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Abstract: In light of the increasingly abundant use of engineered nanoparticles
(NPs) and the ongoing exposure to ambient ultrafine particles it is imperative
that the potential for NPs to elicit adverse effects on human health is
understood. In order to determine the potential harm that NPs may exert, many
different in vitro systems have been used. Commonly in vitro nanotoxicology
studies use NP suspensions applied directly to cell cultures. Although the use
of in vitro monoculture systems to assess the effects of NPs on, for example,
the lung is frequently debated, the use of suspension exposures is not realistic
in relation to the exposure of NPs to humans via inhalation; the primary
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exposure route to the human body for NPs. As an alternative to the suspension
(or submerged) exposure method, numerous different exposure systems at the
air-liquid interface have been developed and used in nanotoxicology research,
which mimic the realistic conditions of NP inhalation exposure. In addition,
such air-liquid exposure systems also offer the advantage to determine the
exact dose (or concentration) which is deposited on the cell surface. The aim
of this review is to provide a description of these different exposure systems,
to explain how they recreate realistic inhalation conditions for occupational
and environmental exposure, as well to describe how they may be used to gain
an insight into how NPs may interact with the epithelial airway barrier
following inhalation.
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1. Introduction:

Nanotechnology intends to provide numerous advantages to industrial, technological
and consumer applications (1). The unique physicochemical properties of nanomaterials
however, have raised concerns as to their ability to cause adverse human health effects (2,
3, 4). In order to gain an understanding of the potential adverse effects that may be
associated with exposure to nanomaterials, or nanoparticles (NPs), the field of
nanotoxicology, or nanoscience (5), has significantly grown over the past ten years. This
is notable from the increasing number of studies published investigating the effects of the
NPs on different organs, either in vivo or in vitro, over the past ten years (6). For
example, in the year 2000, 224 original/review papers were published, whilst in year
2010, 4815 original/review papers were published (statistics obtained from
www.sciencedirect.com on 24th September 2010 using the keywords ‘nano’ and ‘health
effects’ in all fields).

The characteristics of NPs are unique (7). Although many characteristics have been
highlighted as driving the potential adverse health effects associated with NP exposure
(8), it has been specifically the size and increased surface area of NPs that has been
concluded as elucidating any such adverse effects observed (9, 10, 11, 12, 7, 4). Due to
the plethora of NPs being produced in various forms (e.g. spherical, fibres, rods, clusters)
or by different processes (e.g. flame-spray synthesis, chemical vapour deposition),
defining the characteristics of a NP has provided the basis for increased discussion and
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governmental initiatives (such as SCHENIR (13, 14) and NanolmpactNet
(www.nanoblog.ch)) to determine exactly how NPs may be defined (15). For the
purposes of this review, a NP is understood to be a nano-object (a material with one, two
or three external dimensions in the nanoscale (1-100nm)) with all three external
dimensions in the nanoscale (16). For further definitions regarding ‘nano’, both
www.iso.org and the webpage of the EU FP7 project NanolmpactNet
(www.nanoblog.ch) are recommended.

The need for the potential for NPs to elicit adverse effects to human health is
paramount (17). The lack however, of any form of useful risk assessment for NPs from
the published literature has raised concerns. In an attempt to rectify these concerns,
numerous factors have been highlighted as essential when performing any study
regarding possible NP toxicity (8). An example of this is the need to include detailed NP
characterisation in the media/buffer used, such as size, zeta potential, chemical
composition and surface chemistry (8). Other aspects of NP toxicology studies that do not
receive as much attention as they should are (i) the use of a realistic concentration, or
dose, and (ii) how this is then applied to the biological system being studied (18). The
aim of this review therefore, is to provide an overview of various different exposure
systems which have been constructed to realistically study the potential adverse effects of
exposure to NPs (via inhalation) in both occupational and environmental settings.

2. Discussion:
2.1. Human Exposure to NPs

Due to the many different forms of NPs being produced and used in a wide variety of
consumer, industrial and technological applications the exposure routes for which
humans may be potentially exposed to NPs are numerous. The specific routes by which
NPs may enter the human body, and potentially elicit adverse effects, are understood to
include inhalation, injection, ingestion and permeation through (diseased) skin (Fig. 1)
(4, 19).

The availability and toxicity of any substance to a biological organism is determined
by both the concentration/dose that the organism is exposed to, as well as the
“toxicokinetics” of the substance. These include the uptake, transport, metabolism and
sequestration to different compartments by the organism, as well as the elimination of the
substance from the biological organism. These parameters are essential, since the
potential toxicity of substances is dependent upon the specific organs or cell types
exposed, which form the substance is in (e.g. bound to serum protein, aggregated,
dissolved, oxidised), as well as the period of time the substance interacts/remains at the
site of primary and secondary exposure.
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Figure 1. Overview of the exposure routes of NPs into the human body and their
subsequent fate (adapted from (4)). In this figure, the epidermis is highlighted to denote
that only the diseased skin is at risk to NPs, and not healthy skin.
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These factors are important to NP toxicology since the realisation that NP localisation
and fate is not only restricted to their portal of entry (Fig. 1). Recently, it has been
reported that NPs can be distributed to organs distal to their site of exposure, so that
potential NP toxicity can occur in any number of secondary targets (i.e. liver/
kidney/brain) (8). Research into the possible secondary toxicity of NPs (i.e. in distal
organs from their original exposure route) is extremely limited and is very much in its
infancy. Despite this, the limited number of studies investigating the effects of NP
translocation to secondary organs have shown that NPs can elicit negative effects to the
liver, brain, GI tract (following inhalation), spleen, reproductive systems and the placenta
(20, 21, 22, 23).

Although it is essential that the concerns regarding NP translocation and secondary
toxicity are investigated, it is imperative that the knowledge gaps associated with the
primary exposure organs (lung/gut/skin/blood) are studied. Currently, research into the
effects of nanomaterial exposure via ingestion is negligible. The understanding of the
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effects of NPs following injection is also limited. Analysis of the effects of nanomaterials
on the skin however, although also being in its infancy, has widely suggested that the
optimal opportunity for uptake by the epidermis is when the outer skin cells are broken,
such as when the skin is sunburned or diseased (24). Tinkle et al. (25) hypothesised that
when broken skin is flexed it is more sensitive to penetration by NPs, such as titanium
dioxide (Ti0,), as it forms a more permeable environment, allowing translocation of the
nanomaterials to the lymph nodes and then subsequently into the blood circulation. In
addition there is ongoing discussion at the moment if certain NPs can penetrate the
epidermis by hair follicles and/or sweat glands (24). Further investigation is necessary in
order to support this hypothesis, as well as to fully understand the interaction of NPs with
both healthy and diseased/injured skin.

Although information relevant to the interaction of NPs with the gut, blood and skin
are relatively unknown, the interaction of NPs with the lung has been well documented
over the past twenty years (7, 26, 27), and is the focus of the present review.

Indeed, exposure to most forms of NPs will initially be via inhalation, especially when
considering occupational exposure, and thus will affect the respiratory system (7). The
exposure of NPs to biological systems of the lung, specifically cell (mono)cultures, has
been a basis for increased discussion recently (28, 29). In most nanotoxicology studies,
particles are applied in suspension (for example, suspended in cell culture medium). If
NPs are to translocate from the lung to secondary target organs (such as the liver or brain)
then it is possible that the interaction between NPs and cells could be relevantly
mimicked via NP suspension exposure to cell cultures (due to the NPs being translocated
within blood). This aspect however, as previously highlighted, requires further, in-depth
analysis to (i) determine if and how NPs are translocated from the lung and (ii) at what
dose/concentration the NPs are translocated in and thus interact with the secondary
organs. In addition, it is paramount that the specific characteristics of the translocated
NPs are determined, as it is also possible that they are no longer in the same format as the
NPs that entered the lung. Therefore, in order to achieve a more advantageous correlation
between the in vitro and the in vivo situation, regarding specific NP-lung interactions,
cells should be cultivated at an air-liquid interface and the particles have to be applied
from the air. In order to study particle-cell interactions in cell culture systems
representing the airway epithelial barrier, it is important to mimic the in vivo interactions
of particles with cells as closely as possible. The particles have to maintain their shape as
well as their chemical and physical properties when they come into contact with the cell
surface to realistically clarify which particle properties contribute to toxic effects. As
highlighted previously, the majority of existing cell culture models used to assess lung
cell-particle interactions use cells immersed in medium, with particles added to the cell
cultures as a suspension in liquid (30, 31, 32, 26, 33). This does not however, reflect the
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physiological condition of lung epithelial cells, which are exposed to air, and separated
from it by only a thin liquid lining layer with a surfactant film at the air-liquid interface
(32, 35, 36). In order to rectify this issue, a number of exposure systems have been
constructed to enable the assessment of various different NP types on lung cell cultures at
the air-liquid interface (28, 37-39).

The following four sections of this review will describe, in detail, as well as
summarise the current research activities of four different exposure systems. It is
pertinent to highlight that each exposure system has been established for and used with in
vitro cell systems, specifically, unless otherwise stated, the 3D triple cell co-culture
model of the epithelial airway barrier as described originally by Rothen-Rutishauser et al.
(40) and subsequently in respect to air-liquid interface exposure by Blank et al. (41, 42).
Although concentrated upon these cell-types and in vitro model, the advantages of all
systems presented below is that they are able to use both in vitro and ex-vivo cell types,
as well as tissue samples.

2.2. An Exposure System to Study the Effects of Occupational Exposure to NPs

As highlighted previously, the advent of nanotechnology has created an almost
exponentially growing market for nanosized materials, which are currently crossing the
border from purely industrial commodities to key ingredients for consumer products (43,
44). In this context therefore, identification and understanding of the potential hazards
related to such NPs is imperative from a human health viewpoint, and specifically an
occupational safety perspective. Since the lung, as already discussed earlier in this
review, is considered as the main portal of entry for NPs into the body, a high risk
(hazard x exposure) potential can be attributed to aerosols (45).

Due to the broad applicability and low cost associated with aerosol technology, it is an
attractive approach for the manufacture of a wide variety of (nano)materials (46). The
production of aersolised NPs however, gives rise to a potentially high level of inhalation
exposure. When NPs are produced via gas phase processes, primary particles are formed
and can be potentially released into the workplace atmosphere during the initial synthesis
stage and subsequently particulate agglomerates can be released during powder recovery
as well as in any further processing or packaging (45). In relation to the concerns of the
potential for NPs to adversely affect human health, the effects of this process therefore,
have a potentially high risk level and demand investigation.

Due to the obvious difficulties in studying the effects from this form of NP production
in workers within an occupational setting, it was imperative that such a scenario could be
realistically reproduced in order to fully understand the potential for NPs to cause adverse
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effects, particularly in the lung (exposure of NPs to the skin is also a concern in an
occupational setting, although this is dependent upon the specific health and safety
precautions taken). Therefore, an exposure system was recently established to mimic the
exposure of NPs in an occupational setting (Fig. 2) (28). This in vitro exposure system
allows the direct exposure of lung cells to airborne NPs, generated in situ by an industrial
gas-phase process, therefore avoiding any modification of the aerosol during transition
from the particle source to the exposure site (28).

A detailed description of this exposure system has already been published (28).
Briefly, the exposure system is installed in a gas tight glove-box apparatus, with a volume
of approximately 2.5m’. The NP aerosol is produced by a pilot scale flame spray
synthesis reactor. In principle, a combustible precursor-solvent mixture is fed through a
capillary into a methane—oxygen supporting flame. Liquid leaving the capillary is
dispersed in oxygen, resulting in a burning spray of about 10cm in height. Flame spray
synthesis is a highly controllable and well understood process and allows the production
compartment of particles composed of almost any metal oxide (such as cerium dioxide
(Ce0,), TiO; and zinc oxide (ZnQO)) or salts. Furthermore, the synthesised particles
appear in a defined, pure, dry state, which avoids co-deposition of the dispersant (e.g.
H,0), and which is immediately apparent upon nebulising the particle suspension(s). The
cell cultures are located ~Im from the flame reactor, thus avoiding any form of thermal
effects. The reactor off gases (which contain NPs) are distributed homogenously in the
glove box via a constantly running ventilator placed 0.2m from the flame. This active
mixing is essential since the characteristic diffusion length of the particles is not
sufficient to disperse them uniformly in the glove box by means of diffusion. Finally, in
order to maintain ideal cell culture conditions within the glove-box, the cultured cells
(currently the system is only established with 6-well plates, however by performing
specific control experiments, it would be possible to use 12- or 24- well plates) are placed
on a heating plate set at 37°C, whilst the humidity of the glove-box atmosphere is
maintained at 70-80 % by using a waterbath. Temperature and humidity are measured in
real time and the aerosol can be characterised (e.g. particle number and size distribution)
online by equipping the box with the appropriate measuring devices (such as a scanning
mobility particle sizer (SMPS) or miniDiSC). In addition, further off-line analysis can be
performed by collecting particles on a filter. The filter can be placed above the flame for
characterisation of a wide variety of parameters (e.g. specific surface area, chemical
composition (purity) and size analysis of the resulting collected nanopowder).

Recent studies performed using this exposure system have shown that altered cellular
responses can be associated with the intracellular accumulation of CeO, NPs in lung cells
in vitro over time (28, 47). CeO, was specifically chosen as it is a representative
industrial particle, due to its wide use as pigment and polishing agents, as well as a fuel
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catalyst (48, 49). Additionally, recent studies have reported that cerium-containing
particles were found in the lungs of workers who were exposed to CeO, aerosols at their
workplaces (50, 51, 52, 53, 54). Therefore, the need to understand the effects of
occupational exposure to this material is essential.

In summary, a novel approach to directly expose air-liquid cultivated lung cells in
vitro to airborne NPs, mimicking occupational exposure parameters has been established.
This experimental setup enables the effects of occupational exposure to NPs to be
investigated thoroughly and subsequently provide essential information for future NP
production. In addition, this exposure system is well controlled as it avoids any
modification of the aerosol during transition from the particle source to the exposure site
and allows dose-controlled deposition of particles to a variety of different in vitro cell
systems.

Figure 2. Schematic drawing of the glove-box exposure system. The red arrow illustrates
the initial flame-synthesis production of the NPs culminating in the exposure to lung cells
in vitro. Adapted from Rothen-Rutishauser et al. (28).
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2.3. An Exposure System to Study the Effects of NPs for use in Nanomedicine

Although it is imperative that the potential occupational exposure of NPs, and the
subsequent effects to workers is assessed, investigation into the possibility that NPs are
inhaled during their application is also of extreme importance. The interest in NPs for
pharmaceutical as well as therapeutic and diagnostic applications (i.e. the field of
nanomedicine) has increased rapidly during the last decade (55). Different NP types with
specific features for drug delivery (56), imaging (57) or therapeutics (58) have been
designed and manufactured. Administration of such NPs is intended to be via inhalation,
injection and ingestion (56). To determine the potential adverse effects and possible
translocation from the primary site of entry of these NPs, different approaches are
required to mimic the in vivo situation. As highlighted previously, in vitro application of
the NPs in suspension, i.e. under submerged cell cell culture conditions, would simulate
the exposure situation in the bloodstream (following injection exposure), but not in the
airways. In order to study the interaction of proposed medical NPs with the lung,under in
vitro conditions, an air-liquid interface cell exposure (ALICE) system has recently been
established (37) for liquid substances including NP suspensions.

The ALICE system (Fig. 3) has previously been described in detail by Lenz et al. (37).
It consists of four main components; i) a 'droplet generator' (nebuliser), that generates a
dense cloud of droplets, ii) an 'exposure chamber', where the cell exposure occurs, iii) an
'airflow flow system with an incubation chamber', which provides temperature and
humidity conditions suitable for cell cultivation and iv) a 'quartz crystal microbalance'
(QCM) for real-time measurement of the cell-delivered NP dose. During an exposure
experiment a dense cloud of micron-sized droplets (mass median diameter 4.4-5.4um)
containing the NPs is generated by a vibrating membrane droplet generator
(investigational eFlow, PARI Pharma GmbH, Munich, Germany). Vibrating membrane
nebulisers exert less shear forces and produce less heat than the more widely used jet
nebulisers or ultrasonic generators, which is essential to maintain the biological integrity
of delicate therapeutic agents, such as biopharmaceuticals (59). The dense cloud of
droplets generated by the eFlow nebulizer is transported at a flow rate of 51/min into the
exposure chamber (20x20x30cm) where it gently deposits (due to gravity) onto the cells
cultured at the air-liquid interface in standard cell culture plates. Droplet deposition
occurs due to single particle sedimentation and an effect known as cloud settling (i.e. the
cloud of droplets moves like a bulk object rather than a collection of individual droplets)
(37). The flow rate is specifically chosen to obtain the most uniform spatial distribution
of the cloud in the exposure chamber resulting in uniform droplet deposition on the cells.
The entire exposure takes about 10 to 15 minutes. Optimal cell culture conditions during
the exposure are maintained by placing the exposure chamber and the nebuliser in a
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thermostated incubation chamber (37°C) and by humidifying the airflow of the exposure
system to 80-95% relative humidity by bubbling the air through a water reservoir (ca.
37°C) (Fig. 3). A filter and a cold trap remove droplets and excess water vapor,
respectively from the closed-loop airflow exiting the exposure chamber, in order to
protect the air pump.

The ALICE is characterised by high spatial uniformity of the droplet deposition
pattern (<2% variability) across the bottom plate of the exposure chamber, where the
cells are located, and by a high droplet deposition efficiency of 57% on the bottom of the
plate in the exposure chamber. Due to limited cell coverage of the bottom plate, this
corresponds to a cell delivery efficiency of about 7% for standard 6-well plates, i.e. 7% of
the NP suspension in the reservoir of the eFlow nebulizer reaches the cells. The exact
(mass) dose delivered to the cells can be monitored with a quartz crystal microbalance
(QCM, Model 200/25, Stanford Research Systems, Sunnyvale, CA, USA) (60), which is
placed on the bottom plate of the exposure chamber. Since QCMs are also sensitive to
viscoelastic effects, the liquid film deposited on the QCM has to be dried by an air
blower after the ALICE exposure has been completed. Surface-specific masses even
below 18ng/cm? can be detected. This corresponds to about 0.03 monolayer of (e.g.) gold
NPs (density = 19g/cm’).

Figure 3. Schematic drawing of the ALICE system. A nebulizer generates a dense cloud
of NP-containing droplets, which is transported into the exposure chamber where the
droplets in a spatially uniform manner deposit spatially uniform onto the pulmonary cells
cultured at the air-liquid interface. Optimum cell culture conditions are maintained by an
isolation box (or incubation chamber) and a closed-loop air flow system with a
humidifier. Accurate measurement of the cell delivered mass dose is obtained with a
quartz crystal microbalance. Adapted from Lenz et al. (37).
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Gold NPs show promising features for biomedical applications in imaging, drug
delivery or biosensing due to their inert characteristics and the ability to coat them with
any biomolecules (61). Due to this, the ALICE system has recently been used to study the
effects of gold NPs on lung cells in vitro. The effects and uptake of 15 nm gold NPs (62)
has been studied in the 3D in vitro alveolar epithelial triple cell co-culture model (40).
Besides effects and uptake, intracellular trafficking of gold NPs has been reported, with a
coating dependent uptake and intracellular transport (63). The coating, polyethylene
glycol (PEG), an agent commonly used to coat NPs intended for biopharmaceutical
applications to enhance biocompatibility (64), was found to lead to reduced cellular NP
uptake and to cause differences in cellular entry mechanisms compared to uncoated gold
NPs. Gold NPs at a size range of 15 nm however were not found to cause significant
oxidative stress or inflammatory reactions at a deposition concentration of 561ng
gold/cm? after 4 hours and 24 hours compared to baseline levels (62).

In addition to these studies, a comparative study investigating the difference in
toxicological cellular response after exposure to 0.3 to 8.5pug/cm® ZnO NPs in the ALICE
system and the submerged (or suspension) exposure method was performed. The type-II
epithelial-like A549 cell-line was exposed to 0.3 to 8.5ug/cm® ZnO NPs. After an
incubation time of 3 hours the cellular effects, specifically oxidative stress and
inflammatory response, following each exposure method were analysed in A549 cells, a
type-1I human epithelial-like cell-line from the lung (37). Interestingly, it was observed
that exposure using the ALICE system elicits a significant different cellular response than
to submerged exposed cultures. Cells exposed in the ALICE system were found to show
increased levels of oxidative stress at exposure concentrations >0.3pug/cm?, as determined
by heme-oxogenase-1 expression (HO-1), when compared to submerged exposures.
Additionally, mitigated pro-inflammatory interleukin (IL)-8 expression was measured
after cell exposures in the ALICE for >2ug/cm’. Differences in cellular uptake were also
analysed in both systems by quantifying the amount of gold NPs entering the cells by
means of stereology (63). It was observed that a significantly decreased number of NPs
were able to interact with the epithelial cells following exposure via the submerged
method. This could possibly be due to diffusional NP losses which occur when using the
suspension method (32), and which do not occur under air-liquid interface exposure
conditions in the ALICE (62). Additionally, an increased agglomeration of plain
(uncoated) gold NPs was observed after submerged exposure, which was also attributed.
to impacting upon the cellular uptake mechanisms and subsequent effects. These findings
are extremely important in relation to understanding and investigating the potential
toxicity of NPs, since they clearly show that the effects observed are strongly dependent
on particle density and size which determine NP sedimentation or diffusion, and therefore
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highlighting the need for realistic exposure methods when studying the effects of NPs in
vitro.

Finally, it is important to note that when establishing the ALICE system, potential
side-effects resulting from its use (i.e. non-NP related effects) have been examined by
analysing cell viability (WST-1 test) after exposure in the ALICE as well as under
submerged conditions to control substances (i.e. 10mM aqueous NaCl (0.9ug/cm? NaCl)
and 10mM tri-sodium citrate dihydrate solution (4.4ug/cm? citrate)) (37). Although the
viability of the cells was initially reduced (87 + 2% relative to submerged cells) there was
no significant difference between exposed and non-exposed cells detected after exposure.
It is therefore very likely that the 18 hours adaptation of the cells to the air-liquid
interface prior to exposure was responsible for the observed effect but not the ALICE
exposure procedure. It is noteworthy that slight reductions of cell viability after transfer
of submerged cells to the air-liquid interface were also reported by other studies (65, 66,
67) Consequently, neither cell handling in the ALICE nor exposure of the cells to salt
solutions impaired cell viability (37).

In summary, the ALICE allows uniform, efficient and dose-controlled deposition of
NP suspensions onto cells at the air-liquid interface. The closed system can be operated
without any prior knowledge in aerosol technology. Also it is a ‘gentle’ technique,
compared to high-speed spray-deposition, where cellular stress may be induced due to
high-speed droplet deposition. Furthermore, the ALICE allows fast, accurate and quasi
real-time measurements of the delivered NP (mass) dose to cells using a QCM. Finally,
by employing ‘slow’ gravimetric sedimentation as a deposition mechanism the ALICE
system realistically simulates in vivo conditions in the alveolar region and hence, in
combination with using the triple-cell culture model, provides a valid alternative to
animal-based research. Furthermore, the system is not only applicable to cells but also to
other types of biological material such as tissue sections or even micro-organisms making
the ALICE a powerful in vitro tool for toxicological studies for a vide variety of
substances.

2.4. An Exposure System to Study the Effects of Exhaust Emissions

Despite the need for increased research upon the potential human exposure of
manufactured NPs, since the concerns attributed to exposure to manufactured NPs are
based upon the knowledge and understanding of NPs contained within air pollution, it is
essential that they are continually assessed (4, 7).

Motorised vehicles can emit air pollution in the form of particulate matter (PM).
Although containing matter of all sizes, it has been PM with a diameter <10pum (PM;y)
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which has been widely studied due to its ability to deposit within the upper respiratory
tract and subsequently elicit adverse health effects in both health and diseased individuals
(68). The composition of exhaust emissions is diverse, containing PMj, as well as
numerous gaseous variables including, for example, nitrogen oxides (NOy), carbon
monoxide (CO), hydrocarbons and other highly toxic gases. These gases and PM10 are
known to elucidate a toxic response towards cells (69, 70, 71, 72) as well as being
associated with the development of severe pulmonary and cardiovascular diseases, such
as chronic obstructive pulmonary disease (73, 74, 75, 76, 77). With an ever-increasing
number of motorised vehicles on the road throughout the world, it is imperative that an
understanding of the potential for exhaust fumes to contribute to PM;, and subsequently
the associated adverse health effects is obtained. In order to identify these aspects and to
distinguish the most ‘toxic’ fractions of exhaust emissions of the many different vehicle
types, and since it is extremely difficult to examine such effects in the lung of humans
and in vivo, a special exposure system which incorporates in vitro lung cell cultures is
imperative.

Constructing a system to study the potential adverse health effects of exhaust emission
exposure is extremely challenging. It is essential that such an exposure system for
exhaust emissions combines a good exhaust characterisation with a realistic exposure
procedure for biological samples. The characterisation of the exhaust emissions has to
include the analysis of both gaseous and particulate compounds. In addition, the realistic
exposure system has to consider different factors, such as the removal and the dilution of
the exhaust emission sample. When performing this, condensing the hot, emitted exhaust
emissions (depending on the vehicle and engine type, this can be in the range of several
hundred degrees Celsius) has to be avoided. It is essential that this is undertaken, as it is
important not to alter the exhaust emission particulate fraction. By using an exhaust
emission dilution of at least 1:10 this issue can be resolved. Realistically however, a
dilution for the air breathed-in by individuals on the street two-to-three meters away from
a driving vehicle would be 1:100 (78). Another factor is the process of particle deposition
upon the cell cultures. During respiration, the flow velocity of the air in the lung is slow
and gas exchange occurs via a process of diffusion (79). Exposure of the exhaust
emissions in relation to cell cultures therefore should also be by diffusion. Upon adding
the cell cultures to the exposure system, it is also necessary to control the conditions
within the exposure system. Prior to exposure of exhaust emissions the cell cultures
require standardised conditions (80% relative humidity, 5% carbon dioxide (CO,) and
37°C). These conditions are also required during the exposure period, when, depending
on the dilution factor, the applied concentration of oxygen (O;) should also be controlled.

Such an exposure system has been constructed and has previously been described by
Muller et al. (38). Briefly the gas flow of the entire system is driven by a vacuum pump
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(Busch, SV 1010 B) at the end of the system (Figs. 4 and 5). The diluted exhaust
emissions are controlled by rotameters (VAF Fluid-Technik GmbH, LVS) at 2 I/min and
are conducted in a perbunan hose BUNALIT (inner diameter of 4mm; Angst+Pfister AG,
Allschwil, Switzerland). In order to reach the necessary conditions for cell culture
analysis, after the exhaust emission dilution, filtered medical CO, (Carbagas, Bern-
Liebefeld, Switzerland) is added to a final concentration of 5+0.2% and the exhaust
emissions are humidified to 80+5% relative humidity by passing through a heated water
bath in selective permeable polypropylene tubes (Accurel PP V8/2 HF, Membrana
GmbH, Wuppertal, Germany). The exhaust sample then enters a heated isolation box
which is controlled at 37 £ 0.5°C and where the two exposure chambers are located (80).
The conditions in the exposure chambers are controlled during the exposure period by
monitoring the temperature and relative humidity, as well as the CO, and CO
concentrations before and after exposure.

Figure 4. Schematic overview of the exhaust emission exposure system. Image adapted
from Muller et al. (38).
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Figure 5. (A) Overview of the exhaust emission exposure system with an example
vehicle (scooter) on the chassis dynamometer (1), the rotating disk diluter (2),
instrumentation for the characterisation of the particulate compounds (3) and the
exposure box (4). (B) The exposure box with the vacuum pump at the end of the system
(5) and the heated water chamber for the humidification (6). (C) Exposure (right) and
reference (left) chambers for the exposure of cell cultures and the condition control
measurement units (7) in the interior of the exposure box. Image adapted from Muller et
al. (38).

During exposure of cell cultures in vitro, the flow of exhaust emissions is highly
defined and follows a special pattern (Fig. 6). In the exposure chamber the diluted
exhaust emission sample passes above the cell culture plates and the exhaust emissions
diffuse onto the cell cultures. At the bottom of the exposure chamber the exhaust
emissions are removed. The pressure difference between before and after the chamber is
also measured. Afterwards the humidity is reduced by using dehydrators (Biihler
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Technologies GmbH, distributed by MBE AG, Wetzikon, AGF-PV-30-S2, PVDF/Glas)
from the exhaust sample, which is filtered prior to being released into the environment.

Figure 6. Flow pattern in the exposure chamber. Continuous lines show exhaust
emissions before the contact with the cell cultures, dotted lines afterwards, twisted arrows
symbolise the diffusional contact of the exhaust with the cell cultures. Image adapted
from Muller et al. (38).

Diluted exhaust emission sample

Vacuum pump

Prior to any cell culture analysis, the system was initially used to characterise scooter
exhaust emissions. The exhaust emissions were sampled with constant volume sampling
(CVY) following international regulations. Various gas compounds such as hydrocarbons,
NOy, CO, CO, and O, were measured. The dilution of the exhaust emissions and the
characterisation of the particulate compounds were performed using a rotating disc
diluter for emissions (Raw Gas Dilution for Aerosols and Gases, Type MD19-2E, Matter
Aerosol Engineering AG, Wohlen, Switzerland). The number of particles and the size
distribution of particles between 10 and 400nm (using a SMPS consisting of a differential
mobility analyser (TSI 3071, model 3081 (long tube)) and a condensation particle counter
(TSI 3025 A, model 3772)) as well as the active surface area of the aerosol particles
(measured with a diffusion charging particle sensor (Matter Engineering, LQ1-DC)) were
determined. When investigating the effects of exhaust emission exposure, a triple cell co-
culture of the human epithelial airway barrier in vitro (40), was exposed for 2 hours to
1:100 diluted exhaust emissions and post-incubated between 0 and 24 hours. In parallel to
the exposure of cell cultures to exhaust emissions, in a second exposure chamber
(identified as ‘reference’ exposures) cell cultures were exposed to filtered ambient air
(ultra low penetration air filter; Pall, Pallflex T60A20 &£ 47 mm), which was treated and
controlled the same way as the exhaust emission, but without the measurement of CO
concentration. In addition, numerous control experiments were also performed. Copper
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transmission electron microscopy grids were placed in the wells of a cell culture plate
then evaluated for the number of deposited exhaust particles on the cell cultures
following exposure to exhaust emissions (38). Investigation into the toxicity of scooter
exhaust emissions is the basis of a number of submitted papers and ongoing projects.

In summary, the exposure system described above and furthermore by Muller et al.
(38), provides a model, flexible and realistic exposure system which can be adjusted
easily to evaluate the potential for exhaust emissions produced from any vehicle type to
cause adverse effects to human health.

2.5. An Exposure System to Study the Effects of Brake-wear Particles

Near and on highly congested and busy streets, road traffic can contribute to between
45-65% of all PM; (81, 82). As previously highlighted, the composition of PMy is
complex and difficult to define, thus it is termed a ‘particle cocktail’, comprising of a
wide variation of particulate materials, including carbon, a complex mixture of metals,
exhaust fumes, endotoxins, wind-blown dusts and a mixture of chemicals ranging from
>2.5um to <100nm in size (83). All of these components are thought to contribute to the
observed adverse effects on human health following exposure to traffic PM;o (84).
Sources of such components include abrasive wear of tyres, road surfaces and brakes of
different types. It has been estimated that brake-wear debris can contribute up to 21% of
total PM;( emissions in Germany (85), a considerable fraction of which is smaller than
100nm in size (86, 87). The size of these brake-wear particles, as for other nano-sized
objects, means that they have the ability to reach the alveoli, the gas exchange units of the
lung (88). Due to their ability to deposit in the alveolar region of the human lungs, it has
been indicated that brake-wear particles can provoke adverse pulmonary effects (89).

Although previous research has focused upon the in vivo (humans)/epidemiological
effects of air-pollution cocktails including brake-wear particles (89), the specific
mechanisms associated with such adverse effects have not been able to be studied.
Therefore, it has been necessary to develop a system that can measure the direct effects of
brake-wear particles, in a realistic manner upon the lung, in vitro.

Here a novel system is presented that was developed to expose in vitro lung cell
cultures directly to freshly generated airborne brake-wear particles (Fig. 7). This system
has recently been described in detail in Perrenoud et al. (39). Briefly, the main unit of this
model system is the ‘exposure box’ (Fig. 7) which can be mounted around the braking
system of many different types of cars.

The exposure box has a volume of 0.2 m® and contains a humidification (providing 40-
50% humidity (39)) (Fig. 8) and heating unit (37°C) which can contain any type of cells
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cultured in a 6-, 12- or 24- well plate. The atmosphere of the exposure box is controlled
via a HEPA-filtered air and cooling system which provides a clean and stable atmosphere
for the cells (Fig. 8).

Prior to cell culture exposure, the vehicle is placed in a ‘jacked’ position (Fig. 7) and
the exposure box is positioned over one free brake (i.e. the wheel is removed from the
car). The wheel is removed from the car as to reduce any interference from particles
released from the car tyre during the act of braking, as well as to enable direct
measurement of brake-wear particles (Fig. 7). The exposure system allows a distance of
Im from the cell culture plate to the brake. Cells are placed in the exposure unit 10
minutes prior to exposure and can be accessed via a glove which is installed in one wall
of the box. Due to this construction cells can only be exposed to the aerosol during the
braking process and apart from that they are covered.

Figure 7. The exposure box (A) with the wide range aerosol sampler (WRAS) (B) for
particle counting, the measuring device for polycyclic aromatic hydrocarbons (PAH)
quantification (C) and the corresp

.

onding data logger (D). Pumps (E) enabled airflow.

3 e
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Figure 8. Shows the air supply and the humidification unit including a High efficiency
particulate air (HEPA) filter (A). For cooling the internal air of the exposure system,

chilled water (B) is pumped through a helix which is located inside the system (C).

The duration, intensity and velocity of exposure, including the speed of the axle and
braking forces are systematically controlled from inside the car. During braking, particles
are collected for subsequent analyses and several parameters can be measured online.
These include measurement of the particle number, surface and mass distribution in
proximity of the cells as performed by a wide range aerosol sampler (WRAS) placed next
to the exposure box. Polycyclic aromatic hydrocarbons (PAH) are also measured online
by an EcoChem PAS 2000. For carbon analysis, brake-wear particles are collected on
quartz filters, which are placed inside the box. After exposure filters are analysed by a
coulometric measurement method (90). The PM’s metal (iron, copper, manganese)
content is determined from PM which is collected on glass micro fibre filters by the
OSHA-method ID-121 (91). For visual analyses of the PM and to quantify deposition,
coated copper grids for transmission electron microscopy (TEM) are placed inside an
empty 6-well cell exposure plate next to the cells during exposure.

To date, experiments performed using this exposure system have used six different
car/brake types and three different braking behaviours (92). The three different braking
behaviours are defined as; (i) "normal deceleration" — a simulation of typical urban
driving behaviour, (ii) "full stop" — a vigorous braking action and (iii) "no stop" — a
control rotation of the brake without deceleration (39). It was observed that for all car
types the "full stop" had a significantly higher particle number concentration than the
"normal deceleration", whereas the "normal deceleration" showed only marginally higher
particle number concentration compared to the control "no stop". For all braking
behaviours on all car types a significant number of brake-wear particles in the nanometre
range (1-100nm) was measured. Even though particle size distributions varied between
different cars and braking behaviours, a peak at about 100nm and another at 300 to
400nm were measured from each car type and breaking behaviour. Analyses of the metal
compounds released during “full stop” braking showed that iron was measured in the
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highest concentrations (up to 6000ug/m’) followed by copper (up to 1000pg/m’®) and
manganese (up to 50pug/m’).

Investigation into the adverse effects of brake-wear particles in vitro using this system
however, have only evaluated one car/brake type (93). In this study A549 lung epithelial
cells were exposed at the air-liquid interface and cellular responses to the brake-wear
particles were assessed by measurement of lactate dehydrogenase (LDH). In addition
both reactive oxygen species (ROS) and the release of the pro-inflammatory mediator IL-
8 were also measured since it is known from earlier studies that exposure to PM;, can
cause adverse health effects via oxidative stress and inflammatory pathways (84). No
significant increase (p>0.05) of extracellular LDH was measured indicating no physical
damage to epithelial cell membranes following exposure to brake-wear particles (longest
exposure with most particles was for 26 minutes with a total deposition of 1.07*107.cm*
for the “full stop” with 8 repetitions) (93). A tendency, although not significant, for ROS
levels to increased was observed however, as assessed by fluorescent microscopy and
signal quantification. IL-8 stimulation from A549 cells was found to be higher following
the "full stop" braking behaviour compared to the negative control and other braking
behaviours.

In addition to biochemical analysis, laser scanning microscopy of the tight junction
protein occludin revealed structural alterations in brake-wear exposed cells. In control
cells occludin was localised at the cell borders and also some staining was seen in the
cytoplasm, whereas in cells exposed to the "full stop" braking behaviour the staining at
the cell borders was reduced. Signal quantifications of the tight-junction protein
occluding further showed a tendency for a decrease after exposure to the “full stop”
braking behaviour. Interestingly the decrease of occludin was significantly correlated
with an increase of all measured metal (iron, copper and manganese) concentrations.
Subsequent statistical analysis showed an additional negative correlation between the
amount of occludin and ROS concentration, suggesting that the metal particles produced
during the braking process damage tight junctions via an oxidative stress mechanism. It
was concluded therefore, by the study by Gasser et al. (93) that brake-wear particles can
significantly impair the airway epithelium in vitro.

By the use of this exposure system it was possible for the first time to investigate
directly the acute effects of brake-wear particles in vitro. By simultaneously monitoring
numerous parameters it was possible to relate the effects to the characteristics of the
brake-wear particles. Additionally, by using this system it is possible to expose cell
cultures to freshly produced brake—wear particles. As a consequence particles are unable
to undergo the same transformation processes (agglomeration, aggregation, reactions
with the surrounding fluid) as they would if they were collected and applied via the
suspension culture method. Another advantage, specific to the study of Gasser et al. (93)
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is that the A549 epithelial cells used, when cultured at the air-liquid interface, express
tight junctions and produce surfactant (41, 94), which realistically reflects the
physiological conditions of an inhalation exposure. Furthermore, the distance of the cell
cultures from the source of the brake-wear particle source enables a particle dilution and
therefore creates realistic particle concentrations. Due to this setting and by the support of
the cooling system, the heat by the braking process has no direct influence on the cell
cultures. Although parameters like the temperature, humidity and background air purity
can be kept stable, the system can be quickly adapted to new conditions. Possibilities for
future experiments are the use of other cell models such as the triple cell co-culture
model of the epithelial airway barrier (40) or the use of alterative car/brake types. With
the numerous ports at the rear side of the box, measuring devices can also be adjusted
quickly and new parameters can be investigated.

In summary, an exposure system has been established which allows the exposure of
lung cells to brake-wear particles whilst simultaneously performing in-depth
characterisation of the brake-wear particles emitted from different car types and braking
behaviours. By using this model exposure system it has been possible to gain a better
understanding of the relationship between the characteristics of brake-wear particles and
their subsequent effects and behaviour in biological systems. An initial study has been
conducted which presents data highlighting the impairment of the airway epithelium
following exposure to brake-wear particles in vitro. In addition, it also indicates the need
for further, detailed investigations upon the potential for brake-wear particles to affect the
health of the population who live and/or work near to busy and congested roads.

3. Conclusions

Over the past twenty years, increased research has shown that NPs can elicit adverse
cellular responses, as well as contribute to adverse health effects in both healthy and
diseased humans, compared to their larger particle counterparts of the same material and
at the same mass dose (4, 7). Since NPs are intended to be used in a diverse range of
applications, such as cosmetics, sporting equipment and information technology, the
routes of exposure to the human body are numerous (19). Due to the ever increasing
number and variety of NPs being manufactured for such applications, as well as NPs
accidentally released into the environment during their production and use (e.g. release of
NPs from aging and abrasion of car tyres), the need to understand and gain knowledge
relating to their interaction with the human body is essential (1).

Although the number of published studies that investigate the potential adverse effects
related to NP exposure in vitro continues to grow, the specificity and realism attributed to
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such research is limited (18). Examples of which include the lack of realistic
concentrations investigated (i.e. that humans will be exposed to), the specific cell cultures
used to mimic organs of the human body, as well as how NPs are exposed to these in
vitro systems. Although increased research is required to determine the realistic NP
concentrations that humans will be exposed to, advances in in vitro systems for
nanotoxicology testing have occurred. Recent advances include the in vitro 3D triple cell
co-culture of the epithelial airway barrier (40, 94), the quadruple co-culture system by
(95), containing epithelial, endothelial, macrophage and mast cells which mimic a similar
area of the lung, whilst the system published by (96) is a bi-culture of BeWo and human
fibroblast cells, which form an in vitro model of the placenta.

In comparison, advances have also taken place in regards to the realistic exposure of
NPs in vitro. The present review provides an overview of four available exposure systems
that may be used for NP (either manufactured or accidental) inhalation studies in vitro.
Each exposure system is novel, providing a valid and advantageous approach compared
to the NP suspension exposure method, however is based upon the principle of exposing
NPs to in vitro lung cell cultures at the air-liquid interface. In addition to this other
aspects are also highlighted by each exposure system which relate to the realistic
deposition of NPs and subsequent effects in lung cells in vitro. Namely, investigators can
(1) determine the exact dose (concentration) that interacts with the biological system, (ii) expose
NPs to biological systems realistically and (iii) be sure that there are no changes to the surface
properties of the NPs as well as that the NPs will not unrealistically agglomerate/aggregate during
their exposure, which both commonly occur when using the suspension (submerged) exposure
method.

It is important to note however, that the exposure systems described and discussed in
the present review are not completely novel. There are numerous different exposure
systems also available which have been constructed and established to assess the effects
of accidental and manufactured NPs. Predominantly, such exposure systems have
focussed upon the effects of environmental particulate. A summary of these exposure
systems are given in table 1.

Table 1. Overview of exposure systems related to assessing the effects of environmental
particulate and its constituents in vitro and in vivo. Adapted from Muller et al. (38).
Definitions for all abbreviations are contained within the list of abbreviations.
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These exposure systems (table 1) all expose the specific biological systems used to

freshly produced exhaust emissions, although are limited in some aspects, such as the
dilution factor, control conditions (humidity, temperature) and exchange differential
implemented.
The ageing of the exhaust emissions, (which is attended by chemical and physical
changes of the exhaust emissions), is a fact of the situation on the street and in the
natural atmosphere, and therefore should be considered. The exposure system for the
exposure of cell cultures to exhaust emissions (38) provides realistic conditions
concerning the dilution, the conditions for the cell cultures and the contact of the
exhaust emissions with the cell cultures. The dilution of 1:100, as it was used,
represents the situation on the road. The exhaust emissions of a driving vehicle are
diluted about 1:100 in a distance of two-to-three meters to the vehicle (78). The
dilution is not fixed to a ratio of 1:100, but can be adapted to a ratio that is needed.
The conditions in the exposure chamber are controlled at 37°C, 80% relative humidity
and 5% CO, representing the conditions as they are found in the lung. The contact of
the exhaust emissions occurs over diffusion, as it is also the case in the gas exchange
parts of the human airways (79). In comparison to other such exposure systems (Table
1) (97-106), as also highlighted in (38), the control of the conditions, the dilution rate
and the exchange of diffusion processes are more realistic in the exposure system of
Muller et al. (38).

Additional exposure systems also exist in regards to measuring manufactured NPs.
One such system, which to a certain extend ‘bridges the gap’ between environmental
particulate exposure systems and those intended to measure manufactured NPs (i.e.
37) is that of Mulhopt et al. (109). This system, highlighted within the EU FP7 project
‘Nanosafe’ (www.nanopartikle.info), is a portable system which is able to be placed
either in a city, the countryside, a workplace or a laboratory to characterise (e.g.
aerosol concentration and deposited particulate mass (also using a QCM)) as well as
measure the particulate and its constituents on in vitro cultures at the air-liquid
interface. Although this exposure system is described as being ‘portable’, it is a heavy
and complex piece of machinery which takes time to set-up and requires a specialised
technician to operate it. Nonetheless, in comparison to the exposure systems
highlighted in this review (28, 37-39. 97-106), the exposure system described by
Mulhopt et al. (109) is advantageous in assessing the ‘real” airborne particulates in the
atmosphere (or indoor atmosphere; depending upon its location), rather than assuming
specific parameters (e.g. the particle dilution factor) due to its ability to be positioned
in numerous measurement locations.

Whilst the use of the system of Mulhopt et al. (109) is, in theory, possible within an
occupational and laboratory setting, due to its size it is not desirable and therefore,
exposure systems as those highlighted in the present review (28, 37) are the closest
systems currently possible to mimic occupational exposure to manufactured NPs. In
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addition to this, and in comparison to both the systems described by Rothen-
Rutishauser et al. (28) and Lenz et al. (37), based on the previous work of both
Bitterle et al. (110) and Tippe et al. (111) is the exposure system described by Savi et
al. (112). Similar to the system of Lenz et al. (37), Savi et al. (112) produced an
exposure system that enables efficient, reproducible and uniform deposition of NPs
(via a nebuliser) onto in vitro cell cultures at the air-liquid interface. In contrast to the
ALICE system (37), the exposure system of Savi et al. (112) contains a bipolar Kr-85
charger which causes only some of the particles (that pass through this charger prior
to being nebulised over the cell cultures) to carry an electrostatic charge prior to
interaction with the in vitro cell cultures; mimicking the mixture of NP charges as

would be found in the atmosphere.

As highlighted in this review, there are many different forms of exposure systems
that have been established to investigate the interaction of NPs at the air-liquid
interface in vitro. Each is slightly different to the next, in regards to the primary aim
of the exposure system, however all are based upon the same principle as previously
described (110, 111). Although all systems are in their infancy and require further
adaptations and further research, they provide an advantageous basis over the
suspension (submerged) method for understanding the NP-lung interaction. In
addition, it is possible, in theory, for each system, as previously highlighted, to be
used with in vivo model systems. It is important to note however, that none of the
exposure systems highlighted in this review have been used with in vivo systems, and
so fundamental baseline, control measurements (such as cell integrity) are necessary
prior to any in vivo investigations. If in vivo research were to be performed with these
exposure systems, then further adaptations would be required, since there are no
exposure units for animals (although it would be straight forward to use ex-vivo
systems following control measures). If exposure units were to be constructed and
implemented with each exposure system, then the issues of in vivo aerosol research
would still be valid (such as the NPs adhering to the fur of the animals and not being
fully inhaled by the animals). Such issues would therefore require further research and
alteration to the systems. Since however, the exposure systems described in this
review were manufactured to compliment the in vitro model of Rothen-Ruthishauser
et al. (40) and Blank et al. (41, 42), thus contributing to reducing, refining and
replacing animal experimentation, it is not foreseeable that in vivo research would be
performed using these systems. Therefore, in conclusion, via the use of such exposure
systems concomitantly with advanced in vitro cell culture models as well as off-line
biochemical and microscopy analysis (113), it is possible to obtain a clear and defined
understanding of the interaction between NPs and the lung as it occurs in vivo.

Insciences Journal | Nanotechnology
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3D: 3 Dimensional

8 Ox0G: 8-Ox0-2'-deoxyguanosine (8 Oxo0G),

ALICE system: Air-liquid interface cell exposure system
ATP: Adenosine-5'-triphosphate

Cat: Catalase

CeO,: Cerium dioxide

CO: Carbon monoxide

COs: Carbon dioxide

CVS: Constant volume sampling

DE: Diesel engine(

EC: Epithelial cells

ELPI: Electrical low pressure impactor
Gl tract: Gastrointestinal tract

GPx: Glutathione peroxidase
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TNF-o.:
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Reduced glutathione

Glutathione S-transferase
Hydrocarbons

High efficiency particulate air
Heme-oxogenase-1

Interleukin

Lactate dehydrogenase

Saline

Nitrogen monoxide

Nitrogen dioxide

Nitrogen oxides

Nanoparticles

Oxygen

Polycyclic aromatic hydrocarbons
Particle distribution
Post-exposure

Polyethylene glycol

Particulate matter

Particulate matter <10um

Particle number

Particle size distribution

Quartz crystal microbalance
Temperature and humidity regulator
Reactive oxygen species
Scientific Committee on Emerging and Newly Identified Health
Risks

Scanning mobility particle sizer
Sulfur dioxide

Superoxide dismutase
Transmission electron microscopy
Titanium dioxide

Tumour necrosis factor-alpha
Two-stroke injection

Terminal deoxynucleotidyl transferase dUTP nick end labeling
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WRAS: Wide range aerosol sampler

WST-1: Reagent used in specrophotometric assessment of cell

proliferation
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