shape based on CT scan andMRI scan [92].
Then many realistic airway geometric models were constru-
cted by CT scan and MRI scan [75, 80, 93], which make it
possible to realize individual airway deposition CFD analysis.
Togetherwith the development of 3Dprinting technique [94],
detailed individual airway solidmodel for in vitro experiment
will be achievable.

Some molecular imaging techniques, which have been
used to detect nanomedicine distribution, can also be used
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in the deposition study of nanoparticles in respiratory system
[95]. Fluorescent imaging has been used to detect the distri-
bution of aerosols in each lung lobe [96]. The 𝛾-camera has
been used to scan bronchial airway after radiolabeled parti-
cles were inhaled [52]. SPECT and PET have been used to
measure the deposition and postdeposition kinetics of some
aerosol in the lung [97, 98]. Although the developed imaging
technique such as PET can provide three-dimension kinetics
of the tracers’ distribution, up to now the poor spatial resolu-
tion is still the limitation to observing the transport process
in detail.

Besides the knowledge on defense against the toxicity of
nanoparticles, the transport and deposition of nanoparticles
also have another potential application. Medicine in nano-
scale could be inhaled through the tracheobronchial airways
down into the alveolar region [32, 99]. The transport and
deposition study of nanoparticles may also provide useful
information for aerosol drug delivering system.With the assi-
stance of medical imaging, the personalized risk assessment
and individual drug delivery scheme could be achieved in
future.

6. Conclusions

More and more nanoproducts appear together with the con-
cern about the toxicity of nanoparticles by inhalation. Not
only in occupational conditions but also in resident condi-
tions, airborne nanoparticles have been detected, which bring
the risk of toxicity by inhalation. Though strict exposure
limits have been established to protect human body from the
toxicity of airborne nanoparticles [100], knowledge on the
transport and deposition of nanoparticles is also significant.

In this review, the methods for the particles deposition
studies have been classified and listed. The advantages and
disadvantages of each method have been mentioned. The
nonuniform deposition feature of nanoparticles has been
described, and the effect of factors of their transport and dep-
osition has been discussed.The flow rate, respiratory pattern,
and even individual airway structure may influence the par-
ticles deposition. The combination of medical imaging and
other techniques may promote the study of the particle depo-
sition.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by National Nature Science Foun-
dation of China (Grants nos. 81101123, 61108084, 61201313,
61190123, and 11272039), National Key Technology R&D Pro-
gram (2012BAI14B04), Beijing Higher Education Young Elite
Teacher Project, and the Fundamental Research Funds for the
Central Universities of China.

References

[1] L. T. Wang, Z. Wei, J. Yang et al., “The 2013 severe haze over
southern Hebei, China: model evaluation, source apportion-
ment, and policy implications,” Atmospheric Chemistry and
Physics, vol. 14, no. 6, pp. 3151–3173, 2014.

[2] Y. Wang, L. Yao, L. Wang et al., “Mechanism for the formation
of the January 2013 heavy haze pollution episode over central
and eastern China,” Science China Earth Sciences, vol. 57, no. 1,
pp. 14–25, 2014.

[3] Z. Cheng, J. Jiang, O. Fajardo, S. Wang, and J. Hao, “Charac-
teristics and health impacts of particulate matter pollution in
China (2001–2011),” Atmospheric Environment, vol. 65, pp. 186–
194, 2013.

[4] W. Li, C. Wang, H. Wang et al., “Distribution of atmospheric
particulate matter (PM) in rural field, rural village and urban
areas of northern China,” Environmental Pollution, vol. 185, pp.
134–140, 2014.

[5] Y. Sun, G. Zhuang, Y. Wang et al., “The air-borne particulate
pollution in Beijing—concentration, composition, distribution
and sources,” Atmospheric Environment, vol. 38, no. 35, pp.
5991–6004, 2004.

[6] Y. Cheng, G. Engling, K.-B. He et al., “The characteristics of
Beijing aerosol during two distinct episodes: impacts of biomass
burning and fireworks,” Environmental Pollution, vol. 185, pp.
149–157, 2014.

[7] D. B. Kittelson, W. F. Watts, and J. P. Johnson, “Nanoparticle
emissions on Minnesota highways,” Atmospheric Environment,
vol. 38, no. 1, pp. 9–19, 2004.

[8] D. B. Kittelson, W. F. Watts, and J. P. Johnson, “On-road and
laboratory evaluation of combustion aerosols—part1: summary
of diesel engine results,” Journal of Aerosol Science, vol. 37, no. 8,
pp. 913–930, 2006.

[9] D. B. Kittelson, “Engines and nanoparticles: a review,” Journal
of Aerosol Science, vol. 29, no. 5-6, pp. 575–588, 1998.

[10] D. Tang, T. Y. Li, J. C. Chow et al., “Air pollution effects on
fetal and child development: a cohort comparison in China,”
Environmental Pollution, vol. 185, pp. 90–96, 2014.

[11] G. Oberdörster, J. N. Finkelstein, C. Johnston et al., “Acute
pulmonary effects of ultrafine particles in rats and mice,”
Research Report, no. 96, pp. 5–75, 2000.

[12] Z. Zhang and C. Kleinstreuer, “Airflow structures and nano-
particle deposition in a human upper airway model,” Journal of
Computational Physics, vol. 198, no. 1, pp. 178–210, 2004.

[13] V. Stone, H. Johnston, and M. J. D. Clift, “Air pollution,
ultrafine and nanoparticle toxicology: cellular and molecular
interactions,” IEEE Transactions on Nanobioscience, vol. 6, no.
4, pp. 331–340, 2007.

[14] Z. Abdin, M. A. Alim, R. Saidur et al., “Solar energy harvesting
with the application of nanotechnology,” Renewable and Sus-
tainable Energy Reviews, vol. 26, pp. 837–852, 2013.

[15] R. Lehner, X. Wang, S. Marsch, and P. Hunziker, “Intelligent
nanomaterials for medicine: carrier platforms and targeting
strategies in the context of clinical application,” Nanomedicine:
Nanotechnology, Biology, andMedicine, vol. 9, no. 6, pp. 742–757,
2013.

[16] I. Gosens, J. A. Post, L. J. J. de la Fonteyne et al., “Impact of
agglomeration state of nano- and submicron sized gold particles
on pulmonary inflammation,” Particle and Fibre Toxicology, vol.
7, article 37, 2010.



6 Journal of Nanomaterials

[17] H. M. Braakhuis, M. V. D. Z. Park, I. Gosens, W. H. de Jong,
and F. R. Cassee, “Physicochemical characteristics of nanoma-
terials that affect pulmonary inflammation,” Particle and Fibre
Toxicology, vol. 11, no. 1, article 18, 2014.

[18] G. Oberdörster, E. Oberdörster, and J. Oberdörster, “Nan-
otoxicology: an emerging discipline evolving from studies of
ultrafine particles,” Environmental Health Perspectives, vol. 113,
no. 7, pp. 823–839, 2005.

[19] E. R. Weibel, B. Sapoval, and M. Filoche, “Design of peripheral
airways for efficient gas exchange,” Respiratory Physiology &
Neurobiology, vol. 148, no. 1-2, pp. 3–21, 2005.

[20] E. R. Weibel, Morphometry of the Human Lung, Springer, New
York, NY, USA, 1963.

[21] K. R. Smith, J. M. Samet, I. Romieu, and N. Bruce, “Indoor air
pollution in developing countries and acute lower respiratory
infections in children,”Thorax, vol. 55, no. 6, pp. 518–532, 2000.

[22] M. A. Reyna-Carranza, A. P. Moreno-Flores, and R. Lopez-
Avitia, “Acute respiratory infections and its Spearman correla-
tion with meteorological and air pollutants data fromMexicali,
BC, Mexico,” in Proceedings of the Pan American Health Care
Exchange (PAHCE ’10), p. 17, Lima, Peru, March 2010.

[23] M. Lippmann, K. Ito, A. Nadas, and R. T. Burnett, “Association
of particulate matter components with daily mortality and
morbidity in urban populations,” Research Report, no. 95, pp.
5–82, 2000.

[24] B. Brunekreef and S. T. Holgate, “Air pollution and health,”The
Lancet, vol. 360, no. 9341, pp. 1233–1242, 2002.

[25] M. Brauer, C. Avila-Casado, T. I. Fortoul, S. Vedal, B. Stevens,
and A. Churg, “Air pollution and retained particles in the lung,”
Environmental Health Perspectives, vol. 109, no. 10, pp. 1039–
1043, 2001.

[26] A. Ibald-Mulli, H. E. Wichmann, W. Kreyling, and A. Peters,
“Epidemiological evidence on health effects of ultrafine parti-
cles,” Journal of Aerosol Medicine: Deposition, Clearance, and
Effects in the Lung, vol. 15, no. 2, pp. 189–201, 2002.

[27] C. A. Pope III, R. T. Burnett, M. J. Thun et al., “Lung cancer,
cardiopulmonary mortality, and long-term exposure to fine
particulate air pollution,” Journal of the American Medical
Association, vol. 287, no. 9, pp. 1132–1141, 2002.

[28] R. R. Mercer, A. F. Hubbs, J. F. Scabilloni et al., “Distribution
and persistence of pleural penetrations by multi-walled carbon
nanotubes,” Particle and Fibre Toxicology, vol. 7, article 28, 2010.

[29] N. R. Yacobi, H. C. Phuleria, L. Demaio et al., “Nanoparticle
effects on rat alveolar epithelial cell monolayer barrier proper-
ties,” Toxicology in Vitro, vol. 21, no. 8, pp. 1373–1381, 2007.

[30] G. S. Kang, P. A. Gillespie, A. Gunnison, A. L. Moreira,
K.-M. Tchou-Wong, and L.-C. Chen, “Long-term inhalation
exposure to nickel nanoparticles exacerbated atherosclerosis in
a susceptible mouse model,” Environmental Health Perspectives,
vol. 119, no. 2, pp. 176–181, 2011.

[31] W. Lin, Y. Xu, C.-C. Huang et al., “Toxicity of nano- and micro-
sized ZnO particles in human lung epithelial cells,” Journal of
Nanoparticle Research, vol. 11, no. 1, pp. 25–39, 2009.

[32] S. Sultana, R. Ali, S. Talegaonkar, F. J. Ahmad, G. Mittal, and
A. Bhatnagar, “In vivo lung deposition and sub-acute inhalation
toxicity studies of nano-sized alendronate sodiumas an antidote
for inhaled toxic substances in Sprague Dawley rats,” Environ-
mental Toxicology and Pharmacology, vol. 36, no. 2, pp. 636–647,
2013.

[33] L. Wang, L. Wang, W. Ding, and F. Zhang, “Acute toxicity of
ferric oxide and zinc oxide nanoparticles in rats,” Journal of

Nanoscience and Nanotechnology, vol. 10, no. 12, pp. 8617–8624,
2010.

[34] M. Ho, K.-Y. Wu, H.-M. Chein, L.-C. Chen, and T.-J. Cheng,
“Pulmonary toxicity of inhaled nanoscale and fine zinc oxide
particles: mass and surface area as an exposure metric,” Inhala-
tion Toxicology, vol. 23, no. 14, pp. 947–956, 2011.

[35] W.-S. Cho, R. Duffin, S. E. M. Howie et al., “Progressive severe
lung injury by zinc oxide nanoparticles; the role of Zn2+ dis-
solution inside lysosomes,” Particle and Fibre Toxicology, vol. 8,
article 27, 2011.

[36] P. V. Rajsekhar, G. Selvam, A. Goparaju, P. B. Murthy, and
P. N. Reddy, “Pulmonary responses of manufactured ultrafine
aluminumoxide particles upon repeated exposure by inhalation
in rats,” Indian Journal of Forensic Medicine and Toxicology, vol.
7, no. 1, pp. 147–153, 2013.

[37] W.-S. Cho, R. Duffin, F.Thielbeer et al., “Zeta potential and sol-
ubility to toxic ions asmechanisms of lung inflammation caused
by metal/metal oxide nanoparticles,” Toxicological Sciences, vol.
126, no. 2, pp. 469–477, 2012.

[38] W.-S. Cho, R. Duffn, C. A. Poland et al., “Metal oxide nanopar-
ticles induce unique infammatory footprints in the lung:
important implications for nanoparticle testing,”Environmental
Health Perspectives, vol. 118, no. 12, pp. 1699–1706, 2010.

[39] A. Srinivas, P. J. Rao, G. Selvam, A. Goparaju, B. P. Murthy, and
N. P. Reddy, “Oxidative stress and inflammatory responses of
rat following acute inhalation exposure to iron oxide nanoparti-
cles,”Human& Experimental Toxicology, vol. 31, no. 11, pp. 1113–
1131, 2012.

[40] J. L. Blum, L. K. Rosenblum, G. Grunig, M. B. Beasley, J. Q.
Xiong, and J. T. Zelikoff, “Short-term inhalation of cadmium
oxide nanoparticles alters pulmonary dynamics associated with
lung injury, inflammation, and repair in a mouse model,”
Inhalation Toxicology, vol. 26, no. 1, pp. 48–58, 2014.

[41] G. S. Kang, P. A. Gillespie, A. Gunnison, H. Rengifo, J.
Koberstein, and L.-C. Chen, “Comparative pulmonary toxicity
of inhaled nickel nanoparticles; Role of deposited dose and sol-
ubility,” Inhalation Toxicology, vol. 23, no. 2, pp. 95–103, 2011.

[42] L. Ma-Hock, V. Strauss, S. Treumann et al., “Comparative
inhalation toxicity of multi-wall carbon nanotubes, graphene,
graphite nanoplatelets and low surface carbon black,” Particle
and Fibre Toxicology, vol. 10, no. 1, article 23, 2013.

[43] C. M. Sayes, K. L. Reed, K. P. Glover et al., “Changing the dose
metric for inhalation toxicity studies: short-term study in rats
with engineered aerosolized amorphous silica nanoparticles,”
Inhalation Toxicology, vol. 22, no. 4, pp. 348–354, 2010.

[44] M. Lundqvist, J. Stigler, G. Elia, I. Lynch, T. Cedervall, and K. A.
Dawson, “Nanoparticle size and surface properties determine
the protein corona with possible implications for biological
impacts,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 105, no. 38, pp. 14265–14270, 2008.

[45] D. M. Brown, M. R. Wilson, W. MacNee, V. Stone, and K. Don-
aldson, “Size-dependent proinflammatory effects of ultrafine
polystyrene particles: a role for surface area and oxidative stress
in the enhanced activity of ultrafines,” Toxicology and Applied
Pharmacology, vol. 175, no. 3, pp. 191–199, 2001.

[46] T. Stoeger, C. Reinhard, S. Takenaka et al., “Instillation of
six different ultrafine carbon particles indicates a surface area
threshold dose for acute lung inflammation in mice,” Environ-
mental Health Perspectives, vol. 114, no. 3, pp. 328–333, 2006.

[47] W. McKinney, M. Jackson, T. M. Sager et al., “Pulmonary and
cardiovascular responses of rats to inhalation of a commercial



Journal of Nanomaterials 7

antimicrobial spray containing titanium dioxide nanoparticles,”
Inhalation Toxicology, vol. 24, no. 7, pp. 447–457, 2012.

[48] P. Gehr and J. Heyder, Particle-Lung Interactions, Taylor &
Francis, London, UK, 2000.

[49] M. Geiser, “Update on macrophage clearance of inhaled micro-
and nanoparticles,” Journal of Aerosol Medicine and Pulmonary
Drug Delivery, vol. 23, no. 4, pp. 207–217, 2010.

[50] A. Vander, J. Sherman, and D. Luciano,Human Physiology: The
Mechanisms of Body Function, McGraw-Hill, New York, NY,
USA, 8th edition, 2001.
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