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Abstract: The alveolar epithelium of the lung is by far the most permeable epithelial
barrier of the human body. The risk for adverse effects by inhaled nanoparticles (NPs)
depends on their hazard (negative action on cells and organism) and on exposure
(concentration in the inhaled air and pattern of deposition in the lung). With the
development of advanced in vitro models, not only in vivo, but also cellular studies can be
used for toxicological testing. Advanced in vitro studies use combinations of cells cultured
in the air-liquid interface. These cultures are useful for particle uptake and mechanistic
studies. Whole-body, nose-only, and lung-only exposures of animals could help to determine
retention of NPs in the body. Both approaches also have their limitations; cellular studies
cannot mimic the entire organism and data obtained by inhalation exposure of rodents have
limitations due to differences in the respiratory system from that of humans. Simulation
programs for lung deposition in humans could help to determine the relevance of the
biological findings. Combination of biological data generated in different biological models
and in silico modeling appears suitable for a realistic estimation of potential risks by
inhalation exposure to NPs.
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1. Introduction

Nanoparticles (NPs) are defined as objects measuring <100 nm in one dimension [1]. In pharmacy
and medicine also larger particles (up to 1 um) are included in this definition. NPs improve quality,
lifetime, appearance, storage, etc., of many industrial, consumer, and medical products. As a
consequence of the increased production of NPs, human exposure to unintentionally produced NPs
(air pollution, byproducts during production) and to engineered NPs has increased markedly in the last
decade. NPs can be found in soil, water, food, and air and may be taken up by humans by oral, dermal,
or inhalation route.

Internal and external surfaces of the human body are covered by epithelia to prevent the
uncontrolled penetration of foreign substances. Although all epithelia reside on a basal membrane with
connective tissue beneath, epithelial cells by formation of intercellular junctions, cellular differentiation
(e.g., keratinization) or secretion of mucus represent the main barrier for entry in the body. To enter
systemic circulation, the substances have, in addition, to cross the endothelium of blood vessels located
in the connective tissue. Permeability of the endothelium, in general, is higher than that of the epithelia
covering skin and mucosae. Relevant epithelial barriers are mucus producing bronchial cells in the
conducting airways. In the deep lung, where the air-blood barrier is located, alveolar cells covered by
surfactant regulate the entrance of foreign substance into the body (Figure 1). This barrier, being
only 0.1-0.2 um thick, is the most permeable barrier of the human body.

Figure 1. Barriers for particle uptake by the respiratory system. Surfaces of larger
(conducting) airways are mainly covered by bronchial epithelial cells with cilia (BE) and
mucus (blue) producing goblet cells (GC). In bronchioli, bronchial epithelial cells and
mucus producing cells (Clara cells, C) are found. All epithelial cells reside on a basement
membrane (BM). The air-blood barrier at the alveolus consists of alveolar epithelial cells
type I (AT-I) and surfactant-producing AT-II cells. Alveolar macrophages (M) migrate on
top of the alveolar epithelial cell layer. On the other side of the basement membrane
endothelial cells (EC) of capillaries are located.
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NPs are small enough to reach the deep lung and get in contact with air-blood barrier, while larger
particles (>5 um) are trapped in the upper airways, where the epithelial lining is thicker and cells are
covered with protective mucus (Figure 1, comparison bronchus/bronchiolus/alveolus). Epidemiological
studies showed that exposure of humans to ultrafine particles (<2.5 pm) in the air increased pulmonary
morbidity and mortality (e.g., [2-7]). Lung damage presenting as pulmonary fibrosis and pleural
granuloma formation was reported in several workers 5-13 weeks after exposure to polyacrylate
NPs [8]. Particles were detected in cytoplasm and nucleus of pneumocytes and mesothelial cells.
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Animal studies revealed that NPs at equivalent mass doses cause inflammation and cross the alveolar
barrier in much higher numbers than larger particles [9].

To evaluate health risk to the general population and to workers by inhalation of airborne NPs,
hazard and exposure have to be taken into account. Exposure depends on the concentration of NPs in
the air, to which the individual is exposed, and on the likelihood that these particles will deposit in the
respiratory tract. Particle numbers and particle size distributions are parameters used to quantify NP
exposure in the air. Numerous studies addressed adverse effects of airborne NPs using in vitro and
in vivo systems to compare biological effects of micro- and nanoparticles and identify potential
NP-specific action [10]. Problems with the generation of these exposure data, particularly the lack of
differentiation between background and NPs, have been addressed in several reviews (e.g., [11]). Lack
of sensitivity of the measurement devices and problems in characterization of the NPs, lack of a
systematic approach, harmonization and standardization of measurements, etc., complicate the
evaluation of workers’ exposure to NPs [10].

Particle in the nasal cavity can use two uptake routes. They can cross the respiratory epithelium and
reach the underlying blood vessels. Alternatively, NPs can be adsorbed through the olfactory epithelium,
are transported along the olfactory bulb and reach the brain. A particle deposition model indicated that
about 11% of manganese oxide NPs deposited on the rat olfactory mucosa reached the olfactory
bulb [12]. Similar data were also obtained for translocation of >C NPs in rats and silver-coated gold
NPs in squirrel monkeys [13,14]. The relevance of this uptake route for humans is expected to be
lower because the olfactory mucosa represents 5% of the total nasal mucosa in humans but 50% in
rats. In addition, adult humans in contrast to newborns and to many other mammals (e.g., rodents,
rabbits, horses) are not obligatory nose breathers but nose/oral breathers [15].

Figure 2. Fate of inhaled nanoparticles in conducting airways (bronchial epithelium) and
alveoli. Particles can be either absorbed through the bronchial epithelium and enter
systemic circulation or removed from the bronchial epithelium by mucociliary clearance
(MC) and then absorbed in the gastrointestinal tract (GIT). Absorption pathway: black
arrows; metabolization and excretion: blue arrows.
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Biological effects start once particles get in contact with the respiratory epithelium, where they may
be absorbed and enter systemic circulation or may be subjected to mucociliary clearance (Figure 2).
Mucociliary clearance is the mechanism by which cilia of the bronchial epithelial cells remove
particles trapped in mucus from the airways. The particles are transported towards the oral cavity,
where they can be swallowed and taken up by the oral route. Alternatively, particles may be ingested



Int. J. Mol. Sci. 2014, 15 4798

by macrophages located at the air-blood barrier or be metabolized. The extent, to which these
processes occur, is size-dependent.

Experimental methods to estimate the health risk by inhalation exposure to NPs, therefore, should
address passage through respiratory barriers and effects on different cell populations at this barrier.

While transcellular and paracellular uptake of conventional compounds can be relatively well
predicted from lipophilicity and molecular weight, the physiological behavior of NPs is more variable
due to a higher number of influencing parameters, such as size, aggregation, shape, material, crystallinity,
surface charge, and surface hydrophilicity. The small size allows NPs to reach the periphery of the
lung, where gas exchange takes place. The interaction of NPs with the respiratory system is influenced
by impaction, sedimentation, and diffusion. NPs are able to transmigrate the alveolar epithelium and
enter systemic circulation, as well as connective and lymphatic tissue of the lung. **"Technetium-labeled
carbon NPs translocated to other organs in humans [16], while iridium and carbonaceous NPs showed
only a low degree of translocation [17-19]. Crossing of the air-blood barrier by NPs in animals
(rats and hamster) has been reported in several studies [20,21].

Methods to assess biological hazard of NPs at the air-blood barrier are the focus of this review.
In addition, the combination of biological data with deposition data obtained by computer modeling for
a realistic risk assessment of humans by exposure to inhaled NPs will be addressed.

2. In Vitro Systems
2.1. Cellular Models for NP Exposure

In regulatory screening of drugs, cytotoxicity screening is used as initial step for the identification
of hazard. A hazard is any source of potential damage, harm or adverse health effects on something or
someone under certain conditions. This definition is often used when fixing threshold limit values in
the work place. Regulatory cytotoxicity testing uses adherent cells cultured on plates and exposed to
compounds suspended in medium (Figure 3a). This conventional set-up has some limitations for
testing of respiratory cells, because in their physiological environment these cells are supplied with
nutrients only from the basal side, while the apical pole of the cell faces the air. Therefore, cells should
be cultured in a similar way prior to the exposure. Secondly, instead of using suspensions, NPs should
be applied as aerosol. Deposition in submersed cultures is driven by Brownian diffusion and
agglomeration and, therefore, is greatly different from deposition in the lung [22].

Due to the concern that cell culture systems could not represent the multicellular organism, toxicity
testing was traditionally performed in vivo. With the possibility to use complex and physiologically
relevant in vitro models based on human cells, in vitro testing has gained more popularity. Main
advantages of in vitro testing are lack of concerns regarding cross-species correlation, ethical concerns,
and economic constraints. /n vitro models help in the understanding of toxicity mechanisms, although
still some concerns regarding in vitro to in vivo correlations remain [23].

The lung tissue is composed of 40 different cell types [24] and it is not feasible to establish a single
model containing all these cell types. Therefore, region-specific models have been developed
representing one for the conducting zone of the lung (large airways, bronchioli) and another for the
gas-exchange or respiratory zone (air-blood barrier, alveoli). An additional requirement is that these
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models should present the possibility for aerosol deposition. Refined multi-cellular 3D models, like for
instance the one developed by Mondrinos et al. [25], express many physiological markers of the
human lung, but they are not suitable for toxicity testing of inhaled NPs because they do not allow
exposure to aerosols.

Figure 3. Exposure of alveolar cells in submerged culture and exposed to nanoparticle
suspensions (a), and cultured in air-liquid interface exposed to nanoparticle-loaded
aerosol (b). (a) Alveolar cells (AC) cultured in submersed culture usually do not differentiate
and lack mucus or surfactant. NPs suspended in medium often form aggregates;
(b) (co-culture shown): Alveolar cells cultured on transwells in the air-liquid interface
produce surfactant (blue). NPs in aerosols usually form smaller aggregates than
nanoparticles in suspensions. For further refinement of the model, co-culture with
macrophages (M) on top of the epithelial cells (b) can be used.

In vitro systems representing the respiratory tract should contain mainly respiratory cells and cells
of the immune system. In the alveoli, which can come in contact with NPs, alveolar type (AT)-I cells
form the actual lining while AT-II cells have secretory function (production of surfactant) and serve as
progenitors for the terminally differentiated AT-I cells [26]. AT-II cells also produce a spectrum of
pro-inflammatory cytokines. Macrophages in the alveoli remove particles and pathogens down to a
size of 0.26 pm [27]; smaller particles evade phagocytosis.

Physiological exposure systems for respiratory cells employ transwell cultures. In these cultures
cells are cultured on an insert, which is placed into a culture well. Medium is supplied from the basal
side only and cells can be exposed to an aerosol at the apical part (air-liquid interface, ALI culture,
Figure 3b). Transwell cultures were first used for permeability studies of gastrointestinal cells like
Caco-2 cells and later adapted to other cell types [28]. For respiratory cells, ALI conditions are needed
to induce secretion of mucus in Calu-3 cells [29] and surfactant in A549 cells [30,31]. These layers are
important for particle retention and displacement under in vivo conditions [32]. Exposure of cells
cultured in the ALI in a static diffusion chamber has been used for the assessment of diesel exhaust
particles [33]. This system was later adapted by the same group for testing of dynamic exposure at
airflows of <50 mL/min [34].

Various cells have been used to model the epithelial barrier. Primary cells, which are directly
isolated from the tissue, are not usually preferred because of their limited life span and variations in
their quality. This variability is due to donor variations and quality in the preparation. Immortalized
cells (cell lines) although less well differentiated than primary cells, are most often used for the



Int. J. Mol. Sci. 2014, 15 4800

assessment of general cellular effects (cytotoxicity) and permeation. A549 cells, derived from a human
adenocarcinoma of the lung, are the most often used cell line for toxicity testing [35]. The cells show
properties such as surfactant production and transport like AT-II cells in vivo, secrete cytokines, and
perform phase I and phase II xenobiotic biotransformation similar to lung tissue [36]. Although very
useful for toxicity testing, A549 cells are less suitable to assess permeation as they do not form tight
intercellular junctions. For the assessment of the bronchial barrier, Calu-3, 16HBE140-, and BEAS-2B
cells are used most often. The HPV-E6/E7 and hTERT immortalized bronchial epithelial cell line
NuLi-1 has been more recently employed as model for bronchial epithelial barrier [37]. Permeability
values obtained with Calu-3 and with 16HBE14o0- cells appear to possess a high predictive value for
absorption in lungs for conventional substances [38]. Models for the alveolar barrier use either primary
or immortalized AT-II cells or NCI-H441 cells in mono- or in co-culture. In co-culture models for the
assessment of permeation, cytotoxicity and pro-inflammatory effects, alveolar epithelial cells are
mostly combined with cells of the immune system (macrophages, dendritic cells, mast cells) or with
endothelial cells. Disease-relevant co-culture models (obstructive lung diseases) may also include
fibroblasts. In one system, epithelial cells with macrophages on top are cultured on one side of the
membrane and dendritic cells on the other [39]. The co-culture model developed by Alfaro-Moreno
et al. [40] consists of a (10:2:1) mixture of A549 + THP-1 (monocytes) + HMC-1 (mast cells) cells in
the basal compartment and an insert containing EAhy926 endothelial cells. These cells, thereafter,
were exposed with suspended particles. Most recently, a similar co-culture model, also containing
A549 epithelial cells, HMC-1 mast cells, THP-1 monocytes and EAhy926 endothelial cells, was
characterized and used for aerosol exposure [41]. In this model, the endothelial cells were seeded on
the basal side of the transwell, while A549 + THP-1 and HMC-1 cells were located on the apical side
of the membrane. This way, the construct could be cultured in ALI and exposed to aerosols. Another
co-culture system uses MRC-5 fibroblasts embedded in a collagen matrix on transwell membrane. On
this layer PBMC-derived dendritic cells and, subsequently, epithelial cells were seeded [42]. This
culture was cultured in ALI for an additional seven days but not used for aerosol exposure. Advantages
of co-culture systems are the better representation of the physiological environment and also the
identification of cell-specific differences in NP uptake. Upon exposure of the tetraculture model
consisting of A549 + THP-1 + HMC-1 + endothelial cells, for instance, only THP-1 cells ingested the
50 nm silica particles. Disease-relevant models also include mechanical factors. Epithelial and
endothelial cells cultured on both sides of a chip can be subjected to mechanical stress by changes of
vacuum [43]. Bronchioconstriction can be mimicked by a co-culture in ALI of IMR-90 fibroblasts in
collagen gel covered by normal bronchial epithelial cells in a strain device. In this device, cells are
subjected to cyclic compression for 72 h [44].

For the assessment of permeation of NPs, transwell membranes may pose a significant barrier.
Even in the absence of cells, the passage of polystyrene particles through membranes with pore size
of 0.4 um is considerable hindered [45,46]. Membranes with larger pores, for instance 1 or 3 um,
produce more reliable results for NP permeation. On the other hand, not all cells are able to form
sufficiently tight intercellular junctions on membranes with larger pores. Large cells, for instance MDCK
cells, show similar transepithelial electrical resistance when cultured on membranes with 0.4 pm
diameter or with 3 pm diameter [47].



Int. J. Mol. Sci. 2014, 15 4801

2.2. Commercial in Vitro Co-Cultures

Establishment and maintenance of co-culture systems is laborious and requires standardized
operation protocols, which cannot be realized in all institutions. Therefore, commercial systems are
provided by companies, such as MatTek and Epithelix, for users lacking the resources to establish their
own know-how. These co-culture models are based on bronchial epithelial cells obtained from
hospitals or patients donations and are optimized for specific applications. Cells are well differentiated,
they produce mucus and show beating cilia, and maintain this differentiation over a period of several
months [48]. The cells retain their ability for detoxification and are, therefore, suitable for the assessment
of sensitization, in addition to uptake and transport studies. Since constructs from healthy and from
diseased individuals are available, the influence of toxicants on pre-disposed persons can also be evaluated.

2.3. ALI-Based Exposure Systems

Many groups assessed the effects of environmental NPs (diesel exhaust, smoke) using either
diffusion chambers or more advanced devices in static or dynamic exposure. Set-ups usually use
exposures over 15-60 min, where the aerosol is generated and cells are exposed in a humid atmosphere
at physiological temperature (37 °C) (Figure 4a, Vitrocell system shown). Particle deposition in most
of the systems is driven by sedimentation and diffusion. Only few established systems, including
Electrostatic Aerosol in Vitro Exposure system and CULTEX" (Cultex® Laboratories GmbH, Hannover,
Germany) radial flow system, employ electrostatic precipitation. Voisin chamber [49,50], Minucell
system [51,52], Nano Aerosol Chamber in Vitro Toxicity [53,54], Biological aerosol trigger [55],
Air-Liquid Interface Cell Exposure system [56-58], and Electrostatic Aerosol in Vitro Exposure
system [59,60] were developed by specific researcher groups. Other systems, such as CULTEX® [61,62],
CULTEX" RFS, and VITROCELL® [63], are commercially available. ALI-based exposure systems
have been used for volatile organic compounds, copper NPs, carbon NPs, zinc oxide NPs, gold NPs,
polystyrene NPs, cerium oxide NPs, and laser printer emission particles [33,51,64—66]. Quantification
of the deposed aerosols is essential because aerosols or NPs contained in the aerosol may be retained
by components of the exposure systems.

If accumulation of aerosol over time is not in the focus of interest, cells can be exposed with puffs
of manually generated aerosols in plates (Figure 4b). MicroSprayer” Aerosolizer (Penn-Century Inc.,
Glenside, PA, USA), a device commonly used for oropharyngeal exposure of rodents with NP
suspensions, has been established for the assessment of polystyrene NPs [67]. Dose control upon delivery
by the MicroSprayer® (Penn-Century Inc., Glenside, PA, USA), is better and higher particle
concentrations, independent from the material, can be delivered. For both, conventional substances and
for NPs, delivery of the aerosolized material to the cells ranges between 25%-30% [68]. Multiple
dosing is possible but generally limited by the amount of liquid from the aerosol delivered to the cells.
This limitation could be avoided by the use of Dry Powder Insufflators™ (Penn-Century Inc.,
Glenside, PA, USA), from the same company, which generate aerosols from powders. A problem of
manually generated aerosol could be shear stress generated by high air-flow rates through the sprayer.
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Figure 4. Set-up for aerosol-exposure at the air-liquid interface based on the VitroCell®
(Vitrocell Systems GmbH, Waldkirch, Germany) exposure system (a) and by manually
generated aerosols (MicroSprayer®, b). (a) Cells are cultured on transwells and exposed in
the compartments of the exposure unit, thermo stabilized by a water bath. Airflow generated
by a vacuum pump provides a steady flow of the particle-loaded aerosol, generated in the
particle generator (PARI BOY LC Sprint, PARI GmbH, Starnberg, Germany), over the
cells. Part of the aerosol that passes the glass tube, is collected at the end of the glass tube
and used for particle analysis in the aerosol. Particle deposition on cells is quantified in one
compartment of the exposure unit; (b) Cells cultured on transwells are exposed in a
separate exposure plate to one to three puffs of manually generated aerosol.
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For correlation of biological effects to the applied dose, analysis and quantification of the deposited
amount of NPs is important. Deposition rates have been indicated in different units, mostly as
pg/area/time or as % of the applied dose. Instead of gravitational measurements, quantification of
indicator dyes loaded on the NPs may be used for calculation of deposition. Comparison of deposition
efficacy between different exposure systems is complicated by differences in particle material and
agglomeration kinetics. Deposition of polystyrene particles, for instance is markedly lower than that of
carbon nanotubes [68]. In general, deposition efficacy of ALI exposure systems were reported as 0.03%
for polystyrene particles in the Vitrocell system [68], 2% for carbonaceous NPs in the Minucell
system [52], 9.48% for smoke particles in the CULTEX RFS system [69], and 8.81% for carbon
nanotubes in the Vitrocell system [68]. When electrical charging and precipitation is used, deposition
for polystyrene particles in the NACIVT system increases to 30% [54]. These relatively high deposition
rates are also achieved when the MicroSprayer is used for exposure [68]. In addition to deposition,
analysis should include particle size and chemical analysis.

3. Ex Vivo Systems

Ex vivo systems are relatively rarely used in the study of NPs. This is mainly due to technical
difficulties in preparation and maintenance of isolated lungs. These difficulties, together with the
limited life span of the isolated tissue, may be reasons for the rare application of this approach,
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compared to in vitro and in vivo exposures. Isolated perfused lung models from rats, guinea pigs, and
rabbits have been established [70] where heart, lungs, and trachea are removed from the animal and
placed into an artificial thoracic chamber. Trachea, pulmonary artery, and left atrium are cannulated
and the perfusion medium enters via the pulmonary artery, flows through the pulmonary vasculature,
and exits via a cannula in the left atrium, where samples can be drawn. The lungs are ventilated
through the trachea with warm humidified air containing CO; at negative pressure within the thoracic
chamber. The thorax and the reservoir are kept at a temperature of 37 °C. Viability of the perfused
lung can be maintained for two to three hours at 37 °C but thereafter, edema formation and cell death
starts. When assessed in this ex vivo system, iridium NPs and polystyrene particles in sizes between
20 and 200 nm did not cross the air-blood barrier [71,72]. These findings are in contrast to in vivo data,
where translocation of carbon NPs has been reported [72]. It can be presumed that the absence of
lymph flow, hemodynamic factors and inflammatory cells in explanted lungs may cause the discrepant
effects. Precision-cut lung slices are another type of ex vivo model that can be used for translocation
and toxicity studies. Advantages compared to isolated lung preparations are the longer survival time
(culture is possible for up to three days) and the testing of more samples (about 30 slices can be
prepared from one rat lung) [73]. To prepare these slides, rodent trachea is filled with pre-warmed
agarose-medium solution. After polymerization, sections of 200 um in thickness were obtained from
tissue cylinders. Solid lipid NPs were more cytotoxic in these lung slices than in A549 cells in
conventional culture [74]. Lung slices were more sensitive to cobalt-ferrite NPs than NCI-H441
aleveolar cell but less sensitive than TK-6 lymphoblasts [75]. Although ex vivo models can better
reproduce the complexity of the in vivo situation rather than in vitro models, deterioration of the
explanted tissue and lack of hemodynamics can cause differences between ex vivo and in vivo data.

4. In Vivo Systems

In vivo testing has been initiated for a variety of NPs mainly exposed by the oral and dermal route.
For inhalation, intratracheal instillation was often employed because rodents, the commonly used
species for toxicity testing, are obligatory nose breathers and, therefore, not representative models for
human inhalation exposure. Even when this limitation is accepted, it is financially and technically not
possible to assess all currently known NPs in vivo. According to estimates, comprehensive long-term
testing would cause costs of $1.18 billion and require 34-53 years [76]. Another negative aspect of
animal experiments, obviously, is species difference, regarding kinetics and efficacy. The autophagy
inhibitor 3-methyladenine, which reduced acute lung injury triggered by polyamidoamine dendrimers
in mice, lacks clinical efficacy in humans due to reduced stability [77]. Different sensitivity to
toxicants in rodent and human lungs is often explained by the much higher expression of metabolizing
enzymes (mostly belonging to the CYP superfamily) in rodents’ lungs compared to human lungs [78].

On the other hand, many topics, such as retention of inhaled particles, afford long-term studies and
cannot be performed in vitro. Inhaled NPs (<100 nm) are retained in the body for longer periods; for
instance, 75% of 100 nm carbon NPs were retained for more than 48 h in hamster lungs [79]. Reasons
for the prolonged retention include deep penetration into the mucus or deposition in areas with reduced
lung lining layer. In both cases, interaction with airway cells and likelihood of transmigration is
increased. Surprisingly, not all particles retained in the lungs translocate to lymph nodes or enter the
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systemic circulation [80]. In inhalation studies with dogs, iridium NPs re-appeared on the epithelium,
where macrophage-mediated clearance occurred and 90% of the inhaled NPs were recovered in the
brochioalveolar lavage [81]. The capacity of macrophages to ingest particles is lower for NPs than for
microparticles: 0.1% of TiO, NPs compared to 87% of microparticles were internalized by macrophages
after 24 h [82]. After 24 h only 1.7% of macrophages in BAL contained NPs compared to 12%—15%
with microparticles [83]. It was concluded that at least during the first 24 h NPs could bypass
phagocytosis by macrophages and interact with the epithelial barrier [79].

4.1. Inhalation Exposure Models

Common routes of inhalation exposure are whole-body exposure, nose/head-only exposure or
lung-only exposure (intratracheal instillation/inhalation) ([84], Figure 5). The choice for the exposure
technique is determined by availability of the testing material (whole body exposure needs high
amounts of material), technical expertise of the personnel (intratracheal instillation is technically
demanding), and the duration of the exposure (except for whole body exposure, anesthesia/sedation is
needed, which is not tolerated by the animal for prolonged time periods). Dose-control is best with
intratracheal instillation but this technique can cause local tissue damage and uneven distribution of the
test substance in the lung. Dose per animal can be less well determined in chambers, where animals are
housed together. An overview on the respective advantages and disadvantages is presented in Table 1.
Some studies demonstrate the great impact of the exposure technique on the obtained results. In mice,
inhaled single-walled carbon nanotubes elicited a greater effect than instilled particles [85], while the
opposite was found for titanium dioxide NPs [86]. However, another study obtained similar results for
both exposure techniques [87].

Figure 5. Exposure of rodents to aerosols. (a) nose-only exposure. The restraint (R)
prevents loss of aerosol by leakage around the animal. The small opening at the bottom
allows temperature regulation of the animal through the tail; Intratracheal instillation (b)
and oropharyngeal aspiration (c) uses commercial or self-designed syringes for manual
application of aerosol.
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Table 1. Overview of advantages and disadvantages of in vitro, ex vivo, and in vivo studies.

Method Application

Advantages

Limitations

In vitro techniques

High-throughput testing

Controlled dosing

Exposure of non- differentiated cells

Conventional Easy to perform Non-physiological exposure
exposure Initial screening for No information on permeation
(submersed) short-term effects Efficient use of material No complex (multicellular) response
No long-term exposure
ALI Controlled dosing Non-physiological exposure

(monoculture) + Mechanistic uptake and

Study of differentiated cells

No complex (multicellular) response

Suspension toxicity studies Efficient use of material No long-term exposure
exposure Advanced technology
Mechanistic uptake and . . )
» . Relatively controlled dosing ~ No complex (multicellular) response
ALI toxicity studies

(monoculture) +

Aerosol exposure . .
Permeation studies

Study of differentiated cells

No long-term exposure

Complex exposure system

chamber Efficient use of material Aerosol loss in the exposure system
More com