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ABSTRACT
The overall goals of this doctoral dissertation were to 1) assess effects of
nanoparticle (NP) exposure on host defense in a murine pulmonary infection
model, 2) evaluate an integrated dynamic in vitro exposure system (DIVES) that
overcomes limitations of submerged exposure systems for NP toxicity testing
and 3) provide information on the rank of NP toxicity and assess the potential of
the DIVES as a screening tool for NP toxicity.
To achieve the first goal, we used Klebsiella pneumoniae (K.p.) in a murine
lung infection model to determine if pulmonary bacterial clearance is enhanced
or impaired by copper (Cu) NP exposure. Cu NP exposure induced strong
inflammatory responses and an impairment in host defense against bacterial
lung infections in both inhalation and instillation exposure studies even though
there was an upregulation of pro‐inflammatory cytokines and recruitment of
neutrophils to the lungs. Thus, Cu NP exposure may lead to increased risk of
pulmonary infection by impairing host defense against bacteria.
In the second study, we integrated the DIVES capable of generating NP
aerosols and depositing NPs directly onto cells grown at the air‐liquid interface
(ALI) to mimic a more realistic in vivo pulmonary exposure to inhaled NPs.
Furthermore, we characterized the efficiency of NP delivery, the distribution of
particle deposition and the effects of exposure conditions in the DIVES on the
viability of A549 cells (human alveolar type‐II‐like cancer cells) as a precursor to
studies of NP toxicity. The DIVES was shown to provide efficient, uniform and
controlled dosing of particles to epithelial cells grown at the ALI. In addition, this
exposure system delivered a continuous airborne‐exposure of NPs to lung cells
without loss of cellular viability.
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Lastly, to assess the DIVES as a means to rank NP toxicity and prioritize
NPs for in vivo testing, we compared in vitro measurements obtained using the
DIVES and the submerged exposure system to in vivo results obtained using a
murine model of lung inflammation. Exposure to Cu NPs induced a significant
increase in cytotoxicity and inflammatory responses compared to Fe NPs at the
ALI in the DIVES. The results of this comparison suggest that air‐delivery of NPs
to lung cells using the DIVES can provide evidence of toxicity at a lower
concentration of NPs compared to responses in the submerged condition. More
importantly, our in vitro results presented in this dissertation are in agreement
with our in vivo findings showing that Cu NPs have a higher propensity for NP
dissolution and this may contribute to the greater toxicity of Cu NPs than Fe NPs.
Thus, the results of these comparisons suggest that the DIVES has a significant
potential for screening NP toxicity and allows for a higher throughput than in
vivo studies.
Overall, we found that exposure of lung cells at the ALI using the DIVES
is preferable to submerged exposure for in vitro NP toxicity testing and provides
useful information on the rank of NP toxicity and prioritization of NPs for in vivo
testing.
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CHAPTER I
INTRODUCTION
Nanotechnology and Nanomaterials
There is ongoing debate about the definition of engineered nanomaterials
(ENMs) for regulation purposes (Maynard 2011; Stamm 2011). Defining
nanotechnology and NMs or nanoparticles (NPs) is not straightforward.
Currently, there is no internationally harmonized definition, even though a wide
range of definitions have been proposed and used by national authorities,
scientific committees and international organizations (Göran Lövestam et al.
2010).
One of the most widely cited definitions is the one proposed by the
National Nanotechnology Initiative (NNI) of the U.S. National Science
Foundation defining nanotechnology as follows: “Nanotechnology is the
understanding and control of matter at dimensions between approximately 1 and 100
nanometers, where unique phenomena enable novel applications. At this level, the
physical, chemical, and biological properties of materials differ in fundamental and
valuable ways from the properties of individual atoms and molecules or bulk matter”
(NNI 2007).
According to the American Society for Testing and Materials (ASTM)
International “nanotechnology is a term referring to a wide range of technologies that
measure, manipulate, or incorporate materials and/or features with at least one
dimension between approximately 1 and 100 nm. Such applications exploit the properties,
distinct from bulk/macroscopic systems, of nanoscale components”(ASTM 2006).
Recently, the British Standard Institute (BSI) defines “nanotechnology is an
application of scientific knowledge to manipulate and control matter in the nanoscale in
order to make use of size‐ and structure⁸dependent properties and phenomena distinct
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from those associated with individual atoms or molecules or with bulk materials” (BSI
2011).
International Organization for Standardization (ISO) and BSI define
nanomaterials as “material with any external dimension in the nanoscale (size range
from approximately 1 nm to 100 nm) or having internal structure or surface structure in
the nanoscale” (BSI 2011; ISO 2010).
According to the ASTM International, a nanoparticle is defined as “a sub‐
classification of ultrafine particle with lengths in two or three dimensions greater than
0.001 micrometer (1 nanometer) and smaller than about 0.1 micrometer (100 nanometers)
and which may or may not exhibit a size‐related intensive property” (ASTM 2006).
There two main important criteria in those definitions even if the words
differ. First of all, materials must have at least one dimension of 100 nm or less
(1‐100 nm). Second, materials at this size scale show unique physicochemical
properties that are not usually seen in their bulk counterparts.
Human Health Implications of Nanoparticles
The rapid growth of nanotechnology and the widespread application of
NMs including electronics, alternative energy, cosmetics and biomedicine as
therapeutic, diagnostic or drug delivery devices promises to have great benefits
for our daily life. At the same time, there are rising concerns that human
exposure to ENMs may lead to significant adverse health effects (Oberdörster et
al. 2005). Potential routes of human exposure to engineered NPs include
inhalation (lung), dermal contact (skin), ingestion (GI tract) or injection for
medical purposes (Stern and McNeil 2007). However, human health effects that
occur when NPs are aerosolized are the most critical concern. Aerosolized NPs
are highly mobile and can enter the human body via inhalation (Oberdörster et al.
2005). Potential inhalation exposure of airborne NPs can occur incidentally or
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accidentally during product manufacturing or packing of NPs (Peters et al. 2008;
Maynard and Aitken 2007; Elder et al. 2009). It can also occur during use or
disposal of products or materials containing NPs.
Metal Nanoparticle Application and Toxicity
Metal NPs have received increasing interest due to their diverse
applications in medicine, consumer products, industry and energy. Silver (Ag)
NPs have found wide use in consumer and medical applications as
antimicrobials. In addition, due to the unique optical scattering properties of Ag
NPs, they are finding use in optical sensing and as in vivo imaging agents.
However, the use of Ag NPs raises concerns over the possibility of contributing
to oxidative stress. A study showed that a size‐dependent toxicity (Ag‐15 nm,
Ag‐30 nm and Ag‐55 nm) was produced by Ag NPs (Carlson et al. 2008). They
found that viability of alveolar macrophage cells was significantly decreased
with increasing dose (10‐75 μg/mL) of Ag‐15 nm and Ag‐30 nm NPs. They
suggested that the cytotoxicity was likely to be mediated through oxidative stress
by increasing reactive oxygen species (ROS) and cytokine (monocyte chemotactic
protein, MCP‐1) levels. In contrast to this in vitro study, our previous study
reported that mice exposed to nano‐Ag (5 nm) showed minimal pulmonary
inflammation or cytotoxicity following sub‐acute exposures (Stebounova et al.
2011a).
Copper (Cu) NPs are now being widely manufactured and are available
commercially to be used in applications such as metal catalysts, heat transfer
fluids, lubricants, electronic and antimicrobial preparation (Wang et al. 2004;
Esteban‐Cubillo et al. 2006). However, Cu NPs have demonstrated severe
toxicological effects. Indeed, a study by our group has reported that Cu NPs
induced inflammatory responses with increased recruitment of neutrophils to
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the lungs as well as increased lactate dehydrogenase (LDH) activity and cytokine
concentration in bronchoalveolar lavage (BAL) fluid (Pettibone et al. 2008a). It
has been reported that Cu‐ and Zn‐based NPs showed the most cytotoxicity
among 24 NPs of similar equivalent spherical diameter on A549 and THP‐1 cell
lines (Lanone et al. 2009). A recent study examined the effects of Cu NPs on
sensory neurons. Cu NPs induced a significant decrease in the viability of cells
and increase in LDH activity with all the sizes tested (Prabhu et al. 2009). They
also showed that Cu NPs of smaller size and higher concentration exerted the
maximum toxic effects.
Nanoparticle Characterization for Toxicity
Assessment
It is well established that NPs show unique properties and behavior that
can be different compared to the corresponding bulk materials of the same
composition. It is very important to understand the physicochemical
characterization of NP in toxicological studies to correctly evaluate their
potential exposure and toxicity and properly compare and integrate the
toxicological data produced from different groups. In addition, specialized
techniques are required to characterize NPs for assessing their toxicity. Thus,
understanding the association between physicochemical properties and
biological responses, requires an integrated and interdisciplinary approach
(Pettibone et al. 2008b).
Characterization in situ was recommended where possible as well as
characterization of the as‐supplied material and as‐administered material
(Maynard et al. 2011). Some ‘as‐received’ properties are provided by the
manufacturer or supplier of NPs; however, properties can change as a function
of transport, handling and environmental conditions, most notably particle size
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distribution and surface properties due to agglomeration, ageing and
environmental exposure. The most conservative approach is to measure these
properties at the point of use before initiating test.
It has been proposed that the following physicochemical material
characteristics potentially affecting NP toxicity should be characterized in studies
(Oberdorster et al. 2005) even if full characterization of NMs would be ideal: size
and size distribution, agglomeration/aggregation state, shape, crystal structure,
surface area, surface chemistry, surface contamination, surface charge, chemical
composition, dissolution and impurity.
Immunological Response of Nanoparticles
Most toxicological studies on nanomaterials have focused on the effects of
nanoparticles that enter the body accidentally (Dobrovolskaia and McNeil 2007).
However, with increasing use of nanoparticles in biomedical applications
targeting the immune system such as cancer therapy, drug delivery, imaging or
diagnostics, it is becoming important to understand the immune response to
these nanoscale products (Dobrovolskaia and McNeil 2007; Dobrovolskaia et al.
2009). Currently, there are a lot of nanotechnology derived pharmaceutical
products that have already been approved for clinical use (Powers 2006), since
the unique properties of NPs make them suitable for biomedical applications. It
is well known that the physicochemical properties (size, shape, charge, solubility)
and surface modification of NPs influence their biocompatibility (Chang 2010).
Nano‐sized particles are able to pass through the blood brain barrier and interact
with proteins in the blood. Protein binding to the NPs is important in
determining the in vivo biodistribution and clearance of nanoscale drug carriers
(Goppert and Muller 2005).
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Research has shown that NPs produce inflammatory
cytokines/chemokines and immune mediators and has demonstrated the key role
of cytokine/chemokines and inflammatory cells to pulmonary inflammation.
Immediately following inhalation exposure of NPs, Cu‐exposed mice showed
increased inflammation compared to sham‐exposed mice indicated by the
number of neutrophils and concentrations of cytokine/chemokines: interleukin
(IL)‐6, IL‐12, granulocyte macrophage colony stimulating factor (GM‐CSF),
keratinocyte chemoattractant (KC), MCP‐1, macrophage inflammatory protein
(MIP)‐1α, and tumor necrosis factor (TNF)‐α (Pettibone et al. 2008a). The most
significant inductions were also observed for GM‐CSF, MCP‐1, MIP‐1α, KC, IL‐5,
and IL‐6 after pharyngeal aspiration of single wall carbon nanotubes (Shvedova
et al. 2008a) . These elevations in these studies were consistent with increased
numbers of BAL macrophages and neutrophils and damage of lung tissues.
Research suggests that nanoscale biological formulations can act as an
adjuvant to enhance the inflammatory and allergic responses. It has been
reported that carbon black enhanced antigen‐related airway inflammation and
immunoglobulin production (Inoue et al. 2005; Inoue et al. 2006). For example,
Inoue et al (2005) investigated the effects of two sizes (14 nm or 56 nm) of carbon
NPs on antigen‐related airway inflammation by intratracheally administrating of
ovalbumin (OVA) and OVA plus NPs in mice. They found that smaller particles
(14 nm) exhibited adjuvant activity for total immunoglobulin (Ig) E and antigen‐
specific IgG and IgE as well as on local expression of pro‐inflammatory cytokines
(IL‐5 and eotaxin).
NPs can also suppress the antigen‐related allergic response by inhibiting
Ig production. Ryan et al (2007) reported that a role of fullerenes (C60) as a
negative regulator of allergic mediator releases that suppress antigen‐driven type
I hypersensitivity. They found that antigen‐sensitized lung mast cells and
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peripheral blood basophils that were pre‐incubated with fullerene nanomaterials
significantly inhibited IgE‐mediated cytoplasmic reactive oxygen species levels
and prevented release of histamine in a mouse model (Ryan et al. 2007).
Conclusively, they suggest a potential therapeutic role of fullerenes in the
treatment of allergic diseases including asthma, inflammatory arthritis and heart
disease.
NPs can stimulate and /or suppress immune responses by interacting with
biological fluid interface. Taken together, it is safe to assume that each
nanomaterial has different effects on allergic responses. Therefore, it is necessary
to assess the immunotoxicity of nanoscale biomedical formulations associated
with their properties.
Host Defense
It is evident that exposure to cigarette smoke and diesel exhaust particles
(DEPs) increase susceptibility to respiratory infections and affect host defenses
(Ciencewicki et al. 2007; Gowdy et al. 2008). The DEPs are found in the size range
classified as fine (0.1‐2.5 μm) and ultrafine (<100 nm) and they deposit along the
respiratory tract and reach alveoli following the same mechanism as NPs.
Research has shown a suppressive effect of smoke and DEPs on inflammation,
mucociliary clearance, and microbial adherence to epithelial surfaces and
immunity. Several mechanisms have been reported for contribution to
impairment of host defense that increases the risk of pulmonary infections
(Marijnissen and Gradoń 2010). Cigarette smoke was found to induce
impairment of host defense with decreased mucociliary clearance, increased
microbial adherence to epithelial surfaces, and decreased production of
antimicrobial molecules (Özlu et al. 2008; Sopori 2002). DEPs induced significant
lung tissue injury and inflammation in the lung with neutrophil recruitment as
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well as increased induction of pro‐inflammatory cytokines such as TNF‐α and
IL‐6 and intercellular adhesion molecule (ICAM)‐1. In addition to lung
inflammation, DEPs decreased host defense molecules such as surfactant protein
A and D as well as Clara cell secretory protein (Ciencewicki et al. 2007; Gowdy et
al. 2008).
Inoue et al (2006) examined the effects of intratracheal instillation
exposure to two different sizes (14 nm or 56 nm) of carbon NPs on lung
inflammation related to lipopolysaccharide (LPS) in mice. They found that NPs
alone induced slight lung inflammation compared with vehicle exposure (PBS
containing 0.05% Tween 80). However, 14‐nm NPs significantly aggravated LPS‐
elicited lung inflammation and pulmonary edema with elevated lung expression
of inflammatory cytokines (IL‐1β, MIP‐1α, MCP‐1, MIP‐2 and KC) compared
with LPS alone group or 14‐nm NP group (Inoue et al. 2006).
In realistic NP exposure environment, exposures to NPs can occur in
conjunction with microbial agents and alter pathophysiologic responses by
impairing macrophage and suppressing immune system. NPs may inhibit
microbial clearance by inducing excessive neutrophil‐mediated inflammation
and oxidative stress (Shvedova et al. 2008a; Shvedova et al. 2010). Impairment of
bacterial host defense can arise from reduced macrophage or neutrophil function
or a reduction in the activity of innate anti‐microbial peptides. However, some
NPs are also known to have anti‐microbial activity in vitro (Ruparelia et al. 2008).
Thus, it is necessary to address if host defense against bacterial infection would
be enhanced or impaired by nanoparticle exposure.
Nanoparticle Toxicity Testing Models
In vitro and in vivo models are both used for testing of lung toxicity of
airborne NPs, but in vitro assays as predictive screens for toxicity assessment of
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NPs in commerce are simpler, faster and more cost‐effective (Kroll et al. 2009;
2007; Invernizzi et al. 2006). In vitro models allow for extensive investigation of
particle‐cell interactions in human lung cells, which may be difficult to conduct
in vivo (Paur et al. 2008). In such models, NPs are conventionally added to the
culture medium in which lung cells are submerged. In this process, the
properties of the NPs can change due to particle‐particle interactions and binding
to components in the medium. In addition, these conventional in vitro models
normally do not use cells with an air‐epithelium interface that form tight
junctions (Kroll et al. 2009; Paur et al. 2008; Staskal et al. 2005; Porter et al. 2008).
Although the route of entry for inhaled NPs in the body generally occurs across
the alveolar epithelium with its very large surface area and thin barrier thickness
(Oberdörster et al. 2005; Elder et al. 2009), interaction pathways between NPs
and alveolar epithelial cells remain largely unknown mainly due to the lack of an
appropriate NP‐cell exposure system. Thus, an optimal in vitro testing system
should have several important features, namely that it uses cell types that
represent those targeted by the routes of NP exposure and allow accurate
measurement of cellular dose.
Specification of the NP dose in a conventional in vitro testing system can
cause significant misinterpretation of cellular responses and NP uptake
(Teeguarden et al. 2007). In an attempt to improve the accuracy and predictive
power of in vitro systems for assessing NP toxicity, Teeguarden and colleagues
have discussed the challenges associated with in vitro dosimetry and provided
critical considerations on the cellular dose issues in the cytotoxicity of NMs and
the need for accuracy in their measurements (Teeguarden et al. 2007; Hinderliter
et al. 2010). They demonstrated using a computational model that cellular dose in
cell culture media is a function of physical characteristics (e.g., size, shape, and
agglomeration state) and surface chemistry of NPs. Thus, cellular dose of NPs in
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an in vitro testing system should be carefully considered before dose‐response
assessment for NPs.
Air‐liquid interface (ALI) culture is a unique biphasic culture system in
which cells receive nutrients from the basolateral side and are in direct contact
with air on the apical side. The airway surface liquid (ASL) is the thin layer of
fluid coating the luminal surface of airway epithelial cells at an air interface
(Jayaraman et al. 2001). Thus, the air‐facing surface of airway epithelia contains a
thin layer of airway surface liquid at ALI. These features reflect the condition of
airway epithelial cells in vivo. Epithelial cells grown with an ALI possess highly
differentiated structures and functions, compared with cells grown immersed.
Exposure of NPs at the ALI is technically challenging, however it resembles the
situation in the lung during inhalation of airborne NPs. In this exposure, the NPs
directly contact the cells at the ALI.
In exposed humans, inhaled NP’s gain access to the systemic circulation
by deposition from the airstream onto airway and alveolar epithelial membranes
and their associated airway surface liquid. Thus, in vitro model system should
ideally replicate this architecture and deposition mechanism. Although several
different exposure systems employing ALI have been developed and validated
for NP toxicity testing (Lenz et al. 2009; Rothen‐Rutishauser et al. 2009; Stringer
et al. 1996; Savi et al. 2008), there remains the need to fully characterize their
performance in terms of NP delivery, uptake and impacts on the epithelial cells
during NP exposure.
Specific Aims
The research presented in this doctoral dissertation attempts to fill the
aforementioned shortcomings of the literature. The overall goals of this
dissertation are to 1) assess the potential pulmonary effects of metal NP exposure
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using an in vivo model, 2) evaluate an integrated dynamic in vitro exposure
system (DIVES) that overcomes limitations of submerged exposure for NP
toxicity testing and 3) provide information on the rank of NP toxicity and
evaluate the potential of the DIVES as a screening tool for NP toxicity.
To achieve the first goal, a murine lung infection model was used in Aim 1
(Chapter II). The second goal was achieved by evaluating the DIVES described in
Aim 2 (Chapter III) and cellular responses using the DIVES were compared to
responses in the submerged cell culture system to accomplish Aim 3 (Chapter IV).
To achieve these goals, we have established the following three specific aims.
Aim 1: Determine if host defense against bacterial infection is enhanced or
impaired by Cu NPs in a murine pulmonary infection model of Klebsiella
pneumonia (K.p.) using two different exposure modes: sub‐acute
inhalation and intratracheal instillation. A manuscript resulting from this
work was published in Particle and Fibre Toxicology 2011, 8:29.
Aim 2: Integrate and evaluate the DIVES capable of generating NP aerosols and
depositing NPs directly onto cells grown at the ALI. A manuscript
resulting from this work is under review since October 2011, in Particle
and Fibre Toxicology.
Aim 3: Compare cellular responses obtained using two in vitro exposure systems
(ALI exposure with DIVES and submerged culture system) to pulmonary
responses obtained using an in vivo murine model of lung inflammation.
A manuscript describing this work is in the draft stage with an expected
submission in early 2012.
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CHAPTER II
EFFECTS OF COPPER NANOPARTICLE EXPOSURE ON HOST
DEFENSE IN A MURINE PULMONARY INFECTION MODEL1
Abstract
Background: Human exposure to nanoparticles (NPs) and environmental
bacteria can occur simultaneously. NPs induce inflammatory responses and
oxidative stress but may also have immune‐suppressive effects, impairing
macrophage function and altering epithelial barrier functions. The purpose of
this study was to assess the potential pulmonary effects of inhalation and
instillation exposure to copper (Cu) NPs using a model of lung inflammation and
host defense.
Methods: We used Klebsiella pneumoniae (K.p.) in a murine lung infection
model to determine if pulmonary bacterial clearance is enhanced or impaired by
Cu NP exposure. Two different exposure modes were tested: sub‐acute
inhalation (4 hr/day, 5 d/week for 2 weeks, 3.5 mg/m3) and intratracheal
instillation (24 hr post‐exposure, 3, 35, and 100 μg/mouse). Pulmonary responses
were evaluated by lung histopathology plus measurement of differential cell
counts, total protein, lactate dehydrogenase (LDH) activity, and inflammatory
cytokines in bronchoalveolar lavage (BAL) fluid.
Results: Cu NP exposure induced inflammatory responses with increased
recruitment of total cells and neutrophils to the lungs as well as increased total
protein and LDH activity in BAL fluid. Both inhalation and instillation exposure
to Cu NPs significantly decreased the pulmonary clearance of K.p.‐exposed mice

1Manuscript published in Particle and Fibre Toxicology 2011, 8(1): 29
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measured 24 hr after bacterial infection following Cu NP exposure versus sham‐
exposed mice also challenged with K.p (1.4 x 105 bacteria/mouse).
Conclusions: Cu NP exposure impaired host defense against bacterial
lung infections and induced a dose‐dependent decrease in bacterial clearance in
which even our lowest dose demonstrated significantly lower clearance than
observed in sham‐exposed mice. Thus, exposure to Cu NPs may increase the risk
of pulmonary infection.
Keywords: copper; nanoparticles; inhalation; instillation; bacterial
clearance; murine; pulmonary infection; Klebsiella pneumoniae
Background
Due to the expanding use of nanoparticles (NPs) and rapid growth in
nanotechnology, the potential for human exposure has increased tremendously.
The U.S. National Science Foundation estimates that nanotechnology will have a
$1 trillion impact on the global market and will employ over 7 million workers
by 2015. Among different types of nanomaterials, metal and metal oxide NPs
have already found numerous consumer applications and are major components
of manufactured nanomaterials (Karlsson et al. 2008). This large number of
exposed workers means that even a small increase in risk can lead to significant
morbidity from nanomaterial exposure.
NPs show novel physicochemical properties that emerge at the nanoscale
and affect their interaction with biological systems and processes (Nel et al. 2009;
Xia et al. 2008). It is likely that exposures to NPs will occur in conjunction with
microbial agents. Innate host defense mediated through neutrophils is critical to
control bacterial clearance in the host (Cai et al. 2010). Although it is well
established that neutrophils are in the front line of host defense against bacterial
infection, the exact role of neutrophils in host defense against bacterial infection
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(e.g. M. tuberculosis) is still not fully elucidated (Sawant and McMurray 2007). It
is of primary importance for host defense to maintain neutrophil concentrations
at appropriate physiologic levels (Li et al. 2002). Inflammation may be induced
through exposure to inhaled NPs (Pettibone et al. 2008a; Grassian et al. 2007a) by
triggering complex interactions between the drivers and response elements of
inflammation and oxidative stress (Shvedova et al. 2008a).
Copper (Cu) NPs are widely synthesized and used as metal catalysts, heat
transfer fluids in machine tools, semiconductors, and even in antimicrobial
preparations (Wang et al. 2004; Aruoja et al. 2009). Since Cu NPs are one of the
primary engineered NPs in industrial applications, concerns over the emission of
engineered NPs into the environment and consequent potential adverse effects
on human health have increased.
Our group has studied the toxicity of a variety of nanomaterials in mice
(Pettibone et al. 2008a; Grassian et al. 2007a; Grassian et al. 2007b). We found Cu
NPs induced stronger inflammatory responses than oxides of iron (Fe), titanium
(Ti), or silver (Ag) with increased recruitment of total cells and neutrophils to the
lungs as well as increased total protein and lactate dehydrogenase (LDH) activity
in bronchoalveolar lavage (BAL) fluid. Cytotoxicity and DNA damage were also
reported in A549 type II lung epithelial cells from all metal oxide particles tested
(CuO, TiO2, ZnO, Fe2O3, Fe3O4) at 40 and 80 μg/mL (Karlsson et al. 2008).
Overall, CuO NPs have been reported to be among the more toxic nanomaterials
in mammals as indicated by inflammation in mice exposed sub‐acutely
(Pettibone et al. 2008a). Therefore, it is especially important to assess interactions
with Cu‐based NPs and host defense against microbial infections.
Both inhalation and instillation exposure systems have recognized
limitations (Driscoll et al. 2000). Several studies have reported that the inhalation
route was more effective in assessing an inflammatory response, oxidative stress,
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collagen deposition and fibrosis (Pettibone et al. 2008a; Shvedova et al. 2008a;
Grassian et al. 2007a; Grassian et al. 2007b; Shvedova et al. 2008b). However, the
actual dose delivered to the lungs can be more clearly defined with instillation
exposure. There are also concerns with use of intratracheal instillation exposure.
This is a non‐physiological and invasive particle delivery technique that deposits
particles in a bolus and produces an uneven distribution. Furthermore, instilled
particles bypass the upper respiratory tract that plays an important role in
adverse effects of inhaled particles (Driscoll et al. 2000; Osier and Oberdörster
1997). Several studies have been conducted in an attempt to bridge two different
exposure modes for assessment of NP toxicity, namely inhalation and instillation
exposures (Grassian et al. 2007a; Warheit et al. 2005; Morimoto et al. 2010). These
investigators found lower inflammatory responses in animals exposed by
inhalation as opposed to instillation exposure, however, there is generally more
uncertainty in the assessment of retained dose in inhalation studies.
Both Cu and Ag NPs are known to have anti‐microbial activity in vitro
(Ruparelia et al. 2008). However, NPs may inhibit microbial clearance by
inducing excessive neutrophil‐mediated inflammation (Shvedova et al. 2008a;
Shvedova et al. 2010). To address this question, we first established a murine
pulmonary infection model of Klebsiella pneumoniae (K.p.) following NP exposure.
We chose K.p., an organism known to cause infection and pneumonia in
mammals. K.p. also affects persons with impaired immune systems such as
chronic lung disease (Okada et al. 2010). We designed a sub‐acute inhalation and
acute intratracheal instillation NP study with mice challenged with K.p. to
determine if pulmonary clearance is enhanced or impaired by Cu NP exposure
as compared to sham‐exposure. We also characterized pulmonary responses and
the body burden of Cu measured in the tissues after NP exposure.
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Materials and Methods
Source and Characterization of NPs
Cu NP powders (partially passivated with oxygen by the manufacturer)
were purchased and used as received from the manufacturer (Nanostructured
and Amorphous Materials, Inc, Houston, TX, USA). The Cu NPs were
characterized using X‐ray diffraction (XRD), transmission electron microscopy
(TEM), X‐ray photoelectron spectroscopy (XPS) and BET techniques as described
previously (Pettibone et al. 2008a). The Cu NPs show a core/shell morphology
with a metallic Cu core and an oxidized shell consisting of Cu2O (Cuprite) and
CuO (tenorite), with CuO on the surface of the particles. A compilation of some
of the properties measured for the commercially manufactured NPs after
purchasing are listed in Table 2‐1.
Animals
Male 6 week old (22‐25 g) C57Bl/6 mice (The Jackson Laboratory, Bar
Harbor, ME) were utilized in both the inhalation and instillation studies.
Protocols were approved by the Institutional Animal Care and Use Committee
and complied with the NIH Guide for the Care and Use of Laboratory Animals.
Mice were held in quarantine for 12 days prior to use in AAALAC‐accredited
vivarium in polypropylene, fiber‐covered cages in HEPA‐filtered Thoren caging
units (Hazelton, PA). They were supplied with food (sterile Teklad 5% stock diet,
Harlan, Madison, WI) and water ad libidum and maintained on a 12‐hr light‐dark
cycle.
The experimental design and number of mice used per dose and group is
shown in Figure 2‐1. Briefly, pulmonary responses and the body burden of Cu
measured in the tissues and BAL fluids were characterized after Cu NP exposure
or sham exposure (filtered lab air for inhalation and optima water for instillation
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study). We also evaluated lung bacterial clearance following exposures. In the
sub‐acute inhalation study, additional mice were exposed to Cu NP or filtered
lab air for assessment of pulmonary mechanics.
NP Exposure, Aerosol Generation and Characterization
For the inhalation study, a dynamic whole‐body exposure system was
used to expose mice to Cu NP aerosols as previously described (Grassian et al.
2007a). Briefly, mice were placed within sectioned, open‐wire cages that were
positioned in a whole‐body, custom‐fabricated aluminum exposure chamber
(OʹShaughnessy et al. 2003). A suspension of Cu powder in water (Optima grade,
Fisher Scientific, Pittsburgh, PA) was nebulized to generate a Cu NP aerosol. A 1
mg Cu NP/mL suspension was first ultra‐sonicated with a high frequency probe
set at 30% of the maximum amplitude (20 kHz, model 550, Fisher Scientific,
Pittsburgh, PA) for 20 min to minimize the degree of agglomeration. The
suspension was then placed in a 6‐jet Collison nebulizer (BGI Inc., Waltham,
MA) supplied with filtered, pressurized air. The droplets were dried by passing
them through a 110°C brass drying column and the dry Cu NPs entered a tube
containing a 20 mCi 63Ni source to remove static charge prior to entering the
chamber.
We measured the time‐integrated mass concentration of the aerosol in the
chamber by gravimetric analysis of 47‐mm glass microfiber filters (Whatman,
Middlesex, United Kingdom) in line with the 24 L/min exhaust air flow. Sample
grids for TEM were placed inside the exposure chamber to measure agglomerate
sizes of the NPs. The size distribution of the aerosol in the whole‐body exposure
chamber during inhalation exposures was measured using a scanning mobility
particle sizer (SMPS, model 3080 electrostatic classifier with model 3081
differential mobility analyzer and model 3785 condensation particle counter, TSI
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Inc., Shoreview, MN) that measured diameters in the range of 7.4 to 289 nm
according to the manufacturerʹs instructions. Geometric mean (GM) and
geometric standard deviation (GSD) of aerosol sizes in individual exposures
were determined from the SMPS measurements.
Sub‐acute Inhalation Exposure
In sub‐acute studies, mice were exposed 4 hr/day, 5 d/wk for 2 weeks and
necropsied immediately after exposure. The average concentration of Cu NPs
was 3.5 ± 0.4 mg/m3, very close to our previous sub‐acute exposure concentration
of the same NPs (3.7 mg/m3) (Pettibone et al. 2008a). Sham‐exposed controls
breathed filtered laboratory air in identical exposure chambers in an adjacent
laboratory. The deposited dose was estimated assuming minute volume of 25
mL/min and a deposition fraction of 15% in the tracheobronchial and pulmonary
region (Cassee et al. 1999; Asgharian and Price 2006) yielding an estimated NP
dose of 32 μg Cu NP/mouse. This estimation assumes there is no clearance via
the mucociliary escalator to the trachea or gastrointestinal tract and no
translocation of NPs to other organs.
Intratracheal Instillation Exposure
Three concentrations of Cu NPs (3, 35, and 100 μg/mouse) were used for
intratracheal instillation exposures. These were prepared by suspending particles
in Optima water to minimize contaminants found in unprocessed water. This
suspension was ultrasonicated as described above and then vortexed
immediately before dosing to minimize aggregation of particles. Mice were
anesthetized by isoflurane inhalation prior to intratracheal instillation of 50 μL of
Cu NP suspensions. Animals were positioned on an inclined restraining stand
and a very flexible FEP (Fluorinated ethylene propylene) polymer catheter (24G
3/4ʺ, Smiths Medical International Ltd., UK) affixed to a 1‐mL syringe was then
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inserted into the mouth and placed between the vocal cords and into the lumen
of the trachea. Illumination of the trachea was provided by a directed fiber optic
light source. Mice instilled with 50 μL Optima water alone were used as negative
controls. Experimental groups were necropsied 24 hr after the instillation (24 hr
post‐exposure).
Pulmonary Bacterial Infection and Clearance Model
K.p. was obtained from the American Tissue Culture Collection (ATCC
43816, Rockville, MD). The bacteria were inoculated into 50 mL of tryptic soy
broth (TSB) in 250 mL flasks for 18 hr (stationary phase) with shaking (120 rpm)
in a gyratory water bath shaker at 37°C (New Brunswick Scientific Co., Edison,
NJ). The bacterial suspension was diluted in TSB to obtain an optical density
(OD660) of 0.4 by measuring in a Spectra Max microplate reader (Molecular
Device, Sunnyvale, CA); 200 μL of this solution was added to 50 mL of TSB for 3
hr to reach mid‐log phase of growth (OD660 ~ 0.4, corresponding to ~2 × 108
colony‐forming units (CFUs/mL), where bacteria are most virulent.
Immediately following the 10th sub‐acute inhalation or the intratracheal
instillation exposure of Cu NPs, mice were anesthetized by isoflurane inhalation
and then intratracheally instilled with a bacterial inoculum containing 1.4 ± 0.1 x
105 CFUs K.p. per mouse incorporated into and mixed with amorphous agar
particles (molten 4% Noble Agar, BD, Franklin Lakes, NJ) in a 50 μL volume as
described previously (Humlicek et al. 2004). Twenty‐four hr after K.p.
inoculation, mice were euthanized by isoflurane inhalation and the lungs were
removed and whole lung tissues were suspended in 1 mL of sterile saline,
homogenized and cultured on tryptic soy agar (TSA). The number of bacteria
remaining in the lungs was counted after an overnight incubation at 37°C. The
concentrations of instilled K.p. were checked by spread plating the inocula on

20

TSA. The dose and duration of bacterial inoculation were based on preliminary
studies showing that this bacterial dose did not cause mortality and could be
cleared effectively in control mice.
Evaluation of Bronchoalveolar Lavage (BAL) Fluid
Six mice per group were euthanized by isoflurane inhalation and each
lung was lavaged 3 times (total volume, 3 mL) with 0.9% sterile sodium chloride
solution (Baxter, Deerfield, IL). BAL fluid was collected, processed and the cell
pellet was used for enumeration of total and differential cell counts. The lavage
supernatants were analyzed for total protein levels using a Bradford protein
assay (Bio‐Rad Laboratories, Inc., Hercules, CA), LDH activity measured with a
commercial assay (Roche Diagnostics, Penzberg, Germany) and cytokines were
quantified by multiplexed fluorescent bead‐based immunoassays (Bio‐Rad
Laboratories, Inc., Hercules, CA). Seven inflammatory cytokines and chemokines
were chosen based on our previous study (Pettibone et al. 2008a) and included
interleukin [IL]‐6, IL‐12(p40), tumor necrosis factor [TNF]‐α, granulocyte
macrophage colony stimulating factor [GM‐CSF], keratinocyte‐derived cytokine
[KC], monocyte chemotactic protein [MCP]‐1, and macrophage inflammatory
protein [MIP]‐1α.
Lung Histopathology
Lungs from 3 mice per group that were not lavaged were fixed in 10%
formaldehyde‐phosphate‐buffered saline solution via the canulated trachea. The
tissues were subsequently paraffin‐embedded, sectioned at 5 μm, and stained
with hematoxylin and eosin (H & E) as previously described (Thorne et al. 2006).
Tissue sections were evaluated by light microscopy in four categories each
employing a five point scale to elucidate abnormalities of the parenchymal
architecture (bronchioles, alveoli, pleura, and vasculature); abnormal
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inflammatory infiltrates; presence or absence of acute lung injury; and presence
or absence of fibrosis.
Determination of Cu Concentration in the Tissues and
BAL Fluids
To determine the total amount of Cu in the lung, brain, heart, kidney, and
splenic tissues, tissues were removed from Cu NP‐exposed and sham‐exposed
mice, frozen (‐80°C) and lyophilized for 16 hr at 1.3×10‐1 mBar and ‐50°C in a
freeze dryer (Labconco Corp., Kansas City, MO) and then weighed. Mixtures of
high purity concentrated nitric acid and hydrochloric acid (Fisher Optima®
grade) were used to digest the tissues with a HotBlock™ digestion system
(Environmental Express, Mt. Pleasant, SC) at 95‐98°C. Digestates were diluted to
10 mL with Optima water and Cu analysis was performed using an inductively
coupled plasma‐mass spectrometer (ICP‐MS, X Series, Thermo Scientific). To
determine dissolved Cu ion concentration in the lung tissues after NP exposure,
the BAL fluid was centrifuged at 44,912 g for 30 min to separate NPs and
aggregates that were not dissolved. Cu concentration in the particle‐free BAL
supernatants was measured by ICP‐MS.
Pulmonary Mechanics Measurements
Pulmonary mechanics were measured using the forced oscillation
technique. Mice were anesthetized with 90 mg/kg of pentobarbital sodium
(Ovation Pharmaceuticals, Inc., Deerfield, IL) by intraperitoneal injection.
Tracheotomy was performed using a tracheal cannula with luer adapter (1.3 mm,
length 20 mm, Harvard Apparatus, MA) and each mouse was connected to a
computer‐controlled small animal ventilator (flexiVent, SCIREQ, Montreal, QC,
Canada). The mice were ventilated at 150 breaths/min with a tidal volume of 10
mL/kg and positive end‐expiratory pressure of 2‐3 cm H2O.
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To measure airway hyperactivity, mice were challenged with increasing
concentrations of methacholine aerosols (1, 3, and 10 mg/mL), generated with an
in‐line nebulizer (10 sec) directly through the canulated trachea. Response to
each methacholine dose was measured every 30 sec for 5 min. Only data with a
coefficient of determination greater than 0.95 were included in the final analysis.
The lungs were inflated to total lung capacity after each methacholine dose. A
sinusoidal (single‐frequency) forced oscillation waveform (“snapshot
perturbation”) maneuver was performed to measure resistance (R), compliance
(C), and elastance (E) of the whole respiratory system (airways, lungs and chest
wall). A broadband (multi‐frequency) forced oscillation waveform was used to
produce measurements of airway resistance (Rn), tissue damping (G) and tissue
elastance (H). All these parameters were calculated using flexiVent software
(version 5). Responses were expressed by computation of the area under the
curve (AUC) of each parameter measured versus time for each 5 min
methacholine dose monitoring period.
Statistical Analyses
Data from mice exposed to Cu NPs were compared to sham‐exposed mice
using two‐sided t tests for equal or unequal variances and one‐way analyses of
variance (ANOVA) was done for comparison between groups in the instillation
study (SAS Ver. 9.2, SAS, Inc., Cary, NC). Results from pulmonary mechanics
measurements were tested for outliers using the stem‐and‐leaf and normal
probability plots produced by the univariate procedure (SAS). We calculated the
AUC for each parameter (e.g., R, C and E) versus time plot for all methacholine
doses. For the inhalation study, the means and AUCs of pulmonary mechanics
parameters for the Cu‐exposed group were compared to sham‐exposed mice
using ANOVA for repeated measures. A p‐value less than 0.05 was considered
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statistically significant. All data are expressed as mean ± standard error (SE)
unless otherwise noted.
Results
Particle Characterization
We used manufactured Cu NPs that had been previously well‐
characterized (Pettibone et al. 2008a). Evaluation by TEM of NPs revealed an
average primary particle size of 12 ± 1 nm, smaller than the manufacturer’s
stated particle size of 25 nm. XRD of the NPs showed the presence of three
phases, metallic Cu core, Cu2O and CuO. The thickness of these oxidized layers
depends on both the preparation of the NPs and exposure to air as NPs age
under atmospheric conditions (Elzey et al. 2011). The surface area of Cu NPs was
12 ± 0.2 m2/g by a multi‐point BET analysis. Measurement of airborne NPs
showed a mobility diameter of 200 nm and GSD of 1.4 (Table 2‐1).
Sub‐acute Inhalation Study
As shown in Table 2‐2, total cell counts of BAL fluid in mice after sub‐
acute inhalation exposure to Cu NPs (1,207 ± 106 x 103cells/mouse) were
significantly increased from sham‐exposed mice (105 ± 14 x 103, p < 0.001). We
found significant differences in total protein levels (544 ± 38 μg/mL, p < 0.001)
and activity of LDH (336 ± 29 U/L, 340% of control) from BAL fluid in Cu‐
exposed mice compared with sham‐exposed mice (Table 2‐2). Macrophages and
neutrophils in BAL fluid were significantly increased in mice exposed to Cu
particles and necropsied immediately after exposure (Figure 2, 54% of
neutrophils influx, p < 0.001).
In comparison with sham‐exposed mice, all seven inflammatory
cytokines/chemokines in lavage fluid were significantly increased in the Cu‐
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exposed group as shown in Figure 2‐3: IL‐6 (p < 0.01), IL‐12 (p < 0.001), GM‐CSF
(p < 0.01), KC (p < 0.001), MCP‐1 (p < 0.001), MIP‐1α (p < 0.001), and TNF‐α (p <
0.01).
Intratracheal Instillation Study
Mice exposed via intratracheal instillation demonstrated a dose‐dependent
increase in total cells recovered from BAL fluid (Table 2‐2). Total cell counts were
significantly elevated in mice exposed to medium (p < 0.05) and high
concentrations (p < 0.001) of Cu NP when compared to control mice. Total
protein and LDH activity were significantly elevated with exposure to the
medium (both p < 0.05, 150% of control) and high concentration (p < 0.05, 200% of
control; p < 0.01, 210% of control, respectively) of Cu particles, when compared to
controls. Mice exposed to the high concentration had significantly higher levels
of total protein and LDH activity than those exposed to the low concentration of
particles (p < 0.05, both).
The number of neutrophils per mouse in BAL fluid was significantly
increased with exposure to the medium and high concentration of NPs (p < 0.05
and p < 0.01, respectively), when compared to controls (Figure 2‐2). We also
found significant differences in the number of alveolar macrophages between the
medium and high concentrations of Cu NP‐exposed mice compared with
controls (p < 0.05, both).
In comparison with sham‐exposed mice, cytokine/chemokines levels were
significantly increased at the high exposure level for IL‐6 (p < 0.05), GM‐CSF (p <
0.01), KC (p < 0.001), MCP‐1 (p < 0.01), and MIP‐α (Figure 2‐3). The concentration
of KC and MCP‐1 was significantly increased in BAL fluid at the medium dose of
instilled Cu NPs (p < 0.05 and p < 0.01, respectively).
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Lung Histopathologic Evaluation
Representative micrographs and quantitative histopathologic evaluations
of lung tissues are shown in Figure 2‐4. Vascular congestion, perivascular
inflammation (mainly mononuclear and neutrophilic) and apoptotic bodies were
seen in airspaces and near sites of inflammation in all Cu‐exposed mice (Figures
2‐4, A‐D). Extremely mild foci of perivascular inflammation (mostly
mononuclear/histiocytic) were found in sham‐exposed mice (Figure 2‐4E). In
mice exposed sub‐acutely (Figure 2‐4A), we found moderate to severe
inflammation (score 3, mostly lymphoid and lesser neutrophilic, p < 0.001) in
perivasculitis, perialveolitis and alveolar areas with some luminal sloughed cells,
lacking overt fibrosis (score 2, p < 0.05). Pulmonary epithelia had foci of mucus
change. Vascular congestion (score 2) and apoptotic bodies were seen in air
spaces and near areas of inflammation.
Mice exposed to instilled Cu NPs showed dose‐dependent inflammation,
cell injury, and congestion (Figure 2‐4, B‐D, and F). The low exposure groups
exhibited rare foci of scant inflammation in perivascular and peribronchiolar
areas (Figure 2‐4B). Lung tissues from these mice and sham‐exposed mice were
evaluated as normal (inflammation score 1.5 and cell injury score 1). Mild
pigment‐laden macrophages near sites of congestion (score 2.5, p < 0.001) were
seen and airway epithelium had rare sloughing of apparently apoptotic cells
(score 2, p < 0.05) in the medium concentration of Cu NP‐instilled mice (Figure 2‐
4C). Moderate to severe vascular congestion (score 3, p < 0.01) and uncommon
foci of mild peribronchiolar neutrophils were found in the high concentration
group (Figure 2‐4D). Severe congestion with foci of alveolar edema developing
and with neutrophils and perivasculitis and alveolitis with severe increase of
inflammation were also seen in this group.
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Pulmonary Bacterial Clearance
To determine the effects of Cu NP exposure on host defense against
bacterial infection, we examined 24 hr lung clearance of instilled K.p. in mice that
had been exposed sub‐acutely to Cu NPs. Despite the purported anti‐bacterial
activity of Cu, Cu NP exposure significantly decreased the bacterial clearance as
compared to sham‐exposed mice also challenged with K.p. (Figure 2‐5, p < 0.01).
As shown in Figure 2‐5, bacterial clearance from the lungs of mice exposed by
instillation was also significantly decreased (p < 0.05) with increasing doses of Cu
NPs (3 μg, 8‐fold; 35 μg, 520‐fold; 100 μg, 510‐fold). Pulmonary bacterial
clearance was significantly blunted in the medium and high concentration Cu‐
exposed mice compared to the low concentration (p < 0.01). However, this effect
reached a plateau and we did not observe significant differences between the
medium and high concentration groups (Figure 2‐5) both of which demonstrated
bacterial growth beyond what was introduced.
Dosimetry of Cu NPs in the Tissues and BAL Fluids
Cu retained in the lung tissues and BAL fluids in inhalation‐ and
instillation‐exposed mice were measured by ICP‐MS (Figure 2‐6). The mass of Cu
(adjusted for the Cu in sham‐exposed mice) without or with lung lavages
following sub‐acute inhalation exposure was 39 ± 3 and 28 ± 2 μg/g lung (dry wt)
(p < 0.001), respectively. The concentration of Cu ions in the particle‐free BAL
supernatants was 175 ± 9 μg/L in mice necropsied immediately after inhalation
exposure (Figure 2‐6B). The Cu lung burdens of instillation‐exposed mice after
lung lavages 24 hr post‐exposure increased in a dose‐dependent manner from 2
to 9 to 43 μg/g lung (Figure 2‐6A). These amounts represent the burdens in the
lungs alone (i.e. not the nose, nasopharynx or trachea). The concentration of Cu
ions in BAL fluids from instilled Cu‐exposed mice increased dose‐dependently
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from 5 to 11 to 146 μg/L. The dry weight of lungs and volume of BAL fluids are
shown in Table 2‐3. The amount of Cu measured in the brain, heart, kidney, and
splenic tissues from inhalation‐exposed mice was not significantly elevated
compared to sham‐exposed mice (Table 2‐4).
Pulmonary Mechanics from Inhalation Study
Pulmonary mechanics parameters such as resistance, elastance,
compliance, airway resistance, tissue damping and tissue elasticity were assessed
in mice challenged with increasing doses of methacholine aerosol. Comparison of
means of AUC between controls and Cu‐exposed mice using ANOVA for
repeated measures showed no significant differences (Figure 2‐7). Our data
indicate that inhalation exposure to Cu NPs at this dose did not result in
clinically significant remodeling of the airway or airway hyperreactivity of the
mice.
Discussion
Impairment of bacterial host defense can arise from reduced macrophage
or neutrophil function or a reduction in the activity of innate anti‐microbial
peptides. Immediately following inhalation exposure, Cu‐exposed mice showed
increased inflammation compared to sham‐exposed mice indicated by the
number of total cells (12‐fold) and neutrophils (1,460‐fold), and concentrations of
cytokines: IL‐6 (62‐fold), IL‐12 (35‐fold), GM‐CSF (25‐fold), KC (49‐fold), MCP‐1
(218‐fold), MIP‐α (35‐fold), and TNF‐α (2‐fold). Increased levels of total protein
(4‐fold) and LDH activity (3‐fold) in lung lavage fluid (Table 2‐2) provided
evidence of cytotoxicity. Inflammatory responses were induced in a dose‐
dependent fashion as indicated by levels of total protein, and LDH activity in
BAL fluids following instillation exposure of Cu NPs. Mice exposed to the
medium or high dose of Cu NPs had significantly greater numbers of

28

neutrophils (23‐fold and 20‐fold, respectively) than mice exposed to the low
concentration.
Recent studies have demonstrated the key role of cytokine/chemokines
and inflammatory cells to pulmonary inflammation and bacterial infections (Cai
et al. 2010; Marriott et al. 2008; Yazdi et al. 2010). It has been reported in these
studies that the neutrophil chemoattractant KC is essential for recruiting
neutrophils and regulating other chemokines such as MIP and LIX
(lipopolysaccharide‐induced CXC chemokine) to provide innate immune
responses against bacterial infection from the lungs in mice. KC resulted in
enhanced accumulation of monocytes/macrophages in addition to neutrophils at
the site of infection as well as higher lung levels of IL‐12. TNF‐α is a critical early
cytokine required for neutrophil recruitment. MCP‐1 also can amplify neutrophil
and macrophage recruitment in the lung. These elevations were consistent with
increased numbers of BAL macrophages and neutrophils and histopathologic
evaluation of lung tissues of Cu‐exposed mice (perivasculitis and alveolitis).
Pulmonary functions of mice exposed to Cu by inhalation were not impaired;
this is consistent with our histopathology findings, where no edema or fibrosis
was found. In mice with fibrosis we would expect an increase in resistance and a
decrease in compliance in comparison to controls (Vanoirbeek et al. 2010).
Cu NPs impaired pulmonary bacterial clearance. Mice exposed acutely or
sub‐acutely NPs had significantly more viable bacteria in the lungs than sham‐
exposed mice. We did not observe significant differences in bacterial clearance
between mice exposed to the medium and high concentration of instilled Cu NPs
and there was also no difference in lung neutrophils in these groups.
Interestingly, even though the amount of Cu found in the lungs after instillation
exposure of Cu NPs was representative of the exposure doses, and increased as
expected in a dose‐dependent fashion, the recruitment of neutrophils and

29

macrophages and the degree of pulmonary clearance plateaued at the medium
dose of instilled Cu NPs. The roles of neutrophil influx on host defense against
bacterial infection are controversial. An insufficient neutrophil recruitment
results in decreased bacterial clearance, whereas an excessive neutrophil influx
can lead to severe neutrophil‐mediated inflammation and lung injury (Cai et al.
2010; Craig et al. 2009) that could cause decreasing bacterial clearance from
lungs. Li and colleagues addressed the questions of why host defense against
bacterial and fungal infections is compromised when neutrophil concentration
falls below a critical threshold value. They reported that a bacterial concentration
in excess of a critical threshold concentration of neutrophils, resulted in reduced
bacterial killing by neutrophils (Li et al. 2002). Thus, the rate of bacterial
clearance appears to depend on the ratio of neutrophils to bacteria.
A recent study reported that carbon nanotube pre‐exposure significantly
decreased the pulmonary bacterial clearance despite robust inflammatory
responses (Shvedova et al. 2008a). These authors reported that bacterial clearance
might depend more on production of nitric oxide than ROS from the oxidative
burst. Our data also demonstrate that exposure to Cu NP via inhalation and
instillation attenuated lung bacterial clearance even though there was a robust
inflammation.
It was previously suggested by our group that the inflammatory response
induced by Cu NPs in mice was potentially associated with the solubility of Cu
NPs in vivo (Pettibone et al. 2008a). The amount of Cu found in the unlavaged
lungs after inhalation exposure was 39 ± 3 μg/g lung or 8% of the 520 μg/g lung
that we estimate was delivered to the mice. Cu remaining in the lung tissues after
lavage was 28 ± 2 μg/g lung. Dissolved free Cu ions or Cu NPs taken up by
inflammatory cells on the airway surface may have been lavaged from the
alveolar and bronchial airspaces. Cu measured in the lungs of instilled mice 24 hr
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post‐exposure increased in a dose‐dependent manner. Moreover, increasing
doses of instilled Cu NP produced both increasing concentrations of Cu
measured in BAL fluids (5, 11 and 146 μg/L) after centrifugation at 44,912 g for 30
min and increasing concentrations of Cu measured in digested lungs after lavage
(2, 9 and 43 μg/g lung). Sharma et al. have demonstrated that centrifuging at
5,600 g for 30 min effectively separates NPs down to 16 nm size (Sharma et al.
2009). Thus, these dosimetry data provide evidence of Cu dissolution occurring
in the lungs. To test the hypothesis if an inflammatory response seen after
exposure to Cu NPs is due to Cu ions or particles, we performed limited
experiments with metal NPs and their nitrate compounds (completely
dissolved). The metal nitrates including Cu nitrate induced more severe
inflammatory responses than the metal NPs at the same molar concentration
(data not shown). We expect more dissolved Cu ions at the high dose of Cu NPs,
thus, increasing the inflammatory responses.
Conclusions
Our study indicates that Cu NP exposure induced an impairment in host
defense against bacteria in both inhalation and instillation exposure studies even
though there was an upregulation of pro‐inflammatory cytokines and
recruitment of neutrophils to the lungs. Thus, Cu NP exposure may lead to
increased risk of pulmonary infection by impairing host defense against bacteria.
Abbreviations
Ag: silver; ANOVA: analyses of variance; AUC: area under the curve;
CFU: colony‐forming unit; Cu: copper; FEP: fluorinated ethylene propylene; GM:
geometric mean; GM‐CSF: granulocyte macrophage colony stimulating factor;
GSD: geometric standard deviation; H & E: hematoxylin and eosin; ICP‐MS:
inductively coupled plasma‐mass spectrometer; IL: interleukin; KC: keratinocyte‐
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derived cytokine; Kp: Klebsiella pneumoniae; LDH: lactate dehydrogenase; LIX:
lipopolysaccharide‐induced CXC chemokines; MCP: monocyte chemotactic
protein; MIP: macrophage inflammatory protein; NP: nanoparticle; ROS: reactive
oxygen species; SE: standard error; SMPS: scanning mobility particle sizer; TEM:
transmission electron microscopy; TNF: tumor necrosis factor; TSA: tryptic soy
agar; TSB: tryptic soy broth; XPS: X‐ray photoelectron spectroscopy; XRD: X‐ray
diffraction; ZnO: zinc oxide
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Table 2‐1: Summary of physicochemical characterization data of Cu NPs
(Pettibone et al. 2008a) and experimental design of inhalation and instillation
studies of pulmonary bacterial clearance.

Physicochemical property

Value

Primary particle size (TEM)

12 ± 1 nm

Crystalline phases (XRD)

Cu, Cu2O, CuO†

Surface functionality (XPS)

O, O‐H and H2O

Surface area (BET)

12 ± 0.2 m2/g
Pulmonary bacterial clearance study

Sub‐acute inhalation exposure
NP aerosol concentration
Aerosol size distribution

3.5 ± 0.4 mg/m3;
4 hr/d, 5 d/wk, 2 wk
200 nm (1.4)‡

Acute instillation exposure
NP exposure concentration

3, 35 and 100 μg/mouse;
24 hr post‐exposure

Bacterial infection concentration
Necropsy post‐infection of bacteria

1.4 ± 0.1 x 105 CFUs/mouse
24 hr

Note: †Cu NPs show a core/shell type morphology with a metallic Cu core and an
oxidized shell consisting of a Cu2O inner shell and a CuO outer surface. See Ref
(Elzey et al. 2011) for further details. The oxidized shell increases in thickness
relative to the core upon aging of the NPs in the ambient environment, i.e. upon
long term exposure to water vapor and molecular oxygen.
Geometric mean, nm, (geometric standard deviation) in whole‐body exposure
chamber.
‡
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Table 2‐2: Total number of cells, total protein and activity of LDH in BAL fluid
after sub‐acute inhalation (4 hr/d, 10 d; 3.5 mg/m3) and intratracheal instillation
(24 hr post‐ exposure; 3, 35, 100 μg) to Cu NPs.

Animal Group

Total number
of cells/mouse
(x 103 ± SE)

Total protein
(μg/mL ± SE)

LDH Activity
(U/L ± SE)

Inhalation study
Sham exposure

105 ± 14

127 ± 4

100 ± 6

Cu NP

1,210 ± 106***

544 ± 38***

336 ± 29***

Sham exposure

149 ± 32

107 ± 7

163 ± 17

Cu NP
Low, 3 μg/mouse

186 ± 70

122 ± 17

193 ± 21

Cu NP
Medium, 35 μg/mouse

977 ± 156**

160 ± 13*

236 ± 21*

Cu NP
High, 100 μg/mouse

882 ± 121**

219 ± 37*

341 ± 39**

p < 0.01

p < 0.001

Instillation study

†

p by one‐way ANOVA p < 0.001

Note: Data are expressed as mean ± SE; *p < 0.05, **p < 0.01, ***p < 0.001
significantly different from sham‐exposed mice.
†p‐value from one‐way ANOVA test of a trend for comparison between NP
exposure groups and controls.
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Table 2‐3: Total amounts of Cu in the lung tissues and BAL fluids from mice
immediately after inhalation (4 hr/d, 10 d; 3.5 mg/m3) and instillation (24 hr‐post
exposure; 3, 35, 100 μg/mouse) of Cu NPs.

Lung
Exposure
group

BAL fluid

dry weight
(mg)

Cu mass
(μg)

volume
(mL)

Cu mass
(μg)

55.2 ± 2.5

1.6 ± 0.1

3.4

0.60 ± 0.03

Cu NP
Low, 3 μg/mouse

25.5 ± 1.2

0.1 ± 0.0

2.9

0.01 ± 0.01

Cu NP
Medium, 35 μg/mouse

28.0 ± 1.5

0.3 ± 0.1

3.3

0.04 ± 0.01

Cu NP
High, 100 μg/mouse

34.6 ± 1.7

1.5 ± 0.1

3.0

0.45 ± 0.03

Inhalation study
Instillation study

Note: The lung burdens of Cu NP in Cu‐exposed mice were adjusted for the level
of Cu in sham‐exposed mice. The mass of Cu in lung tissues and BAL fluids from
Cu NP‐exposed mice and the dry weight of lungs and volume of BAL fluids.
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Table 2‐4: Total amounts of Cu in the tissues from mice enrolled in the sub‐acute
exposure study taken immediately after the final inhalation exposure (4 hr/d, 10
d; 3.5 mg/m3).

Cu mass concentration
(μg/g tissue, dry weight)

Limit of Detection
(LOD)

Sham
exposure

Cu NP
exposure

mg/L

μg/g tissue

Brain

11.3 ± 2.0

14.5 ± 2.1

0.06

5.8

Heart

19.3 ± 1.0

21.1 ± 1.4

0.02

6.7

Kidney

10.7 ± 0.6

12.3 ± 0.8

0.06

5.3

Spleen

15.8 ± 5.7

13.3 ± 3.9

0.02

10.7

Tissue

Note: The amount of Cu measured in the brain, heart, kidney, and splenic tissues
from inhalation‐exposed mice and the limit of detection (LOD) for ICP‐MS
analysis.
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Figure 2‐1: Schematic of the pulmonary bacterial clearance model.
Note: We established a murine pulmonary infection model of Klebsiella
pneumoniae (K.p.) to determine if pulmonary bacterial clearance is impaired by
Cu nanoparticle exposure using two different exposure modes, inhalation and
intratracheal instillation. Following both sub‐acute inhalation (4 hr/d, 10 d; 3.5
mg/m3; 32 μg cumulative dose) and intratracheal instillation (24 hr post‐
exposure; 3, 35, 100 μg/mouse), mice were intratracheally challenged with K.p.
bacteria at a dose of 1.4 ± 0.1 x 105 CFUs/mouse.
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Figure 2‐2: Differential cell analysis of BAL fluid in animals exposed to Cu
nanoparticles (NPs). Number of cells in BAL fluid from mice after sub‐acute
inhalation (A) and intratracheal instillation (B) exposure of Cu NPs.
Note: Data are expressed as mean ± SE; *p < 0.05, **p < 0.01, ***p < 0.001
significantly different from sham‐exposed mice; Macrophages (p < 0.05) and
Neutrophils (p < 0.001) from instillation exposure were analyzed by one‐way
ANOVA test of a trend for comparison between NP exposure groups and
controls.
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Figure 2‐3: Cytokine/chemokines analysis of BAL fluid in animals exposed to Cu
nanoparticles (NPs). Cytokine/chemokine concentrations in BAL fluid from mice
after sub‐acute inhalation and intratracheal instillation exposure of Cu NPs.
Note: Data are expressed as mean ± SE; *p < 0.05, **p < 0.01, ***p < 0.001
significantly different from sham‐exposed mice; IL‐6 (p < 0.05), GM‐CSF, KC,
MCP‐1 and MIP‐α (p < 0.001) from instillation exposure were analyzed by one‐
way ANOVA test of a trend for comparison between NP exposure groups and
controls.
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Figure 2‐4: Representative micrographs and quantitative histopathologic
evaluations of lung tissues from animals exposed Cu nanoparticles (NPs).
Micrographs of lung sections stained with H&E from mice exposed to Cu NPs by
sub‐acute inhalation (A) or intratracheally instilled with a low (3 μg, B), medium
(35 μg, C), or high (100 μg, D) dose or sham‐exposed (E). Histopathologic
evaluation was performed by light microscopy in four categories (inflammation,
cell injury, fibrosis, and congestion) each employing a five point scale (F).
Note: Data are expressed as mean ± SE; *p < 0.05, **p < 0.01, ***p < 0.001
significantly different from sham‐exposed mice.
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Figure 2‐5: Assessment of pulmonary bacterial clearance of Klebsiella pneumoniae
(K.p.) in mice following inhalation and instillation of Cu nanoparticles (NPs).
Immediately after the final sub‐acute inhalation exposure (A) or the instillation
exposure (B) of Cu NPs, mice were intratracheally administered 1.4 ± 0.1 x 105
CFUs/mouse K.p.
Note: Lungs were homogenized 24 hr after bacterial inoculation and the number
of CFUs was counted after culturing at 37°C. Data are expressed as mean ± SE;
**p < 0.01 significantly different from sham‐exposed mice.
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Figure 2‐6: Cu retained in the lung tissues and BAL fluids in inhalation‐ and
instillation‐exposed mice. Total amounts of Cu in the lung tissues (upper) and
BAL fluids (lower) from mice immediately after sub‐acute inhalation (A) and
instillation (B) of Cu nanoparticles (NPs).
Note: The lung burdens of Cu NP in Cu‐exposed mice were adjusted for the level
of Cu in sham‐exposed mice.
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Figure 2‐7: Measurement of pulmonary mechanics in mice sub‐acutely exposed
to Cu nanoparticles. Pulmonary mechanics measurements expressed as
resistance and compliance in sham‐ and Cu‐exposed mice after increasing
concentration of methacholine (1, 3, 10 mg/mL). The mean and SE of resistance
and compliance versus methacholine concentrations (A). The individual and
mean area under the curve (AUC) versus all increasing methacholine
concentrations (B).
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CHAPTER III
DYNAMIC IN VITRO EXPOSURE SYSTEM FOR TOXICITY
ASSESSMENT OF AIR‐DELIVERED NANOMATERIALS TO
LUNG EPITHELIAL CELLS
Abstract
Background: In vitro exposure of lung cells to nanoparticles (NPs) is
usually performed in submerged conditions. Such exposure systems have
limitations: they do not mimic alveolar epithelial conditions in vivo; there is
excessive NP agglomeration/aggregation; the NPs interact with the media; and
there is uncertainty of dosimetry.
Methods: We evaluated a dynamic in vitro exposure system (DIVES) that
overcomes these limitations. With this system, we generated NP aerosols and
deposited the NPs directly onto lung epithelial cells grown in an air‐liquid
interface (ALI) culture to better mimic the exposure conditions of lung cells in
vivo.
Results: Particle deposition efficiency to the transwells of the culture
system averaged 71.3 ± 2.4% (mass: 1.3 ± 0.1 μg, 2 h) for fluorescein particles with
a mass median diameter of 60 nm. Monodisperse particles (40 nm diameter) were
evenly deposited over the surface of the transwell membrane. The viability of
A549 (human alveolar type II‐like) cells exposed to particle‐free air did not differ
significantly compared to cells maintained in a CO2 incubator. The cellular
concentration of copper (Cu) NPs was 0.6 ± 0.06 μg Cu/transwell (4.7 cm2) and a
substantial amount of Cu was released to the basolateral medium (1.0 ± 0.02 μg)
during continuous air‐delivery of Cu NPs in 4 h.
Conclusions: We demonstrated that the DIVES enables efficient and
uniform particle deposition directly to cells and allows a dynamic and
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continuous air‐exposure without damage to cells. Thus, this in vitro test system
using lung epithelial cells with an ALI has potential utility for NP toxicity
assessment.
Keywords: nanoparticles, lung cells, air‐liquid interface, dynamic in vitro
exposure system, deposition efficiency, spatial uniformity, cellular dose
Background
Human exposure to nanomaterials (NMs) and environmental releases of
NMs may lead to significant adverse effects (Oberdörster et al. 2005; Nel et al.
2006; Seaton et al. 2010; Nowack and Bucheli 2007). Human exposure to
engineered nanoparticles (NPs) can occur via uptake through the skin (dermal),
lungs (inhalation), gastrointestinal tract (ingestion), or by injection as a
formulated medicine (Stern and McNeil 2007; Oberdörster et al. 2007; Wiesner et
al. 2006). However, human health effects that occur when NPs are aerosolized
are the most critical concern (Oberdörster et al. 2005). Potential inhalation
exposure of airborne NPs can occur incidentally or accidentally during product
manufacturing or packing of NPs (Peters et al. 2008; Maynard and Aitken 2007;
Elder et al. 2009). It can also occur during use or disposal of products or materials
containing NPs. Aerosolized NPs are highly mobile and can enter the human
body. Alveolar macrophages and alveolar epithelial cells are among the first cells
to interact with inhaled particles (Stern and McNeil 2007; Elder et al. 2009; Lenz
et al. 2009). Since the respiratory system is susceptible to damage resulting from
inhalation of particles, it is a prime target for potential adverse effects of NPs
including direct lung injury, induction of lung inflammation, and impairment of
host defense (Oberdörster et al. 2005; Stern and McNeil 2007; Card et al. 2008;
Tetley 2007; Kim et al. 2011). Translocation of inhaled particles from lung
airspaces into the systemic circulation delivers NPs to other organs (Oberdörster
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et al. 2005; Pettibone et al. 2008a; Grassian et al. 2007a; Grassian et al. 2007b;
Tetley 2007; Stebounova et al. 2011b).
In vitro and in vivo models are both used for testing of lung toxicity of
airborne NPs, but in vitro assays as predictive screens for toxicity assessment of
NPs in commerce are simpler, faster and more cost‐effective (Kroll et al. 2009;
2007; Invernizzi et al. 2006). In vitro models allow for extensive investigation of
particle‐cell interactions in human lung cells, which may be difficult to conduct
in vivo (Paur et al. 2008). In such models, NPs are conventionally added to the
culture medium in which lung cells are submerged. In this process, the
properties of the NPs can change due to particle‐particle interactions and binding
to components in the medium. In addition, these conventional in vitro models
normally do not use cells with an air‐epithelium interface that form tight
junctions (Figure 1, A) (Kroll et al. 2009; Paur et al. 2008; Staskal et al. 2005; Porter
et al. 2008). Although the route of entry for inhaled NPs in the body generally
occurs across the alveolar epithelium with its very large surface area and thin
barrier thickness (Oberdörster et al. 2005; Elder et al. 2009), interaction pathways
between NPs and alveolar epithelial cells remain largely unknown mainly due to
the lack of an appropriate NP‐cell exposure system. Thus, an optimal in vitro
testing system should have several important features, namely that it uses cell
types that represent those targeted by the routes of NP exposure and allow
accurate measurement of cellular dose.
Specification of the NP dose in a conventional in vitro testing system can
cause significant misinterpretation of cellular responses and NP uptake
(Teeguarden et al. 2007). In an attempt to improve the accuracy and predictive
power of in vitro system for assessing NP toxicity, Teeguarden and colleagues
have discussed the challenges associated with in vitro dosimetry and provided
critical considerations on the cellular dose issues in the cytotoxicity of NMs and
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the need for accuracy in their measurements (Teeguarden et al. 2007; Hinderliter
et al. 2010). They demonstrated using a computational model that cellular dose in
cell culture media is a function of physical characteristics (e.g., size, shape, and
agglomeration state) and surface chemistry of NPs. Thus, cellular dose of NPs in
an in vitro testing system should be carefully considered before dose‐response
assessment for NPs.
In exposed humans, inhaled NP’s gain access to the systemic circulation
by deposition from the airstream onto airway and alveolar epithelial membranes
and their associated airway surface liquid (ASL). Thus, in vitro model system
should ideally replicate this architecture and deposition mechanism (Figure 1B).
Although several different exposure systems employing air‐liquid interface (ALI)
have been developed and validated for NP toxicity testing (Lenz et al. 2009;
Rothen‐Rutishauser et al. 2009; Stringer et al. 1996; Savi et al. 2008), there remains
the need to fully characterize their performance in terms of NP delivery, uptake
and impacts on the epithelial cells during NP exposure.
In the present study we integrated and evaluated a dynamic in vitro
exposure system (DIVES) capable of generating NP aerosols and depositing NPs
directly onto cells grown at an ALI. We characterized the efficiency of NP
delivery, the distribution of particle deposition and the effects of exposure
conditions in the DIVES on the viability of A549 cells (human alveolar type‐II‐
like cancer cells) as a precursor to studies of NP toxicity (Figure 3‐2).
Materials and Methods
Dynamic In Vitro Exposure System (DIVES): Direct NP
to Lung Cell Deposition
The DIVES consists of a NP generation system, measurement system and
an ALI culture chamber (Figure 3‐3). For these validation studies, a suspension of
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NPs in water (Optima grade, Fisher Scientific, Pittsburgh, PA, USA) was
nebulized to generate a NP aerosol. A 1 mg NP/mL suspension was ultra‐
sonicated with a high frequency probe set at 30% of the maximum amplitude (20
kHz, model 550, Fisher Scientific, Pittsburgh, PA, USA) for 10 min to minimize
the degree of agglomeration. The suspension was placed in a 3‐jet Collison
nebulizer (BGI Inc., Waltham, MA, USA) supplied with filtered, pressurized air.
Air supplied using a nebulizer to the system was controlled by the precision air
regulator (Type 10, Marsh Bellofram, Newell, WV, USA) at precise flow rates
(4.75 L/min) and pressures (15 psig). Aerosolized droplets were dried by passing
the airstream through a 30‐cm, 110 °C brass drying column and vapor condenser
consisting of a flow‐through 1‐L bottle submerged in an ice bath. The dry NP
aerosol was passed through a Kr85 charge neutralizer (model 3077A, TSI Inc.,
Shoreview, MN, USA) prior to entering the ALI chamber. A scanning mobility
particle sizer (SMPS, model 3080 Electrostatic Classifier with model 3081
Differential Mobility Analyzer and model 3785 Condensation Particle Counter,
TSI Inc.) was connected to the DIVES for continuous monitoring of NP the
aerosol count distribution.
NP aerosols were delivered to the manifold of a commercial ALI cell
culture chamber (Vitrocell® module, Vitrocell, Waldkirch, Germany) through an
aerosol distribution unit. Particle‐laden air flowed to the aerosol distribution unit
at a rate of 4.75 L/min and was supplemented with CO2 (0.25 L/min) to maintain
cells at 5% CO2 and physiologic pH. The ALI exposure system consisted of the
aerosol inlet, the cell culture insert (transwell) and the medium container (well
compartment). The aerosol flow (5 mL/min) delivered to the cells was regulated
by separate mass flow controllers (GFC17, Aalborg Instruments, Orangeburg,
NY, USA) downstream of the ALI cell culture chamber. This flow rate was
selected to avoid mechanical stress and dehydration of the cells.
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A549 cells were grown in a biphasic culture system with exposure
medium on the basolateral side and air on the apical side in the DIVES during
exposure. The apical surface of the cells formed a thin layer of airway surface
liquid (Figure 1B). Thus, cells were exposed to NPs via the air at the apical
surface. Culture medium (18 mL) was individually supplied to each well
compartment without recirculation, but can be provided using intermittent or
continuous recirculation. The ALI culture system was maintained at 37 ± 0.1 °C
by circulating temperature‐controlled water through baffles within the stainless
steel module housing. After exposure, the transwells were taken out of the
module and cells were transferred to the CO2 incubator. The cells were incubated
at 37 °C in 5% CO2 for specific time points and analysis of selected endpoints.
Cell Culture
A549 cells obtained from ATCC (American Type Culture Collection,
#CCL‐185, Manassas, VA, USA). Cells were cultivated in RPMI 1640 medium
(Invitrogen, Carlsbad, CA, USA) and supplemented with 10% fetal bovine serum
(FBS, HyClone Laboratories, Inc., Logan, UT, USA) and 100 mg/ml penicillin and
streptomycin (Invitrogen) at 37 °C under humidified atmosphere containing 5%
CO2. For ALI exposure experiments, cells were harvested with 0.25% phenol‐free
trypsin‐EDTA (Invitrogen), counted and seeded at a density of 7.0×104 cells/cm2
into 4.7 cm2 cell culture inserts (Transwell, Corning, NY, USA). Cells were
allowed to attach to the transwell for 12 h. When cells had grown to confluence
(> 85%), they were cultured at an ALI by removing the medium from the basal
side for 12 h prior to exposure of NPs. After 12 h period for adaptation of the
cells to the ALI conditions, cells were washed twice with PBS and transferred to
the DIVES for exposure. The cells were supplied with medium (phenol‐free
RPMI 1640) from basal side through the semi‐permeable transwell membrane. A
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constant pH of the medium in the DIVES was maintained by using medium
buffered with 25 mM HEPES.
Source and Characterization of NPs
A NP powder consisting of copper (Cu) partially passivated with oxygen
by the manufacturer (Nanostructured and Amorphous Materials, Inc, Houston,
TX, USA) that was used in our prior in vivo studies (Pettibone et al. 2008a; Kim et
al. 2011) was also used in this study. The Cu NPs were characterized using X‐ray
diffraction (XRD), transmission electron microscopy (TEM), X‐ray photoelectron
spectroscopy (XPS) and BET techniques as described previously (Pettibone et al.
2008a). The Cu NPs show a core/shell morphology with a metallic Cu core and
an oxidized shell consisting of Cu2O (Cuprite) and CuO (tenorite), with CuO on
the surface of the particles (Elzey et al. 2011).
Particle Deposition Efficiency in the DIVES
Efficiency of particle deposition onto the transwells was determined using
commercially available ammonium fluorescein particles (Acros Organics,
Fairlawn, NJ, USA) with known concentration and diameter produced described
previously (Vanderpool and Rubow 1988). The concentration of fluorescein
particles at the inlet, transwell and outlet of the DIVES (Figure 3) was analyzed
using a fluorometer (ModulusTM, Turner Biosystems, Sunnyvale, CA, USA).
Spatial Uniformity of Particle Deposition
To evaluate the spatial uniformity of particle deposition on transwells, 40
nm polystyrene latex (PSL) spheres (Duke Scientific Corp., Palo Alto, CA, USA)
were aerosolized and deposited onto the cell‐free transwell in the DIVES. The
membranes were then removed from the transwells with a clean scalpel blade.
Samples were allowed to air dry and the membrane of the transwells (24 mm)
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was mounted on an aluminum scanning electron microscopy (SEM) stub (25 mm)
with double‐sided, graphite tape, and the edge of the filter was painted with
colloidal silver liquid to promote conductivity. The surface of the sample was
sputter‐coated with gold (K550, Emitech, Ashford, Kent, England) and examined
in a SEM (Hitachi S‐4800 FE, Tokyo, Japan) by observing particles along the
membrane radius (every 2 mm). The deposition distribution of NPs was
determined by counting PSL particles in SEM images taken using ImageJ
software (NIH, USA) along compass point transects.
Testing the Effect of the DIVES Conditions on Cell
Viability
A549 cells were exposed to particle‐free air in the system to assess cell
viability as determined using Alamar Blue (Sigma, St. Louis, MO, USA), which
indicates metabolic mitochondrial function. The viability of cells exposed to
particle‐free air for 4 h was compared to cells grown under standard cell culture
conditions (5% CO2, 95% humidity, 37°C) in an incubator. After 4 h exposure,
cells were transferred to an incubator for post‐incubation (4, 8, 12, and 24 h)
under standard cell culture conditions. After post‐incubation, fresh medium
containing Alamar Blue (50 μM) was added and cells were incubated for 1 h. The
absorbance at 570 nm and 600 nm was measured using a microplate reader
(SpectraMax M5, Molecular Device, Sunnyvale, CA, USA).
Cellular Dosimetry of Cu NPs in the DIVES
The delivery of Cu NPs to the cells and the uptake of NPs by the cells
were measured using inductively coupled plasma‐mass spectrometry (ICP‐MS, X
Series, Thermo Scientific, Waltham, MA, USA). Cu NPs were aerosolized in the
nebulizer, drawn through the aerosol distribution system at 5 L/min, and
deposited on cells in the transwell (4.7 cm2) at 5 mL/min (Figure 3). Confluent
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A549 cells were exposed to Cu NPs for 4 h and then the membranes were
removed from the transwell with a clean scalpel blade. The membranes
(including cells and Cu NPs) were digested with 4 mL of aqua regia (nitric acid,
HNO3 and hydrochloric acid, HCl), and then heated to 95 °C for 4 h using a hot
block digestion system (Environmental Express, Inc., Mt. Pleasant, SC, USA). The
dissolved solutions were diluted to 10 mL with ultra pure water (Fisher Optima®
grade) and measured by ICP‐MS. Control cells that were not treated with Cu
NPs were prepared similarly and measured to control for cellular Cu ion content.
The mass concentration of dissolved Cu NPs in basolateral medium was also
determined.
Aerosol Characterization of Cu NPs in the DIVES
The size distribution of the aerosol during Cu NP exposures to A549 cells
was measured using a SMPS that measured diameters in the range of 7.4 to 289
nm according to the manufacturerʹs instructions.
A549 cells from the Cu NP exposure study were processed for TEM‐
energy dispersive spectroscopy (EDS) analyses. The cells were fixed with 2.5%
glutaraldehyde in 0.1M sodium cacodylate buffer, post‐fixed with 1% osmium
tetroxide, dehydrated through graded ethanols and embedded in epoxy resin.
Thin sections were cut at ~80‐90 nm on a Leica EM UC6 ultramicrotome (Leica
Microsystems GmbH, Wetzlar, Germany) and placed on 200 mesh
formvar/carbon‐coated nickel grids. Elemental analysis of the cells was
performed with an EDS system (Thermo Fisher Noran System 7, Waltham, MA,
USA) attached to a JOEL JEM‐2100F (Tokyo, Japan) field emission TEM. The
TEM was operated at an accelerating voltage of 200 kV in scanning mode
combined with a high angle annular field detector (HAADF). NSS 2.2 software
package was used to acquire and process the data.
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Results and Discussion
Although in vitro screening systems for assessing NP toxicity have
beneficial advantages comparing to in vivo assays, very few systematic attempts
have been made to compare the results from in vitro studies to in vivo toxicity
effects on the same materials using an identical NP generation for both in vitro
and in vivo studies. In this study, we integrated NP generation system utilized
for our inhalation studies (Pettibone et al. 2008a; Grassian et al. 2007a; Grassian et
al. 2007b; Kim et al. 2011; Stebounova et al. 2011b) with an ALI culture system to
provide a reasonably accurate screen for the pulmonary toxicity of NPs and
validated our system prior to studies of NP toxicity.
Particle Deposition Efficiency
Particle deposition efficiency onto the transwell membranes was
determined by mass balance of the DIVES. Polydisperse ammonium fluorescein
particles (60‐nm number median diameter; 1.8 geometric standard deviation,
GSD) had a deposition efficiency of 71.3 ± 2.4% with 1.3 ± 0.1 μg deposited per
transwell in 2 h (Table 1). About 24% of the aerosol by mass was exhausted from
the DIVES and 4.7% of the aerosol was lost on the walls or tubes (Table 1). The
coefficient of variation in deposited mass between three transwells in the DIVES
was approximately 12%. These results demonstrate good uniformity of the
DIVES for transwell loading of NP toxicity to lung cells.
We further evaluated particle deposition efficiency in a DIVES as a
function of aerosol inlet distance (1, 2, and 3 mm) to the transwell membrane.
The highest deposition efficiency was obtained at a distance of 2 mm between the
end of the aerosol inlet and the transwell (Figure 4; efficiency, 2 mm > 3 mm > 1
mm). The distance between aerosol inlet and the transwell was set at 2 mm in all
subsequent experiments.
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The ALI exposure system to assess NP toxicity has received considerable
attention in recent years (Lenz et al. 2009; Rothen‐Rutishauser et al. 2009;
Volckens et al. 2009). One of the challenges of establishing an in vitro model
employing an ALI for nanotoxicity testing is to increase the particle deposition
efficiency of the system for NPs which deposit by diffusion. The air‐liquid
interface cell exposure system (“ALICE”) for NPs in liquids has previously been
validated by Lenz et al. (Lenz et al. 2009). They reported that the overall
deposition efficiency (the ratio of deposited and total mass of materials filled into
the nebulizer) was 7.2% for two 6‐transwell plates, but a deposition efficiency of
up to 57% is possible in 100% confluent cells. Recently, the electrostatic
deposition system has been used to increase particle deposition efficiency in such
exposure system. Savi and colleagues reported that the electrostatic deposition
system has the deposition efficiency of a range of 15‐30% (Savi et al. 2008). The
modified electrostatic aerosol in vitro exposure system (“EAVES”) established by
Volckens et al. had a collection efficiency of 88% at 500 nm aerodynamic
diameter of sodium chloride (Volckens et al. 2009). The potential drawback of the
electrostatic deposition system is that corona current and precipitation voltage
might affect cellular responses and corona charging process releases ozone into
the particle flow around 80 ppb as well (Volckens et al. 2009). Since the
deposition efficiency could be defined differently, it is noteworthy that the
deposition efficiency in the DIVES is the fractional deposition of the NPs entering
the exposure system.
Spatial Uniformity of Particle Deposition
The spatial variability of particles deposited onto the transwell was
determined by image analysis of 40‐nm, monodisperse, PSL particles using SEM.
In the IVDES, NP aerosol flows are drawn from the distribution unit and
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particles enter the exposure chamber from the top and exit in annular flow. The
percentages of particles deposited along the transwell membrane radius (every 2
mm) for 5 radial areas (2, 4, 6, 8, 10 mm) in eight compass transects are shown in
Figure 5A. Since equal areas were evaluated along the transects, each area would
contain 20% of the fraction of deposited particles assuming an equal distribution.
The 40‐nm PSL particles were evenly deposited along the transwell radius over
the entire membrane (Figure 5B). In addition, the spatial uniformity of particle
deposition was 4.0% expressed as the standard deviation of differences from
perfect uniformity (one‐fifth of the particles in each of the five transects).
These findings indicate uniform particle deposition over the entire
membrane in the DIVES. The uniform spatial distribution of the NP deposition
on each transwell and uniformity across transwells is a very important
characteristic of the DIVES. An uneven distribution of NPs could cause localized
cellular responses at overexposed areas on the transwell that are an artifact of
excessive localized NP loading.
Effects of the DIVES Operating Conditions on Cell
Viability
To evaluate the potential adverse effects of exposure conditions on cell
viability during experiments, A549 cells were initially exposed to particle‐free air
in the DIVES. The viability of cells exposed to particle‐free air for 4 h and then
incubated for 4, 8, 12, or 24 h was compared to cells grown under standard cell
culture conditions (5% CO2, 95% humidity, 37 °C) in an incubator. Viability for
cells exposed to particle‐free air in the exposure system did not differ
significantly compared to cells grown in the CO2 incubator (Figure 6). There was
a small, non‐significant reduction in cell viability after 4 h exposure to particle‐
free air at 4 or 8 h post exposure. After 8 h post‐incubation time, the viability of
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air‐exposed cells matched the level of viability for cells maintained in the
incubator. This phenomenon was also observed in other ALI systems (Lenz et al.
2009; Savi et al. 2008). Thus, these cell viability data indicate that the exposure
system allows a dynamic and continuous air‐exposure without damage to cells.
Since alveolar epithelial cells are among the first lung cells to be exposed
to inhaled toxicants, selection of the cells that represent the lung epithelium in an
in vitro model for NP toxicity testing to lung cells at the ALI is very important.
While primary human lung epithelial cells are optimal, A549 cells represent a
reasonable surrogate transformed cell line for development work. These cells
retain several features of type II alveolar epithelial cells, including the synthesis
of surfactant (Stringer et al. 1996). Future experiments will examine the viability
of primary human epithelial cells over time.
Cellular Dosimetry of NPs
One of the essential questions for determination of the cellular responses
after NP exposure is the accurate determination of the dose. To measure the dose
of deposited NPs on the exposed cells, we determined the mass concentration of
the Cu NPs in and on the cells and also in the basolateral medium using ICP‐MS
after delivery of Cu NPs to A549 cells for 4 h. The mass concentration of the
deposited Cu NPs in/on the cells (adjusted for the Cu in particle‐free cells) was
0.6 ± 0.06 μg Cu/transwell (4.7 cm2) (Table 2), while the mass of Cu found in the
basolateral medium (18 mL) was 1.0 ± 0.02 μg. Thus, total delivered Cu mass
concentration was 1.6 μg Cu per transwell and a loading of 0.4 μg Cu/cm2. This
result indicates a fairly large amount of Cu was dissolved and released to the
medium (0.6 μg in cell vs. 1 μg Cu in medium) in the 4 h of continuous air‐
delivery of Cu NPs.
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These findings are in agreement with our previous studies of Cu NP‐
exposed mice (Kim et al. 2011). In particle‐free bronchoalveolar lavage (BAL)
fluid, the concentration of dissolved Cu ions increased in a dose‐dependent
manner over a short time. These dosimetry data are consistent with the finding
of significant Cu release from nano‐sized Cu particles within the first 4 h of
exposure in vitro (Midander et al. 2009).
We used commercially manufactured Cu NPs for these studies. Since
metal and metal oxide NPs are one of the primary engineered NPs in industrial
applications, concerns over the emission of engineered NPs into the environment
and consequent potential adverse effects on human health have increased. Our
group has studied the toxicity of a variety of metal‐based NPs in mice (Pettibone
et al. 2008a; Grassian et al. 2007a; Grassian et al. 2007b; Kim et al. 2011). We
found Cu NPs induced stronger inflammatory responses than oxides of iron (Fe),
titanium (Ti), or silver (Ag) and impaired host defense against bacterial lung
infections.
Test animals or cells used in toxicological studies for NMs are often
exposed to extraordinarily higher doses or concentrations than real or
anticipated human exposures (2007; Oberdörster et al. 2007). The use of high‐
dose toxicity tests for predicting risks of NMs has remained controversial.
Unfortunately, biological effects induced by high‐dose exposure frequently will
not occur at lower doses of NMs in animals or cells. Thus, the induction of
irrelevant responses in exposed animals or cell cultures at high doses may lead to
the misinterpretation of toxic effects of NMs. Recently, the National Research
Council of the US National Academy of Science proposed that toxicological
testing in the 21st century should transition from traditional high‐dose animal
studies to an approach based on the cellular response pathways that can result in
adverse health effects when sufficiently perturbed using well‐designed in vitro

57

assays. The vision proposed in this report offers the potential to obtain direct
information on toxic effects at uniform and quantifiable exposures more relevant
to those that may be experienced by human populations (2007). In general, the
dose or exposure concentration of NPs in submerged cell culture conditions is
expressed as a mass concentration of NPs added to the media (e.g., mg/mL).
However, this nominal dose reflects poorly the actual cellular dose, because cells
respond to NPs that are in contact with the cells not those that remain suspended
in media (Teeguarden et al. 2007). The DIVES for NP toxicity testing enables us
to measure such low concentrations of deposited NPs on the cells and
transported or dissolved NPs in the basolateral medium.
Recently, it has been reported that a quartz crystal microbalance (QCM) is
used to determine the particle mass deposited onto a vibrating piezoelectric
quartz crystal (Lenz et al. 2009). Since the QCM is very sensitive to the humidity,
temperature, viscosity of the liquid, and the deposited mass of the film, we have
not succeeded in obtaining precise mass determinations with the QCM under
conditions that provide for the maintenance of the cells. However, the DIVES can
provide accurate transwell loading prior to introducing the cells.
Aerosol Characterization of NPs
Aerosolization of Cu NPs with primary size of 12 nm in the DIVES
produced a geometric mean (GM) particle size of 30.2 nm with a GSD of 1.9
(Figure 7). Thus, this shows that the exposure system can produce NP aerosols
with a GM approaching the primary size of a NP powder.
To accurately assess cellular NP toxicity it is vital that cells are dosed with
nano‐sized aerosols. Dosing cells with agglomerated NPs in an in vitro study can
lead to an inaccurate assessment of cellular responses. It has frequently been
reported that the NP agglomeration and dispersion problems in submerged
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exposures make it difficult to accurately determine cellular dose and deliver NPs
to cells (Kroll et al. 2009; Teeguarden et al. 2007; Sager et al. 2007; Wittmaack
2011). These problems in turn are expected to significantly alter cellular
responses. Therefore, the demonstration of limited agglomeration of NPs in the
DIVES helps ensure the representativeness of cellular responses.
To further characterize NP exposures in the DIVES, the morphology and
elemental composition of the aerosols were analyzed using TEM with EDS. TEM‐
EDS mapping and EDS spectrum of Cu NPs deposited on the cells (Figure 8)
shows the particles are nano‐sized Cu (point 1). There is no Cu in the
backgrounds (particle‐free cell and TEM grid). These results demonstrate that the
system can deliver nano‐sized particles to the cells without
agglomeration/aggregation and confirms the size distribution of NPs produced
in the DIVES as measured by the SMPS.
Although TEM analysis in NP research is frequently used to demonstrate
cellular uptake of NPs, it has been reported that NPs are often indistinguishable
from cellular structures in the same size range by TEM. Electron dense particles
such as TiO2 can be impossible to differentiate from cellular organelles due to the
similarity with glycogen granules, mitochondrial matrix granules or ribosomes
whereas electron lucent particles (e.g., polystyrene) can be confused with
spherical vesicular structures like caveolae TEM (Muhlfeld et al. 2007; Panyam et
al. 2003). However, TEM coupled with EDS analysis allows the analysis of the
elemental composition and visualization of the spatial distribution of NPs
deposited on the cells. By employing several complimentary techniques, such as
SMPS, ICP‐MS and TEM‐EDS, we were able to fully characterize NP aerosols and
provide data on the number, size, mass, morphology and elemental composition
of NP aerosols delivered to the cells in the DIVES.
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Conclusions
Despite prior development of ALI exposure systems, there are few
publications that have fully validated these systems for use in nanotoxicology.
Here we integrated and validated a reproducible DIVES capable of generating
NP aerosols and depositing NPs directly onto cells at an ALI without significant
agglomeration. The DIVES was shown to provide efficient, uniform, and
controlled dosing of particles to epithelial cells grown on transwells. In addition,
this exposure system delivered a continuous airborne‐exposure of NPs to lung
cells without loss of cellular viability. We suggest that the DIVES has great
potential for screening NP toxicity in a manner that represents cellular responses
of the pulmonary epithelium in vivo.
Abbreviations
Ag: silver, ALI: air‐liquid interface, ASL: airway surface liquid, BAL:
bronchoalveolar lavage, Cu: copper, DIVES: dynamic in vitro exposure system,
EDS: energy dispersive spectroscopy, FBS: fetal bovine serum, Fe: iron, GM:
geometric mean, GSD: geometric standard deviation, HAADF: high angle
annular field detector, HCl: hydrochloric acid, HNO3: nitric acid, ICP‐MS:
inductively coupled plasma‐mass spectrometry, NM: nanomaterial, NP:
nanoparticle, PSL: polystyrene latex, QCM: quartz crystal microbalance, SEM:
scanning electron microscopy, SMPS: scanning mobility particle sizer, SD:
standard deviation, TEM: transmission electron microscopy, Ti: titanium, XPS: X‐
ray photoelectron spectroscopy, XRD: X‐ray diffraction
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Table 3‐1: Particle deposition efficiency of ammonium fluorescein particles
aerosolized in the dynamic in vitro exposure system (DIVES).

Particle concentration in air
(mg/m3)
Inlet

Deposition

2.9 ± 0.2

2.1 ± 0.1

Deposited mass per
transwell
(μg ± SE)

Particle deposition
efficiency†
(%)

1.3 μg ± 0.1

71.3 ± 2.4

Note: †Deposition efficiency (%) was determined by measuring fluorescence
intensity at the aerosol inlet and on the transwells (refer to Figure 3‐3 for sample
locations). Particle deposition efficiency (%) = (Deposition conc. /inlet conc.) x 100;
Mass balance: Inlet conc. = Transwell conc. (deposition conc., 71.3%) + Outlet
conc. (24.0%) + Loss (4.7%). Data are expressed as mean ± SE.
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Table 3‐2: Deposited Cu mass concentrations determined by ICP‐MS after air‐
delivery of Cu nanoparticles (NPs) in the dynamic in vitro exposure system
(DIVES).

Adjusted Cu mass
in and on the cells
(4.7cm2)

Adjusted Cu mass
in medium
(18 mL)

Total delivered
Cu mass
(cell and medium)

μg ± SE
0.6 ± 0.1
Note: Data are expressed as mean ± SE.

1.0 ± 0.02

1.6 ± 0.4
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Figure 3‐1: A schematic illustration of in vitro models for the assessment of
nanoparticle (NP) toxicity.
Note: (A) Conventional cell culture model, where particles are suspended in
medium and delivered to submerged cells grown on plate. (B) Diagram of air‐
liquid interface (ALI) cell culture model (for direct delivery of NPs), where
particles are deposited on cells grown at the ALI.
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Figure 3‐2: Schematic summary of the experimental design.
Note: Integration and evaluation of the dynamic in vitro exposure system (DIVES)
for toxicity assessment of air‐delivered nanomaterials to lung epithelial cells.
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Figure 3‐3: Schematic of our dynamic in vitro exposure system (DIVES).
Note: Nanoparticle (NP) aerosol generation system supplies the air‐liquid
interface (ALI) cell culture chamber to expose epithelial lung cells in vitro. The
exposure chamber consists of the aerosol inlet, the cell culture insert (transwell)
and the medium container. The direct air‐delivery of NP aerosols to lung cells
using DIVES simulates human lung cells to study NP toxicity.
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Figure 3‐4: Particle deposition efficiency in the dynamic in vitro exposure system
(DIVES) as a function of aerosol inlet distance (1, 2, and 3 mm) to the transwell
membrane.
Note: Data are expressed as mean ± SE.
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Figure 3‐5: The spatial uniformity of particle deposition in the dynamic in vitro
exposure system (DIVES) was evaluated by counting polystyrene particles (40
nm) with scanning electron microscopy (SEM). (A) The number of deposited
particles on the transwell showing positions of delivered particles. The red circle
indicates entire transwell (diameter, 24 mm). (B) Deposition fraction (%) of
particles in 4 h on the transwell along the membrane radius, every 2 mm.
Note: Spatial uniformity is expressed as standard deviation (SD) of relative
differences from the mean deposition fraction of particles on each area and the
maximum deposition fraction of particles (20%) (Spatial uniformity = 4.0%, the
line indicates SD of uniformity). Data are expressed as mean ± SE.
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Figure 3‐6: Effects of the dynamic in vitro exposure system (DIVES) operating
conditions on cell viability.
Note: Cell viability for A549 cells exposed to particle‐free air (air exposure) for 4 h
in the exposure system did not differ significantly compared to cells grown in the
CO2 incubator (control). After exposure of A549 cells to particle‐free air, the cells
were incubated at 37 °C in 5% CO2 for specific time points (4, 8, 12, and 24 h).
Data are expressed as mean ± SE.
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Figure 3‐7: Particle size distribution of 12 nm‐Cu nanoparticle (NP) aerosols
produced by a 3‐jet Collison nebulizer in the dynamic in vitro exposure system
(DIVES).
Note: The geometric mean (GM) of aerosoled NPs for Cu exposures to A549 cells
in the DIVES was 30.2 nm indicating this exposure system can produce NP
aerosols with a GM approaching the primary size of a NP powder. The size
distribution of Cu NP aerosols was corrected to the background water used as a
carrier.
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Figure 3‐8: Particles found in the cells were identified using transmission
electron microscopy (TEM)‐energy dispersive spectroscopy (EDS) after direct
exposure of A549 cells to Cu nanoparticles (NPs).
Note: Cu NP aerosols were delivered to A549 cells for 4 h using the dynamic in
vitro exposure system (DIVES). (A) TEM‐EDS mapping of Cu NPs deposited on
the cells and (B) the corresponding energy‐dispersive X‐ray spectrum of the
particles deposited on the cells (point 1) and backgrounds (particle‐free cells,
point 2 and TEM grid, point 3). The Ni signal in the spectrum is from the nickel
TEM grids used for sample preparation.
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CHAPTER IV
EVALUATION OF CELLULAR RESPONSES AFTER
SEQUENTIAL AIR‐LIQUID INTERFACE EXPOSURE OF HUMAN
LUNG CELLS TO METAL‐BASED NANOPARTICLES
Background
Metal‐based nanoparticles (NPs) find many industrial applications and
their extensive use has produced concerns that they may pose risks of significant
adverse effects (Fahmy and Cormier 2009; Schrand et al. 2010). Airborne NPs are
of particular concern over human exposure, as they can readily move in ambient
air and enter the body through inhalation (Maynard and Kuempel 2005).
Epidemiological studies have also shown an association between exposure to
airborne ultrafine particulate matter (PM0.1) and adverse health effects such as
cardiovascular and pulmonary disease including bronchial asthma (Weichenthal
et al. 2007; Penttinen et al. 2001). Delivery of inhalable NPs as an aerosol and
deposition can occur in the alveolar region of the lung and interact with or
perhaps penetrate the alveolar epithelial cells if they are not rapidly cleared by
the mucociliary escalator or alveolar macrophages. Thus, to better understand
NP‐respiratory tract interactions in cell culture studies reflecting the pulmonary
region in vivo, it is very important to simulate in vivo cellular conditions.
In vitro studies for assessing the toxicity of inhaled NPs are often based on
exposure of submerged lung cells to NPs suspended in a suitable cell culture
medium. Submerged exposure is easy to perform and dosimetry seems to be
simple by measuring the amount added to the cell culture medium (e.g. μg/mL).
However, agglomeration and dispersion of NPs in submerged exposure make it
difficult to accurately determine cellular dose and delivery of NPs to cells
(Albanese and Chan 2011). Albanese and Chan found that there was a significant
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decrease (25%) in cellular uptake of aggregated NPs with HeLa and A549 cells as
compared to single and monodisperse NPs.
There is great interest in developing rapid screening methods that
replicate in vivo toxicity (Lenz et al. 2009; Rothen‐Rutishauser et al. 2009; Stringer
et al. 1996; Savi et al. 2008). Epithelial cells grown at the air‐liquid interface (ALI)
have well differentiated structures and functions compared to cells grown
immersed (Kameyama et al. 2003). The main strength of this approach to study
metal NP toxicity is the direct delivery of NPs on the cells without changing
particle properties at the ALI and well‐defined dose that can be determined from
the continuously monitored particle size distribution and metal concentration.
The dynamic in vitro exposure system (DIVES, evaluated in Chapter III) is an
example of ALI exposure system to mimic a more realistic in vivo pulmonary
exposure to inhaled NPs (Thorne et al. 2010).
Due to the unique surface characteristics of NPs, proteins can adsorb to
NP surfaces immediately upon contact with living systems (Lynch and Dawson)
as well as surface contamination of NPs can easily occur (Cho et al. 2002). Some
studies on NP‐protein interactions suggested that the degree of NP‐protein
interactions can be different depending on the amount and nature of particle
surface (types of NPs) and the types of proteins (Linse et al. 2007; Cedervall et al.
2007). A recent study showed that the NPs (Cu, Ag and TiO2) were able to
interfere with the lactate dehydrogenase (LDH) assay by inactivating LDH and
adsorption of LDH to NPs (Han et al. 2011). These observations suggest that one
should be very careful in validating any protein‐based or other macromolecule‐
based assays for NP toxicity testing.
In addition to the NP‐protein interaction, it is well known that bacterial
endotoxin, lipopolysaccharide (LPS), remains one of the most common surface‐
adsorbed contaminants of serious concern for NPs. Endotoxin affects biological
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systems strongly as a known inflammagen by raising cellular
cytokine/chemokine production via Toll‐like receptor‐4. A study showed that
particulate matter pretreated with lipopolysaccharide (LPS) produced marked
increases in the release of cytokine/chemokines (including TNF‐α, IL‐1α and IL‐
1β) as well as up‐regulation of corresponding mRNA levels even after ethanol
washing (Cho et al. 2002). Therefore, it is very important to discriminate
biological activity of LPS from the inflammatory activity of contaminated NPs
with LPS. In doing so, endotoxin contamination of NPs should be regularly
assayed before NP exposure in a laboratory experienced in endotoxin assessment.
Another important characteristic of the toxicity of metal NPs is their
dissolution ability (release of ions) in a suspending medium or biological
environment (Xia et al. 2008; Midander et al. 2009). The solubility of the NPs
most likely plays a vital role in the NP toxicity, but it has remained controversial.
It has been reported that cytotoxic effects related to the dissolved Cu ions were
found to be significantly lower than the effects related to particles (Karlsson et al.
2008; Fahmy and Cormier 2009; Cheng 2005). However, many recent studies
have related toxicity of NPs to the ability of the NPs to release metal ions to
artificial biological fluids or target organisms. Our previous studies found this
association between NP toxicity and dissolution showing that Cu NPs has a
higher propensity to dissolve than Fe NPs in Gamble’s solution (pH of 7.4,
artificial interstitial lung fluid) (Pettibone et al. 2008a). In addition, we found
high Cu ion concentration in particle‐free bronchoalveolar lavage (BAL) fluids
from sub‐acutely exposed mice compared to control. The concentration of
dissolved Cu ions in BAL fluids from acutely Cu‐exposed mice also increased in
a dose‐dependent manner over a short time (Kim et al. 2011). Dissolution has
been shown to play an important role in ZnO‐induced cytotoxicity. ZnO
dissociation disrupted cellular Zn homeostasis, causing lysomal and
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mitochondria damage and in turn cells death (Xia et al. 2008). Most dissolution
studies were performed in the biological fluids or cell culture medium (without
cells). Thus, effects of NP dissolution on their toxicity in an in vitro model
including target cells should be further investigated.
The generation of reactive oxygen species (ROS) resulting in oxidative
stress and production of inflammatory mediators has been considered a major
mechanism of cytotoxicity for inhaled NPs (Unfried et al. 2007; Lewinski et al.
2008). Recent studies reported that there is an urgent need to develop in vitro
assays as predictive screens for assessing NP toxicity to provide an in vitro
hazard ranking and prioritization of NPs for in vivo study (Sayes et al. 2007;
George et al. 2011). However, very few systematic attempts have been made to
validate the results from in vitro to in vivo studies on the same NPs. The latter
approaches are considered a more realistic route of exposure with reproducible
NP dosing and lung distribution.
Recently, it has been suggested that the development of cell culture
technologies and methods is needed for the application of continuous and
repeated low‐dose testing and it should be carried out in a similar manner to
exposure in vivo (Prieto et al. 2006). Thus, a successful in vitro testing system for
NP toxicity assessment should at least have some capacity for predicting in vivo
repeated dose toxicity.
The objective of the present study was to evaluate cellular responses after
sequential (repeated low‐dose) ALI exposure of human lung cells to Fe and Cu
NPs using the DIVES by comparing to responses in submerged cultures. Thus,
we determined the cytotoxicity by mitochondrial function and membrane
leakage of LDH, the generation of ROS and release of cytokine/chemokines in
response to exposure of A549 cells to Fe and Cu NPs at the ALI and in
submerged culture conditions to compare cellular responses in the two different
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exposure systems. The degree of Fe and Cu NP dissolution at the ALI in the
DIVES was also examined. In addition to the comparisons of cellular responses
in both exposure systems, we compared in vitro measurements obtained in the
DIVES to in vivo pulmonary responses acquired in a murine model of lung
inflammation to provide information on the rank of NP toxicity and evaluate the
potential of the DIVES as a screening tool for NP toxicity.
Materials and Methods
Experimental Design
To better mimic the exposure conditions of lung cells for inhaled NPs in
vivo, we generated metal NP aerosols (Fe and Cu NPs) and delivered them
directly onto lung epithelial cells grown at the ALI using the DIVES. The DIVES
was evaluated for its efficiency and uniformity of NP delivery to the lung
epithelial cells (Chapter III). These tests showed that the DIVES allows a dynamic
and continuous air‐exposure for NP toxicity assessment. Cellular responses were
evaluated at the ALI and in a submerged culture system for Fe and Cu NP
exposure. A549 (human alveolar type II‐like) cells were used in this study for NP
exposure in vitro. They represent a reasonable surrogate transformed cell line for
development work and potential targets of NPs in vivo after inhalation although
primary human lung epithelial cells are optimal. These cells retain several
features of type II alveolar epithelial cells, including the synthesis of surfactant.
Source and Characterization of NPs
Fe and Cu NPs with a manufacturer’s stated average particle size of 25 nm
were used as received from the manufacturer (Nanostructured and Amorphous
Materials, Inc, Houston, TX, USA) without modification. Since we used Fe and
Cu NPs in our prior in vivo studies (Pettibone et al. 2008a; Kim et al. 2011), they
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were selected to compare responses in vivo and in vitro. The NPs were
characterized for our previous studies using X‐ray diffraction (XRD),
transmission electron microscopy (TEM), X‐ray photoelectron spectroscopy (XPS)
and BET techniques as described previously (Pettibone et al. 2008a). NP
characterization data showed that the primary size of Fe and Cu NPs were 25 ± 2
and 12 ± 1 nm, respectively. It indicates that characterization data provided by
manufacturer need to be independently determined due to batch to batch
variability and the fact these materials are not always characterized using state‐
of‐the‐art instrumentation.
Endotoxin Assay
To test if NPs were contaminated with endotoxin, the endotoxin level of
NPs was measured using the kinetic chromogenic Limulus amebocyte lysate
(LAL) assay (Lonza, Inc., Walkersville, MD, USA), as described previously
(Thorne 2000). Briefly, all glassware was rendered pyrogen free by heating
overnight at 200°C. For each assay, a 12‐point standard curve was generated over
the concentration range 0.0244‐50.0 EU/mL and referenced to control standard
endotoxin (E. coli E50‐643). Endotoxin standards and 5‐fold serial dilutions of
sample were assayed in pyrogen‐free microtiter plates (Costar no.3596; Corning,
Inc., Corning, NY) in a microplate reader (SpectraMax 384 Plus, Molecular
Devices, Sunnyvale, CA) for 90 min at 37°C. Spectrophotometric measurements
were taken at 405 nm at 30 sec intervals. The endotoxin level of Fe and Cu NPs
was below the limit of detection (0.0244 EU/mL). Thus, these materials were not
contaminated with endotoxin and cellular responses induced by NP exposure in
the study were to contributable to the NP themselves.
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Cell culture
A549 cells were obtained from ATCC (American Type Culture Collection,
#CCL‐185, Manassas, VA, USA). Cells were cultivated in RPMI 1640 medium
(Invitrogen, Carlsbad, CA, USA) and supplemented with 10% fetal bovine serum
(FBS, HyClone Laboratories, Inc., Logan, UT, USA) and 100 mg/ml penicillin and
streptomycin (Invitrogen) at 37 °C under humidified atmosphere containing 5%
CO2.
For ALI exposure experiments, cells were harvested with 0.25% phenol‐
free trypsin‐EDTA (Invitrogen), counted and seeded at a density of 7.0×104
cells/cm2 into 4.7 cm2 cell culture inserts (Transwell, Corning, NY, USA). Cells
were allowed to attach to the transwell for 12 h. When cells had grown to
confluence (> 85%), they were cultured at an ALI by removing the medium from
the basal side for 12 h prior to exposure of NPs. After 12 h period for adaptation
of the cells to the ALI conditions, cells were washed twice with PBS and
transferred to the DIVES for exposure. The cells were supplied with medium
(phenol‐free RPMI 1640) from basal side through the semi‐permeable transwell
membrane. A constant pH of the medium in the DIVES was maintained by using
medium buffered with 25 mM HEPES.
Air‐Delivery of NPs to Lung Cells in the DIVES
As described previously in Chapter III, the DIVES consists of a NP
generation and measurement system and an ALI culture chamber (Figure 3‐2). In
brief, for air‐delivery of NPs, a suspension of Fe and Cu NPs in water (Optima
grade, Fisher Scientific, Pittsburgh, PA, USA) was nebulized as follows. A 1 mg
NP/mL suspension was ultra‐sonicated with a high frequency probe set at 30% of
the maximum amplitude (20 kHz, model 550, Fisher Scientific, Pittsburgh, PA,
USA) for 10 min to minimize the degree of agglomeration. The suspension was
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placed in a three‐jet Collison nebulizer (BGI Inc., Waltham, MA, USA) supplied
with filtered, pressurized air. Air supplied to the nebulizer was controlled by a
precision air regulator (Type 10, Marsh Bellofram, Newell, WV, USA) at a precise
pressure (15 psig) to produce a flow rate of 4.75 L/min. Aerosolized droplets
containing NP were dried by passing the airstream through a 30‐cm, 110 °C brass
drying column and vapor condenser consisting of a flow‐through 1‐L bottle
submerged in an ice bath. The dry NP aerosol was passed through a 85Kr charge
neutralizer (model 3077A, TSI Inc., Shoreview, MN, USA) prior to entering the
ALI chamber. A scanning mobility particle sizer (SMPS, model 3080 Electrostatic
Classifier with model 3081 Differential Mobility Analyzer and model 3785
Condensation Particle Counter, TSI Inc.) was connected to the DIVES for
continuous monitoring of NP and to the aerosol count distribution.
NP aerosols were delivered to the manifold (aerosol inlet) of the ALI cell
culture chamber (Vitrocell® module, Vitrocell, Waldkirch, Germany) through an
aerosol distribution unit. Particle‐laden air flowed to the aerosol distribution unit
at a rate of 4.75 L/min and was supplemented with CO2 (0.25 L/min) to maintain
cells at 5% CO2 and physiologic pH. The aerosol flow (5 mL/min) delivered to the
cells from the manifold was regulated by separate mass flow controllers (GFC17,
Aalborg Instruments, Orangeburg, NY, USA) downstream of the ALI cell culture
chamber. These flow rates were selected to avoid mechanical stress and
dehydration of the cells.
A549 cells were grown in a biphasic culture system with exposure
medium on the basolateral side and air on the apical side in the DIVES during
exposure. Thus, cells were exposed to NPs via the air at the apical surface.
Culture medium (18 mL) was individually supplied to each well compartment
without recirculation and was maintained at 37 ± 0.1 °C by circulating

78

temperature‐controlled water through baffles within the stainless steel module
housing.
To increase the dose of NPs delivered in the DIVES, an increase in
exposure time was needed. However, increases beyond 4 h without resting cells
in a CO2 incubator could result in loss of cell viability. Thus, we sequentially
exposed lung cells to NPs in vitro. This mimics the protocol in an in vivo repeated
low dose study of NPs. For sequential NP exposure (4 h‐2 h‐ 4 h), cells were first
exposed to NPs for 4 h in the DIVES, then incubated for 2 h and then exposed for
another 4 h in the DIVES. After the second NP exposure, the transwells were
taken out of the module and cells were incubated at 37 °C in 5% CO2 for specified
post‐exposure time points.
Submerged Exposure of Cells to NPs
To facilitate comparison of cellular responses to NPs in the DIVES with
responses in submerged cultures, NP exposures were also performed using a
conventional solution cell culture method. For submerged cell exposures, NPs
were suspended in Optima® water (1 mg/mL) and ultra‐sonicated as stated above.
The final concentrations of NPs (5, 20, 50, 100 and 250 μg/mL) were prepared by
diluting the NP suspension in cell culture medium. NP suspensions were further
sonicated (Ultrasonic Cleaner 200, Branson Ultrasonics Corp, Danbury, CT) at
room temperature for 10 min to avoid NP agglomerations prior to administration
to the cells. Cells were harvested with phenol‐free 0.25% trypsin‐EDTA, counted
and seeded at a density of 1.5×105 cells/mL into 3.8 cm2 12‐well plates (Corning).
Cells were allowed to adhere to cell culture plates for 24 h prior to exposure.
Cellular Dosimetry
The delivery of NPs to the cells and the uptake of NPs by the cells were
measured using inductively coupled plasma‐mass spectrometry (ICP‐MS, X
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Series, Thermo Scientific, Waltham, MA, USA). For determination of cellular
dosimetry, NPs were aerosolized in the nebulizer, drawn through the aerosol
distribution system at 5 L/min, and deposited on cells in the transwell (4.7 cm2) at
5 and 15 mL/min. Confluent A549 cells were sequentially exposed to Fe and Cu
NPs (4 h ‐2 h ‐ 4 h) in the DIVES. After final NP exposure, the membranes were
removed from the transwell with a clean scalpel blade. The membranes
including cells and NPs were digested with 4 mL of aqua regia (nitric acid and
hydrochloric acid, 1:1 for each), and then heated to 95 °C for 4 h using a hot block
digestion system (Environmental Express, Inc., Mt. Pleasant, SC, USA). The
dissolved solutions were diluted to 10 mL with Optima water and measured by
ICP‐MS. The mass concentration of dissolved Cu and Fe NPs in basolateral
medium was also determined immediately after sequential exposure of NPs.
Particle‐free cells and medium were prepared similarly and measured to adjust
cellular Cu ion content in control cultures.
Cell Viability (Alamar Blue Assay)
Alamar Blue (AB, Sigma, St. Louis, MO, USA) is a water soluble dye that
is non‐toxic to the cells (Al‐Nasiry et al. 2007). It has been widely used for
quantifying in vitro viability of various cells. Of the multiple cytotoxicity assays
used for NP toxicity testing, the AB assay was found to be the most sensitive and
reproducible (Davoren et al. 2007). When added to cells, the oxidized form (blue
color) of the AB enters the cytosol and is converted to the reduced form
(fluorescent pink) by mitochondrial enzyme activity quantified by which can be
measuring fluorescence.
After NP exposure in the DIVES, cells were transferred to an incubator for
4 or 12 h under standard cell culture conditions (5% CO2, 95% humidity and
37°C). After this post‐exposure incubation, the cells on the apical side were
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washed twice with 500 μL of PBS and fresh phenol‐free medium containing AB
(final concentration, 50 μM) was added to the apical side of the cells (1 mL) for 1
h incubation at 37°C. Next, 200 uL of AB solution were withdrawn and placed in
the 96‐well plate (Corning) and fluorescence (relative fluorescence units, RFU)
was quantified at 570 nm (excitation) and 585 nm (emission) using a microplate
reader (SpectraMax M5, Molecular Device, Sunnyvale, CA, USA).
For submerged exposure, cells were exposed to Fe and Cu NPs at the
concentrations of 5, 20, 50, 100 and 250 μg/mL for 24 h. After exposure, cells were
washed twice with 500 μL of PBS and AB fluorescence was quantified as
described above. Cell‐free medium and AB solution were used as blanks.
Particle‐free cells grown under standard cell culture conditions were used as a
control and established as 100% cellular viability. The RFU values of cells
exposed to the particle‐free air and NPs in both exposure systems expressed as
the percentage of control.
LDH Leakage (Membrane Integrity) Assay
LDH is a soluble cytosolic enzyme that converts lactate to pyruvate. When
plasma membrane integrity is disrupted, LDH is released into extracellular
environment. Therefore, LDH assay is widely used to assess cytotoxicity of NPs.
To investigate the possible cytotoxicity induced by NPs on A549 cells, cells
exposed to Fe and Cu NPs in the DIVES and the submerged exposure system
were characterized for the amount of LDH released (LDH activity) using a
commercial assay (Roche Diagnostics, Penzberg, Germany). For ALI exposure,
after post‐exposure (4 and 12 h), the cells were washed twice on apical side with
500 μL of PBS and the supernatant of wash solution was collected by three
rounds of centrifugation at 700 x g. The supernatant of the basal medium was
also collected. For 24 h submerged exposure, the medium was collected as
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described above and supernatants were aliquotted and stored at ‐80°C for later
analyses. Supernatants (100 μL) were added into the 96‐well plate and mixed
with 100 μL of reaction mixture of catalyst and dye solution. After 10 min
incubation at room temperature in the dark, the absorbance was measured using a
microplate reader (SpectraMax M5).
Particle‐free cells grown under standard cell culture conditions were used
as control and established as one fraction of the control. The absorbance values of
cells exposed to the particle‐free air and NPs in both exposure systems were
expressed as the fraction of control.
Intracellular ROS Generation
The generation of intracellular ROS was measured using 5‐(and‐6)‐
carboxy‐2ʹ,7ʹ‐dichlorodihydrofluorescein diacetate (carboxy‐H2DCFDA,
Invitrogen). The carboxy derivative of fluorescein carries additional negative
charges that improve its retention with the cell compared to non‐carboxylated
forms. The carboxy‐H2DCFDA passively enters the cell where it reacts with ROS
to form the highly fluorescent compound (dichlorofluorescein, DCF).
For ALI exposed cells, 0 and 4 h post‐exposure, cells were washed twice
on the apical side with 500 μL of PBS after which Hanks Balanced Salt Solution
(HBSS) with Ca and Mg containing carboxy‐H2DCFDA (25 μM, final
concentration) was added to the apical side of the cells (1 mL) for 30 min
incubation at 37°C. Following incubation, HBSS solution was removed and cells
were washed twice with 500 uL of PBS and were then lysed with 200 μL of 0.1%
Triton X‐100 in PBS for 30 min. After lysis, the suspensions were centrifugated at
14,000 x g for 15 min at 4°C and the supernatant was taken and placed in the 96‐
well plate for measurement. For submerged exposure, after exposure (2, 4 and 8
h) the medium was discarded and cells were washed twice with 500 μL of PBS.
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Carboxy‐H2DCFDA was added in the plate as described above. After incubation,
cell lysates were collected as described previously. The fluorescence intensity of
each lysate was measured with excitation of 485 nm and emission at 530 nm
using a microplate reader (SpectraMax M5). Particle‐free cells grown under
standard cell culture conditions were used as control. The RFU values of cells
exposed to the particle‐free air or NPs in both exposure systems were normalized
to control.
Cytokine/chemokines Assay
For ALI exposed cells, 4 and 12 h post‐exposure, cells were washed twice
on the apical side with 500 μL of PBS and the supernatant of wash solution was
collected. The supernatant of the basal medium was also collected as described
previously. For submerged exposure, after exposure (24 h) the medium was
collected and supernatants were aliquotted and stored at ‐80°C for later analyses.
Cytokine/chemokines were quantified by multiplexed fluorescent bead‐
based immunoassays (Bio‐Rad Laboratories, Inc., Hercules, CA) according to the
manufacturerʹs instructions. Eight human inflammatory cytokines and
chemokines were chosen based on our previous studies (Pettibone et al. 2008a;
Kim et al. 2011) and included interleukin (IL)‐6, IL‐8, IL‐12(p40), granulocyte
macrophage colony stimulating factor (GM‐CSF), monocyte chemotactic protein
(MCP)‐1, macrophage inflammatory protein (MIP)‐1α, rantes, and tumor
necrosis factor (TNF)‐α.
NP Dissolution in the DIVES
To determine the propensity of Fe and Cu NPs to dissolve into ions at the
ALI, the mass concentration of Fe and Cu in basal medium after sequential
exposure (4 h‐2 h‐4 h) of A549 cells in the DIVES was measured using ICP‐MS
(Thermo Scientific). The basal medium at 0, 4 and 12 h post‐exposure was
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collected after centrifuged at 14,000 x g. Particle‐free basal medium from control
cell (no particle) was used to adjust metal ion content in the medium.
Comparisons of In Vitro Results to In Vivo Pulmonary
Responses
We compared cellular responses in the two different exposure systems,
ALI in the DIVES and submerged cell culture conditions. To assess the DIVES as
a means to rank NP toxicity and prioritize NPs for in vivo testing as a cost‐
effective in vitro screening, we also compared in vitro results provided here using
DIVES to in vivo pulmonary responses on the same Fe and Cu NPs performed by
our group (Pettibone et al. 2008a; Kim et al. 2011). As stated previously, since
cytotoxicity is a major inducer of inflammation for NPs in vivo and in vitro, cell
viability indicating cytotoxicity in an in vitro studies and neutrophil recruitment
as an indicator of inflammation in animal studies were selected. Comparisons of
in vitro measurements in the DIVES and submerged cell culture condition were
performed by determining significant changes in five categories (cell viability,
ROS generation, release of LDH and cytokine/chemokines and NP dissolution)
each employing four scales: ‐ (zero or very low), + (low or p<0.05), ++ (medium or
p<0.01) and +++ (high or p<0.001).
Results and Discussion
Cellular Dosimetry
We determined the dose of air‐delivered Fe and Cu NPs (sequential
exposure, 4 h‐2 h‐4 h) on alveolar type II epithelial cells using ICP‐MS in the
DIVES. We also evaluated the influence of the aerosol flow rate (5 or 15 mL/min)
delivered to the cells. Table 4‐1 presents the mass concentration of Fe and Cu
after sequential exposure of A549 cells to Fe and Cu NPs at the ALI in the DIVES.
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The mass concentration of the deposited Cu and Fe in/on the cells (adjusted for
the Cu and Fe in particle‐free cells) was 1.73 ± 0.10 μg Cu/4.7 cm2and 0.92 ± 0.01
μg Fe/4.7 cm2, while the mass of Cu and Fe found in the basolateral medium (18
mL) was 2.85 ± 0.08 μg Cu and 0.02 ± 0.01 μg Fe at a 5 mL/min aerosol flow rate.
Thus, total air‐delivered Cu mass concentration was 4.6 μg Cu per transwell and
a loading of 1.0 μg Cu/cm2, while Fe mass concentration was 1.0 μg per transwell
(0.2 μg Fe/cm2). The increase in the aerosol flow rate (15 mL/min) for air‐delivery
of NPs to the cells has total delivered mass concentrations ranging from 1.3 ± 0.03
μg Fe to 5.5 ± 0.4 μg Cu. These results indicate that increasing delivered flow
from 5 to 15 mL/min increased total mass of Cu and Fe delivery by only 1.2‐fold
and 1.3‐fold, respectively and the rate of deposition efficiency was diminished by
increased flow rate (3‐fold).
The results of this cellular dosimetry indicate that a large amount of Cu
was dissolved and released to the medium (62% and 49% of total mass at a flow
rate of 5 and 15 mL/min, respectively) during sequential exposure of NPs.
However, Fe NP dissolution in the basal medium was only 2 and 6% of the total
delivered mass at a flow rate of 5 and 15 mL/min during sequential exposure.
These findings are in agreement with our previous studies of the NP
dissolution in artificial lung fluids and Cu NP‐exposed mice. In the Gamble’s
solution, there was a distinct difference in the propensity of Fe and Cu NPs to
dissolve into ions under physiologic conditions. Fe NPs did not dissolve in the
Gamble’s solution after 24 h, but there was a measurable amount of dissolved Cu
in the solution present at approximately 2% of the initial amount (Pettibone et al.
2008a). In particle‐free BAL fluids from Cu NP‐exposed mice, the concentration
of dissolved Cu ions increased in a dose‐dependent manner over a short time
(Kim et al. 2011). These dosimetry data are also consistent with the finding of
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significant Cu release from nano‐sized Cu particles within the first 4 h of
exposure in vitro (Midander et al. 2009).
NP dissolution most likely plays a vital role in the NP toxicity, but it has
remained controversial. It has been reported that cytotoxic effects related to the
dissolved Cu ions were found to be significantly lower than the effects related to
particles (Karlsson et al. 2008; Midander et al. 2009; Fahmy and Cormier 2009).
Thus, our approach to air‐delivery of NPs on lung epithelial cells grown at the
ALI for NP toxicity testing enable us to determine actual cellular dose at
conditions that closely mimic the exposure conditions of lung cells in vivo to
inhaled NPs. Consequently, we are able to provide cellular responses associated
with actual cellular dose. This approach also enables us to investigate to what
extent the toxicity of NPs is associated with the soluble (or released) metal
fraction or the intact NP deposited on site by measuring metal concentration in
basal medium and on the cells.
Cell Viability (Alamar Blue Assay)
The cytotoxic effect of Fe and Cu NPs on the viability of alveolar type II
epithelial cells (A549 cells) was assessed using the AB assay. Figure 4‐1 shows
cell viability after 4 and 12 h post‐exposure of Fe and Cu NPs at the ALI. The
viability of A549 cells exposed to particle‐free air did not differ significantly
compared to cells maintained in a CO2 incubator at both post‐exposure. As
shown in Figure 4‐1, there was non‐significant reduction in cell viability after
sequential exposure to Fe NPs at 4 and 12 h post‐exposure. In contrast, air‐
delivered Cu NPs significantly decreased cell viability by 73 (p<0.01) and 82%
(p<0.05) at 4 and 12 h post‐exposure, respectively.
Cells were also exposed to NPs at the concentrations of 5, 20, 50, 100 and
250 μg/mL for 24 h in submerged exposure conditions to compare cell viability in
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response to the ALI exposure. As shown in Figure 4‐2, cell viability to Fe NPs
was significantly decreased to 83% only at the concentration of 250 μg/mL
(p<0.05). However, cell viability following exposure to Cu NPs decreased to 77
(p<0.01), 57 (p<0.01), 39 (p<0.01) and 28% (p<0.001) for the concentrations of 20, 50,
100 and 250 μg/mL respectively. The pattern of cytotoxic effect of Fe and Cu NPs
was similar in both exposure conditions showing a significant decrease in cell
viability in response to Cu NPs despite the difference of cellular dose at the ALI
and in submerged conditions.
To evaluate cellular responses in the DIVES and submerged cell culture
conditions, we compared delivered dose of NPs to cells (μg/cm2) in the DIVES to
the calculated equivalent dose of NPs associated with surface area (μg/cm2) from
nominal mass concentration in the medium (μg/mL) in submerged cell culture
conditions. Table 4‐2 presents a comparison of NP doses in both exposure
conditions. This calculation assumes 100% of dosed NPs reaching to the cells in
submerged culture (1 mL of NP suspension, 12‐well plate, 3.8 cm2). Based on this
calculation, cellular dose of Cu NPs (1.0 μg/cm2) at the ALI in the DIVES
corresponds to about 3.8 μg/mL in submerged conditions (Table 4‐2). If one
assumes less than 100% deposition on cells of the dosed NPs in submerged
culture, the equivalent mass media concentration in submerged condition is
greater. For example, delivered dose of Cu NPs (1.0 μg/cm2) in the DIVES
corresponds to about 4.2 μg/mL in liquid containing in vitro systems assuming 90%
of particles reaching to the cells (the bottom of 12 well‐plates).
It was shown in an experimental measurement and computational model
of cellular dose in vitro that particle characteristics, media height, particle density,
particle size and agglomeration state had major impacts on the rate and extent of
nano‐and micro‐sized particle transport in liquid‐based in vitro systems
(Hinderliter et al. 2010). The use of a biologically relevant dose metric, target cell
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dose (e.g., mass/surface area), rather than less specific mass concentration in the
medium (mass/mL) could improve comparisons of responses across systems, in
vitro‐in vivo for NP toxicity assessment (Hinderliter et al. 2010).
The viability of cells exposed to Cu NPs at the lowest dose (5 μg/mL) in
submerged condition did not differ significantly compared to Fe NPs and control.
The results of this comparison suggest that air‐delivery of NPs to lung cells can
provide more sensitive cell viability in response to the low concentration of NPs
compared to response in submerged condition.
The diminished viability of cells exposed to air‐delivered Cu NPs showed
some resolution at 12 h post‐exposure (Figure 4‐1). This observation is in
agreement with our previous findings in vivo. We have shown that inflammatory
responses were observed in mice exposed sub‐acutely (4 h/day, 5 d/week, 2 wk)
to Fe or Cu NP immediately following sub‐acute exposure (4.1% and 51.2% of
neutrophilia, respectively). Inflammatory markers decreased and were resolved
back to baseline at 3 wk post‐exposure.
Lactate Dehydrogenase (LDH) Leakage
Cell membrane damage induced by NPs was monitored by the LDH
leakage assay. For ALI exposure, membrane integrity was measured by the
release of LDH into the apical and basal medium at 4 and 12 h post‐exposure. As
shown in Figure 4‐3, particle‐free air did not produce significant LDH release in
either the apical or basal medium at 4 or 12 h post‐exposure. For NP exposure at
the ALI, a significant increase in LDH release into the apical medium was
observed at 4 h and 12 h post‐exposure of Fe (p<0.01 and p<0.05, respectively)
and Cu NPs (4 h, p<0.05). LDH has been used as an indicator of cell membrane
integrity and cytotoxicity. Thus, we further determined the correlation between
the loss of cell viability (AB assay) and LDH release into the apical medium at
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the ALI. There was a suggestion of a correlation (cell viability decreased and
LDH release increased) between cell viability and LHD leakage in the apical
medium at the ALI exposure, but this was not statistically significant. (r=‐0.87,
p>0.05 from Pearson product‐moment correlation).
In contrast to LDH release into the apical medium, no significant increase
in LDH leakage into the basal medium was found at 4 and 12 h post‐exposure.
Interestingly, exposure of Cu NPs at 12 h post‐exposure resulted in a significant
decrease in LDH release into the basal medium (p<0.05). This phenomenon is
probably associated with NP (or Cu ion)‐protein interaction (more detailed
discussion later).
For submerged exposures to NPs, exposure of Fe and Cu NPs produce a
highly variable decreasing the release of LDH at all tested concentrations except
for the lowest dose of Fe NPs. Based on the results of cell viability in submerged
conditions (Figure 4‐2), a dose‐dependent release of LDH release was expected.
However, our observations are in agreement with a recent study showing that
NPs interfere with the LDH assay (Han et al. 2011). In their study, LDH
inactivation potentials of NPs were examined. They found that Ag (35 nm) and
Cu (40 nm) NPs significantly inactivate LDH in a dose‐dependent manner (5 to
20 μg/mL). Especially, for Cu, the similar profiles of LDH inactivation of 40‐nm
Cu NP and Cu2+ were observed at equal molar concentration of NP and ion (20
μg/mL). They suggested that inactivation of LDH by Cu NP was mainly due to
the release of Cu ions. 25‐nm TiO2 did not lead to LDH inactivation, but
decreased LDH release at a certain dose limit (100 μg/mL) due to the adsorption
of LDH molecules onto NP surface (unavailable for measurement because
adsorbed LDH molecules would be spun down together with the NPs for
supernatant collections).
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In support of the view that Cu NPs or Cu2+ cause inactivation of LDH, our
result at the ALI exposure showed that Cu NPs decreased LDH release into the
basal medium proportionate with the movement of Cu ions into the basal
medium at 12 h post‐exposure (Figure 4‐10, 480 μg/L). This view is also
supported by the patterns of LDH release that we observed in the submerged
conditions (Figure 4‐4). Besides Cu NPs, exposure to Fe particles also resulted in
decreased LDH in the medium in the submerged conditions. NP‐protein
interactions are likely to be relatively non‐specific, suggesting that the degree
and pattern of interactions might be different depending on the types of NPs and
proteins. Thus, these observations highlight the importance of combining several
cytotoxicity assays when evaluating NP toxicity.
Intracellular ROS Generation
To compare the ability of Fe and Cu NPs to generate ROS in A549 cells,
intracellular ROS generation was examined at different times post‐exposure in
response to air‐delivery of NPs at the ALI (0 and 4 h) and to NP suspensions in
submerged conditions (2, 4 and 8 h) using carboxy‐H2DCFDA in cell lysates.
As shown in Figure 4‐5, a significant increase in ROS generation was
detected in response to Fe NPs at the ALI 4 h post exposure (1.2‐fold, p <0.05).
ALI exposure of cells to Cu NPs at 0 and 4 h post‐exposure resulted in significant
increases in ROS production (1.7‐and 2.4‐fold respectively, p<0.05, each)
compared to control. Figure 4‐6 shows that Fe and Cu NPs significantly induced
the intracellular ROS generation in the submerged conditions. Fe particles
produced a significant increase in ROS production from 2 to 4 and to 8 h even
though a low level of ROS generation was observed at the high concentrations of
100 and 250 Fe μg/mL. Specifically, in contrast to the pattern of the ROS
generation for Fe NP exposure, a significant increase in the ROS production over
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time (2 h and 4 h) was observed in the submerged exposure of Cu NPs and
decreased ROS level back to control level at 8 h post‐exposure (at the high
concentrations of 100 and 250 μg/mL).
These observations show higher oxidative potency of Cu NPs than Fe
particles indicating intracellular ROS generation in both ALI and submerged
conditions. This is in agreement with AB assay showing that Cu NPs have
greater cytotoxic effects on A549 cells than Fe NPs. The data presented indicates
that the ALI exposure of NPs increased gradually ROS generation at 4 h post‐
exposure (vs. 0 h) and an increase in ROS generation by Cu NPs occurs at early
times of post‐exposure (2 and 4 h vs. 8 h) in submerged cultures.
Inflammatory Cytokine/chemokines Production
Eight human inflammatory cytokine/chemokines were quantified at
different post‐exposure in response to air‐delivery of NPs at the ALI (0 and 4 h)
and to NP suspensions in submerged conditions (2, 4 and 8 h). As shown in
Figure 4‐7, biologically and statistically significant increases were observed in the
release of cytokine/chemokines to the apical medium at the ALI exposure of NPs
for IL‐6, IL‐8 and MCP‐1). Significant increases in GM‐CSF and MIP‐1α were of
limited biological importance since a concentration ranges from 0.8 to1.6 pg/mL
for GM‐CSF and from 4.0 to 4.7 pg/mL for MIP‐1α. There were no statistically
significant differences in rantes, TNF‐α and IL‐12 production as compared to
control (Figure 4‐7). Overall, Cu NPs induced more production of
cytokine/chemokines than Fe NPs over time (4 vs. 12 h post‐exposure).
Figure 4‐8 shows that a significant increase in cytokine/chemokine release
into basal medium was detected in response to the ALI exposure of NPs for IL‐6,
IL‐8, GM‐CSF, MCP‐1 and rantes. The pattern of cytokine/chemokine release into
the basal medium was similar in apical medium by showing Cu NPs have
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greater potency of cytokine/chemokine induction. Despite the difference in in
vivo (mouse) and in vitro (human cell) studies, our observations in the study are
in agreement with our previous findings that Cu NP exposure (sub‐acute
inhalation and acute instillation) induced severe inflammatory responses with
increased recruitment of neutrophils and concentrations of cytokines: IL‐6, IL‐12,
GM‐CSF, KC, MCP‐1, MIP‐α and TNF‐α (Pettibone et al. 2008a; Kim et al. 2011).
As shown in Figure 4‐9, exposure of cells to Cu NPs in submerged
conditions resulted in significant increase in IL‐6 production, whereas, Fe
particles did not significantly increase release of IL‐6. A significant increase in the
production of IL‐8 was observed in response to the doses of 20, 50, 100 and 250
μg Cu/mL. As the concentration of Cu NPs increased 20, 50 and 100 μg/mL the
production of IL‐8 was observed in dose‐dependent manner (2.3‐, 3.4‐ and 4.1‐
fold of control, respectively). In contrast to Cu NPs, cells exposed to Fe NPs
produced a significant increase in IL‐8 at the doses of 5, 20, 100 and 250 μg/mL
(2.4‐, 2.1‐, 1.7‐, 1.8‐fold of control, respectively), however, overall no significant
correlation was found between the amount of cytokine/chemokines produced
and high concentrations of NPs in submerged conditions. This phenomenon
could be a consequence of cytokine/chemokine binding by NPs, as reported in
previous studies (Brown et al. 2010; Kocbach et al. 2008). Brown et al (2010)
reported that the level of TNF‐α and ICAM‐1 induction was no greater than the
control level indicating that cytokines bound to 14 nm carbon black. It has been
reported that cytokines primarily bound to carbonaceous particles up to 85%
(Kocbach et al. 2008).
These studies suggest that NP‐cytokine/chemokine interaction results in a
decrease in protein function and particle activity in the cellular assays tested. In
addition, interaction of cytokines and NPs might be dependent upon the type of
cytokines and NPs. Taken together, the results of the present study suggest that
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IL‐6, IL‐8 and MCP‐1, as inflammatory markers, may be useful screening tools to
assess NP toxicity using the DIVES.
NP Dissolution in the DIVES
It is necessary to accurately determine the cellular dose of NPs in an in
vitro testing system to understand cellular responses associated with exposure
dose. Thus, we examined degree of Fe and Cu NP dissolution by measuring the
mass concentration of Fe and Cu in basal medium after sequential NP exposure
in the DIVES. Since cells were exposed to Cu NPs sequentially, total exposure
time for dissolution of Cu NPs was 10 h (4 h NP exposure‐2 h recovery in an
incubator‐4 h NP exposure). Dissolved Cu ion from Cu NPs in basal medium
was determined after post‐exposure (0 h, 4 h and 12 h).
Figure 4‐10 presents the mass concentration of dissolved (or released) Cu
and Fe ion into basal medium at the ALI in the DIVES after exposure of NPs. As
shown in Figure 4‐10, there was a significant time‐dependent increase in Cu
concentration manner (4 h post‐exposure, 2.2‐fold, p<0.01; 12 h post‐exposure,
2.8‐fold, p<0.001), while Fe concentration found in the basal medium after Fe NP
exposure was marginally increased (not significant). As discussed previously,
these dissolution data agreement well with our previous findings that Cu NP
exhibited more dissolution than Fe NPs (Pettibone et al. 2008a; Kim et al. 2011).
Cu NPs showed the highest release rates of Cu from Cu NPs after 4 h
post‐exposure (124% increasing from 0 to 4 h post‐exposure vs. 26% increasing
from 4 to 12 h post‐exposure). This result indicates that the majority of Cu is
released from Cu NP deposited during 4 h post‐exposure and the released
amount of Cu after 12 h post‐exposure was slightly reduced. These findings
agree favorably with previous study of Cu NP immersion in PBS and DMEM
medium at a particle loading of 80 μg/mL (Midander et al. 2009). They reported
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that the released amount of Cu was significantly reduced after 18 h (vs. 4 h) in
PBS and DMEM medium (Midander et al. 2009) even though small amounts of
Cu (<5%) are released from nano‐sized Cu particles within the first 4 h of
immersion. However, it should be noted that their study was conducted in a cell‐
free system.
Determining dissolution of metal‐containing NPs is extremely important
to investigate whether the observed responses are due to the intact NP or metal
ion released from NPs. However, the dissolution phenomenon is a complex,
dynamic process and a recent study demonstrated the complexity of dissolution
on the nanoscale of Cu particles by measuring particle size distribution in real
time with an electrospray atomizer coupled to a SMPS (ES‐SMPS) (Elzey and
Grassian 2010). They showed that the particle size was smaller with time as the
NPs dissolved and the particle size distribution became more polydisperse.
Comparisons of In Vitro Results to In Vivo Pulmonary
Responses
To assess the DIVES as a means to rank NP toxicity and prioritize NPs for
in vivo testing, we compared in vitro measurements in the DIVES and the
submerged cell culture condition to in vivo results by determining significant
changes in five categories each employing four scales (Table 4‐3).
As shown in Table 4‐3, exposure to Cu NPs induced a significant increase
in cytotoxicity and inflammatory responses as indicated by decreased cell
viability as well as elevated levels of LDH, ROS and cytokine/chemokines at the
ALI in the DIVES. However, responses (viability, release of LDH and
cytokine/chemokines) of cells exposed to Cu NPs at the lowest dose (5 μg/mL) in
the submerged condition did not differ significantly compared to control. The
results of these comparisons (DIVES vs. Submerged system) suggest that air‐
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delivery of NPs to lung cells using the DIVES can provide evidence of toxicity at
a lower concentration of NPs compared to responses in the submerged condition.
We also compared in vitro toxicity ranking using the DIVES to in vivo
toxicological outcomes in a murine lung inflammation model (DIVES vs. in vivo).
Mice exposed sub‐acutely to Cu NP showed more severe inflammatory
responses with increased recruitment of neutrophils to the lungs as well as
increased LDH activity and cytokine/chemokines release in BAL fluid. In the
DIVES, Cu NPs were more dissolved than Fe NPs and were released into the
basal medium during exposure. In vivo data of dissolution propensity showed a
significant decrease in Cu concentration in the lavaged lungs after inhalation
exposure compared to the Cu found in the unlavaged lungs as well as increase in
Cu concentration in particle‐free in BAL fluid. Results of in vitro study using the
DIVES were in agreement with results of in vivo study in terms of cellular
responses and NP dissolution.
In contrast to Cu NP exposure, no significant increase in cell viability, ROS
generation, the release of LDH and cytokine/chemokines was observed in
response to the lowest dose of Fe NPs in submerged conditions although slight
increase in release of LDH and IL‐6 was detected at the ALI in the DIVES. This
observation was in agreement with in vivo results showing no toxicity of Fe NPs.
Fe NPs did not dissolve in the Gamble’s solution while Fe NP dissolution in the
basal medium at the ALI in the DIVES was only 2% of the total delivered mass.
The results from these comparisons indicate that Cu NPs have a higher
propensity for NP dissolution and this may contribute to the greater toxicity of
Cu NPs than Fe NPs.
Directly comparing in vitro results to in vivo measurements is difficult for a
number of reasons. Cell lines have often lost the specific functional properties of
their in vivo equivalents and do not always provide full and stable phenotypes

95

(Prieto et al. 2006). There are a number of differences between in vitro and in vivo
studies (e.g. different species, exposure doses and times). Despite these
limitations and being limited to Fe and Cu NPs the direct comparison of in vitro
and in vivo findings is informative. It is noteworthy that there is a major
difference in this comparison of in vitro to in vivo studies such as the presence of
inflammatory cells in vivo (inflammatory cells plus epithelial cells) that are not in
the in vitro system (epithelial cells only).
It is very important to select relevant biomarkers in the comparisons of NP
toxicity in vitro and in vivo. Inflammation and cytotoxicity indices as comparative
end points for both in vitro and in vivo studies were selected for assessing
pulmonary toxicity profiles (Sayes et al. 2007). The results of these comparisons
suggest that the DIVES has a significant potential for screening NP toxicity and
allows for a higher throughput than in vivo studies. However, in vivo approaches
are primary and fundamental tools for assessment of NP pulmonary toxicity and
can account for higher level responses that require an intact immune system and
whole animal physiology.
Conclusions
Our goal was to evaluate cellular responses to sequential ALI exposure of
human lung cells to Fe and Cu NPs using the DIVES by comparing to responses
in submerged conditions. Moreover, we compared in vitro measurements
obtained using the DIVES to the results from our in vivo mouse model to assess
the potential of the DIVES as a screening tool for NP toxicity.
To the best of our knowledge the present study is one of the few focusing
on the evaluation of cellular responses after sequential exposure of cells to metal
NPs at the ALI and in submerged condition as well as the comparisons of in vitro
results provided here to in vivo pulmonary responses on the same materials to
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provide valuable information on the rank of NP toxicity and prioritization of
NPs for in vivo testing as a cost‐effective in vitro screening.
Our results support that this in vitro approach simulates particle
deposition in the human lung more realistically than does submerged cell
exposure (without an apical air interface), and it preserves the inherent
properties of the particles. The dissolution data presented indicate that the
approach also enables us to investigate to what extent the toxicity of NPs is
associated with the soluble metal fraction or the intact of NP deposited on site.
Thus, we suggest that sequential ALI exposure of human lung cells to metal‐
based NPs using the DIVES can be served for toxicity screening and assessment
of inhaled NPs.
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Table 4‐1: The mass concentration of Fe and Cu after *sequential exposure of
A549 cells to Fe and Cu NPs at the air‐liquid interface (ALI) in the dynamic in
vitro exposure system (DIVES).

†

NP

Aerosol
flow
rate

ǂ

Adjusted metal mass
in/on
the cells

ǂ

Adjusted metal
mass in
basal medium

Total delivered
metal mass
(cell and medium)

(mL/min)

(μg ± SE/4.7 cm2)

(μg ± SE/18 mL)

(μg ± SE)

5

0.92 ± 0.01

0.02 ± 0.01

0.95 ± 0.01

15

1.19 ± 0.05

0.08 ± 0.04

1.27 ± 0.03

5

1.73 ± 0.10

2.85 ± 0.08

4.58 ± 0.14

15

2.80 ± 0.40

2.69 ± 0.17

5.49 ± 0.35

Fe

Cu

Note: *sequential exposure of A549 cells to NPs: Cells were exposed to Fe and Cu
NPs for 4 h in the DIVES and incubated for 2 h in a CO2 incubator. After 2 h
recovery, cells were exposed to NPs for another 4 h in the DIVES (4 h exposure‐2
h recovery‐4 h exposure). After 2nd exposure, the mass concentration of NPs
delivered to the cells and a released ion in basal medium was measured using
inductively coupled plasma‐mass spectrometry (ICP‐MS). Data are expressed as
mean ± SE.
The aerosol flow rates for air‐delivery of NPs to the cells. These flow rates were
selected to avoid mechanical stress and dehydration of the cells.

†

ǂ

Control cells that were not exposed to NPs were prepared similarly and
measured to adjust Fe and Cu ion content in the cells and their medium.
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Table 4‐2: Comparisons of NP exposure doses at the air‐liquid interface (ALI) in
the dynamic in vitro exposure system (DIVES) and in the submerged cell culture
condition.

Nominal
Surface area ‡Mass conc. of NPs ¥Mass conc. of
per surface area delivered NPs in
administered dose of 12‐well
of NPs
plate
in submerged
the DIVES
Dose
condition
in submerged
in submerged
condition
condition
†

μg NP
in 1 mL medium

cm2

μg NP/cm2

μg NP/cm2

Low 1

0.8

3.8

0.2

0.2 (Fe NP)

Low 2

3.8

3.8

1.0

1.0 (Cu NP)

Note: †Nominal administered dose of NPs per mL of medium in submerged
exposure conditions (1 mL of NP suspension was added into the 12‐well plate).
ǂ

This calculation assumes 100% deposition of dosed NPs in the submerged cell
culture condition (12‐well plate, 3.8 cm2).
¥

The total mass concentration of Fe and Cu after sequential exposure (4 h‐2 h‐4 h)
of A549 cells to Fe and Cu NPs at the ALI in the DIVES.
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Table 4‐3: Comparisons of *in vitro results to **in vivo pulmonary responses.

Cell
viability
(in vitro)
†

Testing
Model

In vitro
(submerged)
¥

In vitro
(DIVES)

NP

LDH ROS MCP‐1 IL‐6 IL‐8 ‡Dissolution
Neutrophils
in BAL
(in vivo)

Fe

‐

‐

‐

‐

‐

+

Toxicity
rank

NM
Cu ≅ Fe

Cu

‐

‐

+

++

‐

‐

NM

Fe

‐

+

‐

‐

+

‐

+
Cu >> Fe

Cu

++

++

+

+++

Fe

‐

‐

NM

‐

++ ++
‐ NA

+++
‐

In vivo

Cu >> Fe
Cu

+++

++

NM

+++

+++ NA

++

Note: *Results of sequential exposure of A549 cells to Fe and Cu NPs at the air‐
liquid interface (ALI) in the dynamic in vitro exposure system (DIVES). **Results
of sub‐acute inhalation exposure (4 h/d, 5 d/wk, 2 wk, 0 wk post‐exposure) of
mice to Fe and Cu NPs in our previous studies (Pettibone et al. 2008a; Kim et al.
2011).
A comparison was performed by determining significant changes in five
categories (cell viability, ROS generation, release of LDH and
cytokine/chemokines and NP dissolution) each employing four scales: ‐ (zero or
very low), + (low or p<0.05), ++ (medium or p<0.01) and +++ (high or p<0.001). NA:
not applicable, NM: not measured.
†Cell viability as a indicator of cytotoxicity for in vitro study and % of neutrophil
as a indicator of inflammation in differential cell analysis for in vivo study.

ǂ

The degree of NP dissolution in the basal medium in the DIVES for in vitro
study and NP dissolution in the biological fluid (Gamble’s solution, pH 7.4,
artificial interstitial lung fluid) for in vivo study.
¥The lowest dose of NPs in the submerged condition (5 μg/mL) was selected by
corresponding to cellular dose of NPs at the ALI in the DIVES.
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Figure 4‐1: Effects of particle‐free air, Fe and Cu nanoparticle (NP) exposure on
the viability of A549 cells at the air‐liquid interface (ALI) as evaluated by Alamar
Blue (AB) assay indicating mitochondrial metabolic activity.
Note: A549 cells were sequentially exposed to particle‐free air (air exposure) and
NPs at the ALI in the dynamic in vitro exposure system (DIVES). The aerosol
flow rate was 5 mL/min.
The viability of cells was evaluated by AB assay at 4 h and 12 h post‐exposure.
The cell viability was normalized to the cells grown in the CO2 incubator
(control).
Data are expressed as mean ± SE; *statistically significant difference as compared
to control (*p < 0.05, **p < 0.01).
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Figure 4‐2: Effects of Fe and Cu NP exposure on the viability of A549 cells in
submerged cell culture conditions at indicated concentrations as evaluated by
Alamar Blue (AB) assay indicating mitochondrial metabolic activity.
Note: A549 cells were exposed to NPs at concentrations of 0, 5, 20, 50, 100 and 250
μg/mL for 24 h. The cell viability was normalized to the control. Data are
expressed as mean ± SE; *statistically significant difference as compared to
control (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4‐3: Effects of particle‐free air, Fe and Cu nanoparticle (NP) exposure on
the lactate dehydrogenase (LDH) release into apical (A) and basal (B) medium
from A549 cells at the air‐liquid interface (ALI) as evaluated by LDH assay
indicating membrane integrity.
Note: A549 cells were sequentially exposed to particle‐free air (air exposure) and
NPs at the ALI in the dynamic in vitro exposure system (DIVES). The aerosol
flow rate was 5 mL/min.
The release of LDH was evaluated at 4 h and 12 h post‐exposure. LDH leakage
was normalized to the cells grown in the CO2 incubator. Data are expressed as
mean ± SE; *significant difference as compared to control (*p < 0.05, **p < 0.01).
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Figure 4‐4: Effects of Fe and Cu NP exposure on the lactate dehydrogenase (LDH)
release into medium from A549 cells in the submerged cell culture conditions at
indicated concentrations as evaluated by LDH assay indicating membrane
integrity.
Note: A549 cells were exposed to NPs at concentrations of 0, 5, 20, 50, 100 and 250
μg/mL for 24 h. The release of LDH was normalized to the control. Data are
expressed as mean ± SE.
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Figure 4‐5: Effects of particle‐free air, Fe and Cu nanoparticle (NP) exposure on
the intracellular reactive oxygen species (ROS) generation of A549 cells at the air‐
liquid interface (ALI) as evaluated by carboxy‐H2DCFDA fluorescence detection.
Note: A549 cells were sequentially exposed to particle‐free air (air exposure) and
NPs at the ALI in the dynamic in vitro exposure system (DIVES). The aerosol
flow rate was 5 mL/min.
The ROS generation of cells was evaluated by carboxy‐H2DCFDA fluorescence
detection at 0 and 4 h post‐exposure. The ROS level was normalized to the cells
grown in the CO2 incubator (control).
Data are expressed as mean ± SE; *statistically significant difference as compared
to control (*p < 0.05).
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Figure 4‐6: Effects of Fe and Cu NP exposure on intracellular reactive oxygen
species (ROS) generation in the submerged cell culture conditions at indicated
concentrations as evaluated by carboxy‐H2DCFDA fluorescence detection.
Note: A549 cells were exposed to NPs at concentrations of 0, 5, 20, 50, 100 and 250
μg/mL for 2, 4 and 8 h. The release of LDH was normalized to the control. Data
are expressed as mean ± SE; *statistically significant difference as compared to
control (*p < 0.05).
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Figure 4‐7: Effects of particle‐free air, Fe and Cu nanoparticle (NP) exposure on
the cytokine/chemokine production of A549 cells in apical medium at the air‐
liquid interface (ALI).
Note: A549 cells were sequentially exposed to particle‐free air (air exposure) and
NPs at the ALI in the dynamic in vitro exposure system (DIVES). The aerosol
flow rate was 5 mL/min.
The cytokine/chemokine production of cells was evaluated at 4 and 12 h post‐
exposure. The concentration was normalized to the cells grown in the CO2
incubator (control).
Data are expressed as mean ± SE; *statistically significant difference as compared
to control (*p < 0.05, **p < 0.01).
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Figure 4‐7 (continued): Effects of particle‐free air, Fe and Cu nanoparticle (NP)
exposure on the cytokine/chemokine production of A549 cells in apical medium
at the air‐liquid interface (ALI).
Note: A549 cells were sequentially exposed to particle‐free air (air exposure) and
NPs at the ALI in the dynamic in vitro exposure system (DIVES). The aerosol
flow rate was 5 mL/min.
The cytokine/chemokine production of cells was evaluated at 4 and 12 h post‐
exposure. The concentration was normalized to the cells grown in the CO2
incubator (control).
Data are expressed as mean ± SE; *statistically significant difference as compared
to control (*p < 0.05).
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Figure 4‐8: Effects of particle‐free air, Fe and Cu nanoparticle (NP) exposure on
the cytokine/chemokine production of A549 cells in basal medium at the air‐
liquid interface (ALI).
Note: A549 cells were sequentially exposed to particle‐free air (air exposure) and
NPs at the ALI in the dynamic in vitro exposure system (DIVES). The aerosol
flow rate was 5 mL/min.
The cytokine/chemokine production of cells was evaluated at 4 and 12 h post‐
exposure. The concentration was normalized to the cells grown in the CO2
incubator (control).
Data are expressed as mean ± SE; *statistically significant difference as compared
to control (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4‐8 (continued): Effects of particle‐free air, Fe and Cu nanoparticle (NP)
exposure on the cytokine/chemokine production of A549 cells in basal medium at
the air‐liquid interface (ALI).
Note: A549 cells were sequentially exposed to particle‐free air (air exposure) and
NPs at the ALI in the dynamic in vitro exposure system (DIVES). The aerosol
flow rate was 5 mL/min.
The cytokine/chemokine production of cells was evaluated at 4 and 12 h post‐
exposure. The concentration was normalized to the cells grown in the CO2
incubator (control).
Data are expressed as mean ± SE; *statistically significant difference as compared
to control (*p < 0.05).
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Figure 4‐9: Effects of Fe and Cu NP exposure on the cytokine/chemokine
production of A549 cells in the submerged cell culture conditions at indicated
concentrations.
Note: A549 cells were exposed to NPs at concentrations of 0, 5, 20, 50, 100 and 250
μg/mL for 24 h. The production of cytokine/chemokines was normalized to the
control. Data are expressed as mean ± SE; *statistically significant difference as
compared to control (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4‐9 (continued): Effects of Fe and Cu NP exposure on the
cytokine/chemokine production of A549 cells in the submerged cell culture
conditions at indicated concentrations.
Note: A549 cells were exposed to NPs at concentrations of 0, 5, 20, 50, 100 and 250
μg/mL for 24 h. The production of cytokine/chemokines was normalized to the
control. Data are expressed as mean ± SE; *statistically significant difference as
compared to control (*p < 0.05).
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Figure 4‐10: The mass concentration of Fe and Cu in basal medium after
sequential exposure of A549 cells to NPs at the air‐liquid interface (ALI).
Note: A549 cells were sequentially exposed to Fe and Cu NPs and incubated for
0, 4 and 12 h post‐exposure at the ALI in the dynamic in vitro exposure system
(DIVES). The aerosol flow rate was 5 mL/min.
The mass concentration of Fe and Cu in the basal medium after post‐exposure
was measured by inductively coupled plasma‐mass spectrometry (ICP‐MS).
Control cells that were not exposed to NPs were prepared similarly and
measured to adjust Fe and Cu ion content in their medium.
Data are expressed as mean ± SE; *statistically significant difference as compared
to concentration of immediately after exposure (0 h post‐exposure) (**p < 0.01,
***p < 0.001).
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CHAPTER V
CONCLUSIONS AND FUTURE PERSPECTIVES
Conclusions
The research presented in this doctoral dissertation accomplished three
goals: 1) assess effects of copper (Cu) nanoparticle (NP) exposure on host defense
in a murine pulmonary infection model (Chapter II); 2) evaluate an integrated
dynamic in vitro exposure system (DIVES) that overcomes limitations of
submerged exposure systems for NP toxicity testing (Chapter III); 3) provide
information on the rank of NP toxicity and assess the potential of the DIVES as a
screening tool for NP toxicity (Chapter IV).
The findings of the in vivo study, presented in Chapter II of this
dissertation, showed that Cu NP exposure induced inflammatory responses with
increased recruitment of total cells and neutrophils to the lungs as well as
increased total protein and lactate dehydrogenase (LDH) activity in
bronchoalveolar lavage (BAL) fluid. Both inhalation and instillation exposure to
Cu NPs significantly decreased the pulmonary clearance of Klebsiella pneumonia
(K.p.)‐exposed mice measured 24 h after bacterial infection following Cu NP
exposure versus sham‐exposed mice also challenged with K.p. In conclusions of
the first study, our results indicate that Cu NP exposure induced an impairment
in host defense against bacterial lung infections in both inhalation and instillation
exposure studies even though there was an upregulation of pro‐inflammatory
cytokines and recruitment of neutrophils to the lungs. Thus, Cu NP exposure
may lead to increased risk of pulmonary infection by impairing host defense
against bacteria.
Chapter III presented the integration and evaluation of the DIVES that
overcomes limitations of submerged exposure for NP toxicity testing. In this
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study we integrated and validated a reproducible DIVES capable of generating
NP aerosols and depositing NPs directly onto cells at the air‐liquid interface (ALI)
without significant agglomeration. The DIVES was shown to provide efficient,
uniform, and controlled dosing of particles to epithelial cells grown on transwells.
In addition, this exposure system delivered a continuous airborne‐exposure of
NPs to lung cells without loss of cellular viability. Thus, we suggest that the
DIVES has great potential for screening NP toxicity in a manner that represents
cellular responses of the pulmonary epithelium in vivo.
Chapter IV of this dissertation described the evaluation of cellular
responses after sequential ALI exposure of human lung cells to iron (Fe) and Cu
NPs in the DIVES. In this study, to assess the DIVES as a means to rank NP
toxicity and prioritize NPs for in vivo testing, we compared in vitro
measurements obtained using the DIVES and the submerged exposure system to
in vivo results obtained using a murine model of lung inflammation. Exposure to
Cu NPs induced a significant increase in cytotoxicity and inflammatory
responses as indicated by decreased cell viability as well as elevated levels of
LDH, reactive oxygen species (ROS) and cytokine/chemokines compared to Fe
NPs at the ALI in the DIVES. However, responses (viability, release of LDH and
cytokine/chemokines) of cells exposed to Cu NPs at the lowest dose (5 μg/mL) in
the submerged condition did not differ significantly compared to Fe NPs and
control. The results of these comparisons suggest that air‐delivery of NPs to lung
cells using the DIVES can provide evidence of toxicity at a lower concentration of
NPs compared to responses in the submerged condition. More importantly, our
in vitro results presented in this dissertation are in agreement with our in vivo
findings showing that Cu NPs have a higher propensity for NP dissolution and
this may contribute to the greater toxicity of Cu NPs than Fe NPs. Thus, the
results of this comparison, despite being limited to Fe and Cu NPs and the
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differences in an in vitro and in vivo study, suggest that the DIVES has a
significant potential for screening NP toxicity and allows for a higher throughput
than in vivo studies.
Overall, our approach to air‐delivery of NPs on lung epithelial cells at the
ALI for NP toxicity testing enables us to determine actual cellular dose at
conditions that closely mimic the exposure conditions of lung cells in vivo to
inhaled NPs. Consequently, we are able to investigate the role of NP dissolution
on NP toxicity associated with the soluble (or released) metal fraction or the
intact NP deposited on site using the DIVES. Thus, we found that exposure of
lung cells at the ALI using the DIVES is preferable to submerged exposure for in
vitro NP toxicity testing and provides useful information on the rank of NP
toxicity and prioritization of NPs for in vivo testing.
Future Perspectives
In Vitro Based NP Toxicity Ranking
Because of increasing concerns about the health effects of a growing
number of engineered NPs, it is necessary to provide useful in vitro based NP
toxicity ranking. The work presented in Chapter IV on NP toxicity ranking was a
comparison of in vitro results to in vivo pulmonary responses with limited to Fe
and Cu NPs, therefore, studies using the DIVES of other metal NPs (TiO2, ZnO,
Nanosilver) used for previous in vivo studies should be conducted in future. This
future study would generate data for in vitro based hazard ranking since in vitro
lung toxicity screening using DIVES is highly beneficial relative to current in
vitro testing protocols.
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Gene Expression
Recently, the National Research Council of the US National Academy of
Science proposed that toxicological testing in the 21st century should transition
from traditional high‐dose animal studies to an approach based on the cellular
response pathways that can result in adverse health effects when sufficiently
perturbed using well‐designed in vitro assays. The vision proposed in this report
offers the potential to obtain direct information on toxic effects at uniform and
quantifiable exposures more relevant to those that may be experienced by human
populations (NRC 2007). Thus, determining gene expression of human oxidative
stress and antioxidant defense using the DIVES at lower doses of NPs would
provide mechanistic data for oxidative stress and help identify if NP perturb
biological response. Gene expression of the human inflammatory cytokines and
receptors mediating the inflammatory response may also be examined in the
DIVES.
NP Interaction with Alveolar Epithelium (Alveolar
Epithelial Barrier Functions)
The route of entry for inhaled NPs into the systemic circulation is most
likely to across the alveolar epithelium with its very large surface area and thin
barrier thickness (Furuyama et al. 2009). However, interactions between NPs and
alveolar epithelial cells remain largely unknown. Thus, more in‐depth
information about the mechanisms by which NPs cross epithelial barriers or
change alveolar epithelium barrier function is very important for understanding
interactions of NPs with the lung. Therefore, in vitro models of primary cultured
alveolar epithelial cells grown at the ALI in the DIVES can provide us the
opportunity to investigate ion transport (epithelial sodium channels) and
movement of solutes across alveolar epithelium barriers (tight junctions).
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