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With the rise of nanoparticle use in commercial products, industry, and medicine, there is
a need to better understand the consequences of nanoparticle exposure. Due to their nanoscale size, the lung is a primary route of exposure. To study the effects of nanoparticle
functionalization, shape and size on the lung, an organ-level toxicological approach was
taken. To achieve an organ-level approach, respiratory mechanics were first evaluated.
Following ventilation, bronchoalveolar lavage was performed to obtain cells and lung
lining fluid for cellular, cytokine, protein, and lipid analysis. Lastly, the lungs were
harvested for assessment of tissue structure and immunohistochemistry. The collection of
these endpoints allowed for a more complex approach that relates both molecular and
physiological endpoints, which provides the foundation for more translational work to be
done that addresses both environmental and occupational exposure risks to the public
concerning nanomaterials. The data provided within this thesis validates that the primary
driving factors in organ level respiratory response to nanoparticle exposure are: core
composition (metal v. carbon), zeta potential, shape, and host inflammatory state. These
factors affect injury and inflammation, surfactant composition and lung function. Overall,
this work examines how nanoparticle biophysics alters both lung function and
inflammation.
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INTRODUCTION
Use of engineered nanomaterials in commercial products is increasing across the
globe. The lung is a primary route of exposure, and experimental design needs to be
directed toward understanding effects of nanoparticles on lung function and inflammation.
Numerous studies have focused on particle interactions with components of the lung lining
fluid in vitro [1-5]. The difficulty in an in vitro approach is that the lung is a highly complex
and integrated system. Type II alveolar epithelial cells produce and secrete surfactant
components that form the hypophase along alveoli [6]. These components influence lung
function and inflammatory responses. Invading materials that reach the hypophase may
interact with individual components, leading to indirect consequences on the surrounding
environment; but none of the hypophase components act in isolation. This makes in vivo
examination of nanoparticle exposures crucial.
Our laboratory uses intratracheal instillations to deliver nanoparticles at varied
dose, functionalization, shape and size. The greatest obstacle facing in vivo studies is
particle delivery due to the complexity of particle biophysics. Intratracheal instillation
allows for increased control of maintaining nano-scale size before delivery as well as
decreasing particle-particle interactions prior to delivery; better ensuring nanoparticles
reach the alveolar system at the delivered dose. This is in contrast to inhalation studies with
which it is difficult to determine the dose of nanoparticles that reach the alveolar system,
if at all.
The biophysical characteristics of the nanoparticles will effect interactions with
cells (Type II epithelial cells, macrophages), surfactant proteins, as well as surfactant
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lipids; all of which are involved in lung function and respiratory immunity. These cells,
proteins, and lipids work together in maintaining low surface tension and innate immune
response. Interactions with one subset will likely affect the others. We predict that the
biophysical properties of nanoparticles (functionalization, shape and size) will determine
interactions with alveolar epithelial cells, macrophages, surfactant proteins, and lipids
which will alter lung function and inflammatory responses.
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BACKGROUND
RELEVANCE OF NANOPARTICLES
Engineered nanomaterials—any particle <100nmin one dimension—have many
uses. Silver nanoparticles (AgNPs) are in high demand for their antimicrobial properties,
and multi-walled carbon nanotubes (MWCNTs) are valued for their high aspect ratio and
thermal conductivity [7-11]. Industrial AgNPs are used in air purifiers, aerosol sprays,
water purifiers, washing machines and as a component for inks used in inkjet printers [810]; and MWCNTs are used in conductive fuel lines, conductive inks, electronics as well
as in targeted drug delivery [7, 11]. As the commercial and medical use of nanoparticles
has grown, multiple studies have been aimed at determining the toxic effects arising from
high doses of nanoparticles in both in vitro and in vivo systems [12-16]. The respiratory
system is a primary target for exposure [1]. Although numerous studies have examined
particle-particle interactions in various media and particle-surfactant interactions in vitro
and in vivo [16-18], potential effects on the organ-level physiology and toxicity at lower
doses are still poorly understood.

PREVIOUS STUDIES: IN VITRO & IN VIVO APPROACHES/LIMITATIONS
Nanoparticles are readily deposited into the lower airways of the lung, and the lung
lining fluid is a highly absorptive surface, which can uptake those particles. In vitro work
has already shown that nano-scale particles can become coated by the lipid portion of the
lung lining fluid causing the particles to form strands in a manner dependent upon
surfactant protein-B (SP-B) [1, 16]. This interaction leads to an increase in surface tension
and a decrease in the absorptive properties of the synthetic lipid layer in vitro [1]. Though
many early studies focused on the lipid portion interactions and changes to surface tension,
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more recent studies have begun examining particle-collectin specific interactions.
Surfactant proteins A & D (SP-A & D), often termed collectins, are key regulators of the
innate immune system within the lung. It has been demonstrated that SP-A & D bind to
functionalized carbon nanotubes in a calcium dependent manner [15]. It is reasonable to
postulate that collectin association to NPs may facilitate phagocytosis and clearance of
these particles by the cells of the lung lining. This is supported by recent research
examining macrophage clearance of nanoparticles; in the presence of SP-A and SP-D
particle clearance was increased, but particle functionalization and composition played a
role in the affinity for SP-A versus SP-D, as well as efficiency of clearance [19, 20]. Further
study of MWCNTs has demonstrated that a negatively charged surface increases
interaction and binding with SP-D, as well as nanospheres; size was shown to also be a
predominate factor in SP-D binding in the same study [21]. Larger (100nm), more
negatively charged nanoparticles are more likely to bind and interact with SP-D [21].
Marchetti et al. (2015) proposes this affinity for negatively charged MWCNTs is due to a
positively charged area located within the carbohydrate-binding region of SP-D [22]. This
particle-collectin binding may also affect surfactant recycling and/or secretion by the Type
II alveolar cells [15, 21].
In vivo studies have mainly focused on cytotoxicity as a consequence of
nanoparticle inhalation and instillation within the lung, using both rat and mouse models
[23-25]. Typically, high dose nanoparticle exposures are used in inhalation toxicity [26,
27]. In the case of AgNPs, evidence of organ damage and adverse effects has proved
limited despite findings of particle accumulation as long as 56 days post a single exposure
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[28]. Conversely, MWCNT exposures have led to induction of inflammation and fibrosis
[29-32].
There are limitations that have been acknowledged in both inhalation and
instillation studies, which may affect the translation of rodent nanoparticle studies to
human environmental and occupational nanoparticle exposures. Inhalation studies with
rodent models are typically performed at higher doses because rodents have more complex
nasal turbinates than humans and particles can become trapped within the nasal
passageways [33], potentially unable to reach the lung; a higher dose is needed to elicit
particle effects. Additionally, unlike humans which breathe nasally and orally, rodents are
limited to nasal breathing [33]. While instillation studies provide the ability for more
targeted delivery, assuring that the delivered dose is reaching the lung, particles must be
suspended first into solution. This does not mimic environmental and occupational
exposure (inhalation), and since many types of nanomaterials are poorly soluble and have
a propensity for aggregation (ex, carbon nanomaterials), manipulation of the sample for
delivery by addition of surfactants to the solution is often necessary. It is important to note
that relating inhalation and instillation data of similar dosing schemes and particle exposure
provides the most comprehensive picture of in vivo nanoparticle effects.

SP-D-/- MICE: A MODEL OF INFLAMMATION
Mice lacking SP-D have been shown to alter surfactant homeostasis, clearance of
bacteria, and display chronic pulmonary inflammation [34, 35]. SP-D-/- mice have been
characterized and documented at baseline with increased alveolar macrophage count and
size, as well as abnormal Type II cell morphology (contain giant intracellular lamellar
bodies) [36]. Additionally, structures may accumulate in the alveolar spaces, there is
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overall increased phospholipid content, and increased total protein concentration
(collectins and surfactant proteins) in the lung lining [36]. Accumulation of surfactant
within the alveolar spaces occurs due to impaired uptake by the Type II cells [21]. While
this knockout model displays chronic inflammation, it is fairly low-level inflammation. SPD-/- mice have been used to examine the effects of exposure to different materials up to 80
weeks of age [37]. These factors make the SP-D-/- model an ideal candidate for assessing
nanomaterial effects in an inflamed respiratory system.

LUNG FUNCTION & THE ALVEOLAR SYSTEM
It has been well established that estimates of resistance and elastance serve as a
determination of lung function [38]. Mechanical ventilation with forced oscillation
maneuvers are used to measure impedance. Broadband signal (0.5-20Hz) respiratory
impedance [Z(f)] is a sensitive indicator of pathology of the airways and tissues [39]. To
measure impedance, a known broadband flow is applied at the tracheal opening and
transduces pressure. The flow [V(t)] is a known value input into the system while pressure
[P(t)] output is unknown. As mechanical function varies with frequency of oscillation, a
Fourier Transform is utilized so that impedance can be expressed as a function of
frequency, Z(f) = P(f)/ V(f). Output impedance spectra are used to generate resistance (RL)
and elastance (EL) spectra across the frequency range, and fit to a model of heterogeneous
lung function using the following equations [37, 40, 41]:
RL = (a + bf)/(c + f) and EL = E0 + ΔE (1-e-βf)
These measures of lung function can become altered due to changes occurring in
the alveolar system. The alveolar system is comprised of 3 major cell types: Type I & II
alveolar epithelial cells, as well as alveolar macrophages. Type I cells largely provide
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structure and barrier function for alveoli, while Type II cells are more dynamic. If Type I
cells become damaged Type II cells differentiate into Type I cells, however, Type I cells
cannot differentiate into Type II cells [42]. Protein and lipid components of the lung lining
fluid are also produced and secreted by Type II cells. Lipids comprise approximately 90%
of the lung lining fluid, while the remaining 10% is surfactant collectins and proteins. The
primary lipid found in the lung lining fluid is dipalmitoylphosphatidylcholine (DPPC);
others include phosphatidylglycerol (PG) and phosphatidylcholine (PC). Surfactant
collectins include surfactant proteins-A and D (SP-A & SP-D) which are calciumdependent lectins involved in the innate immune responses of the lung. These collectins
are similar in structure in their monomeric form: (N-terminus) a collagenous domain, neck,
and carbohydrate recognition domain (C-terminus). Though similar in monomeric form,
the monomers form different higher-order structures to create trimers, dodecamers,
octadecamers, and multimers.
SP-D is involved in both anti-and pro-inflammatory responses within the lung
lining fluid. Under physiological conditions, SP-D acts to suppress transcription of
macrophage pro-inflammatory genes; while in the presence of increasing nitric oxide
levels, the cysteine residues of SP-D can become S-nitrosylated leading to a
proinflammatory response [37, 43]. SP-D is also involved in maintaining surfactant
homeostasis and it effects surfactant ultrastructure [44, 45]. It has been demonstrated that
orphan receptor, Ig-Hepta/GPR116 is expressed on alveolar Type II cells and is involved
in detecting SP-D levels within the surfactant to trigger SP-D recycling and maintain
surfactant homeostasis [46]. Surfactant proteins-B and C (SP-B & SP-C) are more
hydrophobic proteins than SP-A & D. They are involved in maintaining surface tension
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near zero to lessen respiratory effort. SP-B interacts with lung lining fluid lipids
(mechanism unknown) to facilitate the formation of the mono-lipid layer along the surface
of the alveoli. SP-A, B and D are also synthesized (but not recycled) by the bronchiolar
Clara cells, while SP-C is thought to be synthesized solely by Type II cells [6, 47].
Previous studies have correlated changes in lung function with reduction of SP-B
or SP-D expression and surfactant dysfunction [37, 48]. Acute lung injury induced via
exposure to aerosolized endotoxin lipopolysaccharide (LPS) led to decreased SP-B
expression and surfactant dysfunction which was correlated with increased tissue stiffness
[48]. Additionally, mice deficient in SP-D (SP-D-/-) exposed to ozone have demonstrated
increases in both measures of elastance as well as resistance [37]. In other models, lung
function changes are correlated with increases in SP-D expression; this may be due to
differences in inflammatory profiles between different animal and exposure models.
Therefore, we examine within this manuscript the relationship between molecular
and physiological endpoints and hypothesize that biophysical characteristics of AgNPs &
MWCNTs will affect particle-lung lining fluid interactions.
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SPECIFIC AIMS
SPECIFIC AIM 1
In this study, we aim to determine changes in lung function and inflammation in
response to metal nanoparticles. We hypothesize that AgNPs will aggregate and interact
with the lipid portion of the lung lining fluid in a divergent manner than its non-metal
control, carbon black NP. We propose that metal NPs will increase respiratory effort and
will activate divergent inflammatory pathways from non-metal NP exposed mice. To
examine potential effects, dose and time point were varied and carbon black nanospheres
were used as a size/non-metal control. Following exposure the lung function and
inflammatory response was analyzed using the flexivent, bronchoalveolar lavage (BAL),
and harvesting of the lungs for histology and molecular studies (1, 3 and 7 days post-single
exposure). This will provide an organ level assessment and allow us to correlate respiratory
mechanics (flexivent analysis) with changes in alveolar cells, proteins, lipids (BAL
analysis) and lung tissue (histology) due to exposure from varied doses of AgNPs (metal)
and carbon black NPs (non-metal).

SPECIFIC AIM 2
In this study, we aim to determine how different AgNP functionalization and size
affects lung function and inflammation. We propose that larger, polymer-stabilized AgNP
exposure will result in increased alveolar system interactions versus all sizes of citratestabilized AgNPs and demonstrate more pronounced changes in lung function and
inflammation due to their increased particle stability. A low dose of AgNPs was used to
reduce possible injury and inflammation, and allow for determination of the relationship
between particle biophysics and lung function. Four different types of AgNPs with
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combinations of two diameters (20nm vs. 110nm) and two capping agents (citrate and
PVP) were intratracheally instilled for in vivo assessment, while the interaction between
each type of AgNP and a model surfactant was measured in vitro. 1, 7, and 21 days postexposure the lung function and inflammatory response were analyzed using the flexivent,
bronchoalveolar lavage (BAL), and harvesting of the lungs for histology and molecular
studies. This provided an organ level assessment and allowed for correlation of respiratory
mechanics (flexivent analysis) with changes in alveolar cells, proteins, lipids (BAL
analysis) and lung tissue (histology) due to exposure of AgNPs of varied functionalization
and size.

SPECIFIC AIM 3
In this study, we aim to determine how nanoparticle shape and functionalization
affects lung function and inflammation under physiological as well as inflammatory
conditions. We propose that MWCNTs will elicit a persistent anti-inflammatory response
to remove the nanomaterial over time, but will not alter work of breathing under
physiological conditions; while when exposed to a baseline inflammatory environment, the
MWCNTs will not be effectively cleared and increase the work of breathing. When a single
high dose of carbon black nanospheres was delivered into the lung previously, there was
an acute inflammatory response without a detectable change in lung function (Aim 1); in
this study a similar dose of MWCNTs was administered (determined by surface area to
volume ratio). Following exposure the lung function and inflammatory response was
analyzed using the flexivent, bronchoalveolar lavage (BAL), and harvesting of the lungs
for histology and molecular studies (1, 3, and 7 days post-single exposure). This provided
an organ level assessment and allowed for correlation of respiratory mechanics (flexivent
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analysis) with changes in alveolar cells, proteins, lipids (BAL analysis) and lung tissue
(histology) due to exposure from MWCNTs of varied functionalization.

12

EXPERIMENTAL PLAN
SPECIFIC AIM 1: EFFECTS OF METAL NANOPARTICLES
In this study, we aim to determine changes in lung function and inflammation in
response to metal nanoparticles. We hypothesize that AgNPs will aggregate and interact
with the lipid portion of the lung lining fluid in a divergent manner than its non-metal
control, carbon black NP. We propose that metal NPs will increase respiratory effort and
will activate divergent inflammatory pathways from non-metal NP exposed mice. To
examine potential effects, dose and time point were varied and carbon black nanospheres
were used as a size/non-metal control. Following exposure the lung function and
inflammatory response was analyzed using the flexivent, bronchoalveolar lavage (BAL),
and harvesting of the lungs for histology and molecular studies (1, 3 and 7 days post-single
exposure). This will provide an organ level assessment and allow us to correlate respiratory
mechanics (flexivent analysis) with changes in alveolar cells, proteins, lipids (BAL
analysis) and lung tissue (histology) due to exposure from varied doses of AgNPs (metal)
and carbon black NPs (non-metal).
RATIONALE
AgNPs are valued for their antimicrobial properties and are used in a growing
number of commercial products. Many previous studies have focused on the in vitro
interactions of metal NPs and lung lining proteins, lipids, and cells [1, 2, 4, 5]. The study
of gold nanoparticles in the presence of dipalmitoyl phosphatidylcholine (DPPC),
palmitoyl-oleoyl-phosphatidylglycerol, and surfactant protein B (SP-B) demonstrated that
the metal NPs become coated by lipids and form aggregated strands [1]. This coating and
consequent aggregation led to increased surface tension measurements, indicating potential
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for increased work of breathing when metal NPs are inhaled [1]. Herzog et al. (2014) used
AgNPs and a complex triple cell culture with an air-liquid interface to mimic the conditions
of the lung. Data from this study indicated differential particle interactions depending upon
AgNP interactions at the air-liquid interface versus AgNPs submerged in the liquid phase.
AgNPs aggregated with cells at the air-liquid interface, but did not trigger a cytotoxic
response, while AgNPs immersed in the liquid phase led to cytotoxicity. Findings from
these previous in vitro studies indicate potential for pronounced mechanical and
inflammatory responses by the lung due to metal NP exposure. Yet, while these studies
closely mimic respiratory conditions, the complex organ level toxicology must be assessed
in vivo for NP exposures.
A carbon black nanosphere is of Buckminster Fullerene structure, while AgNPs are
stabilized using citrate, reduced using sodium borohydride and are redox reactive [14].
These differences in surface composition allow for differential interactions with
components of the lung lining fluid. By using carbon black NPs of the same size and
geometry as a control, it will be possible to determine if organ level effects are due to the
functionalization/metal properties of the nanoparticle. Additionally, with the use of a silver
nitrate solution as a control, it will be possible to determine if organ level effects are due
to silver ion interactions or if they are specific to AgNPs. Changes in pH and the ionic
environment have been shown to disrupt AgNPs and cause them to dissolve into their ionic
form, but Imperial College London has characterized this set of AgNPs as displaying
limited dissolution over time under varying conditions [14].
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METHODS
P ARTICLE S PECIFICATIONS

Carbon black NPs and silver nanospheres (AgNPs) (15nm) were designed and
characterized by Department of Materials and London Centre for Nanotechnology,
Imperial College London [14]. AgNPs were stabilized using citrate and reduced using
sodium borohydride [14].
M URINE M ODEL AND P ARTICLE INSTILLATION

Nine-week-old C57-BL6 Jackson wild-type male mice were intratracheally
instilled with either Hank’s Balanced Salt solution (HBSS), silver nitrate solution, carbon
black NPs or AgNPs following anesthesia using a ketamine/xylazine combination. 0.05µg
or 0.5µg particle/g body weight were suspended into HBSS to a final volume of 50µl. Probe
sonication of NPs was utilized immediately before intratracheal instillation. Mice were
left for 1, 3, or 7 days before being anesthetized, attached to a ventilator having their
mechanical function assessed (see below). Low dose particle treated mice (0.05 µg/g body
weight) were only examined 1 day post-instillation, while silver nitrate instillations were
given at a high dose (0.5µg/g body weight) and mice were examined only at 7 days postinstillation. Following ventilator protocol, tissues were harvested and analyzed as
described below.
This protocol was approved by the Rutgers University Institutional Animal Care
and Use Committee (IACUC) (Protocol Number: 06-028). The study was conducted in
accordance with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. Intratracheal instillations and mechanical
ventilation were conducted under ketamine/xylazine anesthesia, and all efforts were made
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to minimize suffering. Animals were sacrificed using a lethal dose of ketmine/xylazine and
exsanguination.
B RONCHOALVEOLAR L AVAGE

A bronchoalevolar lavage of the whole lung was performed using with 10mM
HEPES buffered saline in 1mL increments four times (prior to inflation fixing with
paraformaldehyde). Cells (~30,000) from the bronchoalveolar lavage fluid (BAL) were
then centrifuged (300xg, 10 minutes) on a glass microscope slide. The supernatant was
collected for protein and phospholipid assays. The cell pellet was re-suspended in 1mL
buffered saline for cell count, cytology and RT-PCR analysis [36, 40, 49].
H ISTOLOGY

Using a 3% paraformaldehyde/2% sucrose solution, the left lung was inflation
fixed. The tissue was then embedded in paraffin, sectioned and stained with hematoxylin
and eosin (H&E). The Olympus VS120-SL Virtual Slide System was used for imaging
lung sections [40, 49].
C ELL C OUNTS AND C YTOLOGY

Using the Beckman CoulterTM MultisizerTM 3 Coulter Counter®, the cell number
from BAL samples was assessed. Approximately 30,000 cells were centrifuged onto a glass
slide at 800xg for 3 minutes, air dried, and stained with Diff-Quik buffered modified
Wright-Giemsa stain. Cell differentials were performed manually using a light microscope
(1-way ANOVA, t-test) [36, 40, 49].
R EAL -T IME P OLYMERASE C HAIN R EACTIONS

RNA was prepared from BAL cells using a QIAshredderTM kit and converted to
cDNA. The cell samples for each treatment group were pooled into one larger sample for
analysis. Thermocycling was used to analyze mRNA expression of CCL2, IL1B, IL6,
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CXCL10, IL10 and IL12B in the treated mice. Fold expression was calculated by the ∆∆CT
method normalizing to the HBSS (control) treatment group [50].
P ROTEIN AND P HOSPHOLIPID A SSAY

Whole BAL protein concentration was determined using a Low Protein BCA Assay
kit by Lamda Biotech, Inc (St. Louis, MO). To estimate phospholipid content whole BAL
was fractionated into small and large aggregate portions by centrifugation at 17,000xg for
one hour at 40C. The supernatant is the protein-rich small aggregate fraction, while the
pellet can be re-suspended in a small volume of saline (35μl) and was the lipid-rich large
aggregate fraction. Inorganic phosphate from the lipid-rich fractions was measured as an
estimate of the phospholipid content (1-way ANOVA, Holm-Sidak method) [49, 51].
I MMUNOBLOTTING

To determine surfactant protein content, reducing NuPAGE was performed using
individual BAL samples. Gels were transferred to BioRad Immun-blot® PDVF
membranes, incubated with SP-D or SP-B antibody (M.F. Beers, University of
Pennsylvania), goatrabbit linked to horseradish peroxidase, and imaged using
AmershamTM ECLTM Prime Western Blotting Detection Reagent. Densitometry was
performed to quantify the chemiluminescent signal (1-way ANOVA, Holm-Sidak
method). Whole BAL was used for SP-D analysis; and sample load was normalized to
volume. Large aggregate BAL (LA BAL) was used for SP-B analysis and sample load was
normalized to phospholipid content as determined by the phospholipid assay [49].
C APILLARY S URFACTOMETRY

Surface tension was measured using a capillary surfactometer (Calmia Medical,
Inc). Samples were loaded at a consistent phospholipid concentration of 1.0µg/µl.
Following sample loading, compressed air was applied to the capillary at increasing
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pressures. Both the initial pressure to disrupt the LA BAL and percent capillary open over
the course of two minutes were recorded [49].
M ECHANICAL V ENTILATION AND R ESPIRATORY M ODEL

1, 3 or 7 days following particle instillation, mice were anesthetized and ventilated
using the flexiVent (SCIREQ, Montreal, Canada) at positive end expiratory pressures
(PEEPs) (0, 1, 3, and 6 cmH2O)—performed prior to harvesting of tissue and BAL for
biological assays. Mechanical ventilation with forced oscillation maneuvers was used to
measure impedance. Broadband signal (0.5-20Hz) respiratory impedance [Z(f)] is a
sensitive indicator of pathology of the airways and tissues [39]. To measure impedance a
known broadband flow is applied at the tracheal opening, and transduces pressure. The
flow [V(t)] is a known value input into the system while pressure [P(t)] output is unknown.
As mechanical function varies with frequency of oscillation, a Fourier Transform was
performed so that impedance can be expressed as a function of frequency, Z(f) = P(f)/ V(f).
Output impedance spectra were used to generate resistance (RL) and elastance (EL) spectra
across the frequency range, and fit to a model of heterogeneous lung function using the
following equations [40]:
RL = (a + bf)/(c + f) and EL = E0 + ΔE (1-e-βf)
Model fits were estimated for each treatment group by fitting a non-linear
regression curve to the spectra of all mice in a treatment group equally at each PEEP.
Spectra were analyzed for significant differences using the null hypothesis that the data can
be characterized by one three-parameter relationship or alternatively that the data are
distinct enough to be characterized by two three-parameter relationships. The parameters
of the RL and EL curves were estimated from non-linear regressions fitting to the spectra of
each individual mouse within a treatment group at each PEEP. Then a mean and standard
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error for each parameter was taken for each treatment group. A two-way analysis of
variance (ANOVA) was used to determine significant differences in the mean value of
each parameter for treatment groups and PEEP. Pairwise comparisons were made using the
Holm-Sidak method.
RESULTS
1 D AY P OST -I NSTILLATION

There was no evidence of injury in any of the saline (control) or particle treated
mice by way of histology (Figure 1). Cytology, however, demonstrated significant invasion
of neutrophils in high dose carbon black NP treated mice, as well as obvious uptake of
carbon black NPs into macrophages (Figures 2 & 3). This indicates activation of an
inflammatory response which is supported by the PCR data where there was an increase in
expression of IL1B, IL6, and IL12B as compared to the control (Figure 4); this cytokine
profile confirms macrophage activation. However, there was no invasion of inflammatory
cells or inflammatory activation indicated by way of cytology or PCR for low dose carbon
black NP or AgNP treated mice (low or high dose).
Additionally, there were no significant differences between treatment groups in
protein concentration, phospholipid content, SP-D/B ratios, or capillary surfactometry at 1
day post-instillation (Figures 5, 6, & Table 1). Although there was an inflammatory
response elicited by high doses of carbon black NPs, there was no significant difference in
respiratory mechanics (resistance or elastance) between carbon black NP treated mice (low
or high dose) as compared to the saline control (Figure 8). Furthermore, despite a lack of
inflammatory response, AgNP treated mice (low and high dose) demonstrated a significant
increase in tissue stiffness as compared to the control; but there were no significant
differences in airway or tissue resistance (Figure 8, low dose AgNP results not shown).
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These significant increases in elastance were restricted to the low frequency end of the
spectra indicating changes in the parenchyma (data not shown).
3 D AYS P OST -I NSTILLATION

Again at 3 days post single instillation histology demonstrated no signs of injury to
the lung as a result of particle exposure (Figure 9). Cytology confirmed persisting
neutrophilia in high dose carbon black NP treated mice and continued uptake of carbon
black NPs in macrophages (Figure 2 & 3). Additionally, high dose AgNP treated mice
cytospins demonstrated an invasion of lymphocytes and an increased number of
macrophages (Figure 2). This indicates activation of an inflammatory response in both
particle treated groups, but by potentially different pathways. PCR demonstrated continued
elevated cytokine expression of IL1B and IL6 as well as an increase in CCL2 and IL10 for
high dose carbon black NP treated mice indicating activation of macrophages, a response
to inflammation, and recruitment of monocytes (Figure 4). While these same cytokines
were expressed in AgNP treated mice, there was a 60 mRNA fold change as compared to
the control for IL10 (Figure 4). IL10 is produced by monocytes and lymphocytes, but it’s
the magnitude of expression of IL10 in AgNP treated mice as compared to carbon black
NP treated mice coupled with lymphocyte invasion for AgNP treated mice that indicates a
significant difference in inflammatory profiles of the two groups. There was no significant
difference in protein concentration between groups (Figure 5), consistent with a lack of
lung injury; however, there was a significant increase in phospholipid content for carbon
black NP treated mice as compared to the control (Figure 5).
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Figure 1. Histology (H&E) 1 day post-instillation: A) HBSS B) LD Carbon Black NP C) HD Carbon Black NP D) LD AgNP E) HD AgNP;
histology does not show any significant injury associated with particle treatment (LD = low dose, HD = high dose) (enlarged H&E images
20x, whole lung 0.8x).
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Figure 2. Cytology High Dose NPs All Time Points: A, D & G) HBSS (1, 3, & 7 days postinstillation) B, E & H) HD Carbon Black NPs (1, 3, & 7 days post-instillation) C, F & I) HD
AgNPs (1, 3, & 7 days post-instillation); demonstrates acutely activated macrophages in both
NP treatments, and uptake of Carbon Black NPs into macrophages. No visible Carbon Black
NPs in macrophages by 7 days post-instillation (LD = low dose, HD = high dose) (cytology
images at 20x).
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Figure 3. Cell Differentials: At 1 day post-instillation, high dose carbon black NP treatment results in neutrophilia. 3 Days post-instillation
carbon black NP-mediated neutrophilia begins to resolve, while high dose AgNP treatment results in increased macrophages and lymphocytes.
7 Days post-instillation, persisting elevated macrophages are seen with AgNPs, while neutrophils and lymphocytes have resolved (*p<0.05
compared to the control for that cell type).
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Figure 4. mRNA expression by PCR: 1 day post-instillation high dose carbon black NP treated mice demonstrate increased expression of IL1β, IL-6 and IL-12B as compared to control (HBSS). 3 days post-instillation high dose carbon black NP treated mice persist with elevated IL1β and IL-6 expression, while AgNP treated mice demonstrate increased expression of IL-1β, IL-6, CCL2, and IL-10. 7 days post-instillation
all inflammatory markers have resolved in carbon black NP treated mice, but in AgNP treated mice CCL2 remains elevated (samples were
pooled for each treatment group at each time point, n=4-6 mice)
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Figure 5. Protein Concentration & Phospholipid Content in BAL: A) At each time point, treatment groups were not significantly different
from control (HBSS). However, at 3 days post-instillation all groups displayed an increase in BAL protein concentration which began to
resolve by 7 days in Carbon Black NP treated mice B) There was no significant difference between treatment groups at any time point,
however at 3 day post-instillation NP treated mice displayed increases in phospholipid content as compared to the control. While this increase
resolved by 7 days in Carbon Black NP treated mice, AgNP mice continued to display increases in phospholipid content as compared to the
control.
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Figure 6. Immnoblotting 1 day post-instillation: A) SP-D Immunoblot B) SP-B Immunoblot C) SP-D/SP-B ratios; there is considerable
variability between individuals within a group, however, the overall trend suggests that nanoparticle treated lungs experience increases in SPD expression with corresponding decreases in SP-B expression. The greatest differences compared to the control occur with AgNP treatment,
though not statistically significant (CB= carbon black NPs, Ag= silver NPs).
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Table 1. Capillary Surfactometry: There was no significant difference between treatment groups in either percent capillary open or initial
pressure taken using capillary surfactometry at any time point.
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Figure 7. Surfactant Protein Immunblotting 3 & 7 days post-instillation: A) SP-D (top) and SP-B (bottom) 3 days-post instillation B) SP-D
(top) and SP-B (bottom) 7 days-post instillation C) Table of densitometry values for SP-D and SP-B content and SP-D/SP-B ratios normalized
to the control. No differences in SP-D content until 7 days post-instillation (*p<0.001 compared to the control, †p<0.001 compared to carbon
black NP treatment).
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Figure 8. Resistance (RL) & Elastance (EL) Spectra Using Forced Oscillation Technique: Analysis of impedance measurements at PEEP 3 A/D)
HBSS RL/EL spectra B/E) Carbon Black NP RL/EL spectra C/F) AgNP RL/EL spectra at 1, 3, 7 days. Both HBSS & high dose Carbon Black NP mice
did not significantly differ in EL or RL across time points within treatment groups or when compared to one another. AgNP treated mice displayed
acute tissue stiffness. At 7 days post-instillation, AgNP treated mice experienced significantly decreased EL (decreased tissue stiffness), as well as
significantly decreased RL (as compared to AgNP treated mice 1 & 3 days post-instillation, as well as compared to all other treatments at all other
time points). At 1 day post-instillation low dose particle treatments demonstrated no significant differences as compared to the control (*p<0.05).
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Figure 9. Histology (H&E) 3 & 7 days post-instillation: A) HBSS 3 days B) Carbon Black NP 3 days C) AgNP 3 days D) HBSS 7 days E)
Carbon Black NP 7 days F) AgNP 7 days (all images – 20x).
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Despite changes in the inflammatory profile for AgNP treated mice, and persisting
inflammation coupled with a change in phospholipid content for carbon black NP treated
mice there were no significant differences between groups for SP-D/SP-B ratios or
capillary surfactometry (Figure 7 & Table 1). Lastly, respiratory mechanics analysis
revealed no significant differences in elastance or resistance between treatment groups;
indicating resolution of tissue stiffness previously demonstrated by AgNP treated mice at
1 day post-instillation.
7 D AYS P OST -I NSTILLATION

At 7 days post single instillation there continues to be no sign of lung injury by way
of histology (Figure 9). As evidenced by cytology, there is near complete resolution of
invading neutrophils and lymphocytes for carbon black NP and AgNP treated mice
respectively (Figure 2). PCR indicates near complete resolution of previously increased
cytokine expression with minor elevation of CCL2 (1.8 mRNA fold change as compared
to the control) for carbon black NP treated mice; also minor elevation of IL6, IL12B, IL10
(1.8 mRNA fold change as compared to the control), and CCL2 (6 mRNA fold change as
compared to the control) for AgNP treated mice (Figure 4). This indicates some continued
activation of macrophages in both treatment groups, but also a distinct likelihood of
continued monocyte recruitment for AgNP treated mice (evidenced by CCL2 expression).
There were no significant differences between treatment groups for protein concentration
or phospholipid content; again consistent with a lack of tissue injury (Figures 5 & 9).
However, there was a significant increase in SP-D content of AgNP treated mice as
compared to the control (Figure 7). There were no significant differences between
treatment groups for capillary surfactometry as well (Table 1), which is consistent with
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phospholipid and SP-B findings (Figures 5 & 7). Analysis of respiratory mechanics
revealed significant decreases in elastance and resistance spectra for AgNP treated mice as
compared to the control (Figure 8). The differences in spectra were demonstrated to be
isolated to the low frequency end of the spectra for both elastance and resistance indicating
changes were occurring in the parenchyma (Figure 10). To determine if the results at 7
days post-instillation were due to the nano-scale properties of the AgNPs or ionic silver, a
separate group of mice were dosed with silver nitrate solution. This treatment group
demonstrated no signs of inflammation or significant differences in respiratory mechanics
as compared to the saline control (data not shown).
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Figure 10. 7 Days Post-Exposure Resistance (RL) & Elastance (EL) Model Parameters:
Analysis of model parameters at PEEP 3 A) inherent tissue stiffness (E0) B) Low frequency
resistance (a/c) C) rate of change of elastance (beta) D) magnitude of change in elastance (ΔE)
E) high frequency resistance (b) The greatest changes in spectra were seen at 7 days, and these
parameters are extracted from the 7 day model for HBSS, high dose Carbon Black NP, and
high dose AgNP. The most significant changes are occurring in the low frequency end of the
spectra, where AgNP treated mice display a significantly decreased inherent tissue stiffness
and resistance in the lower airways as compared to the control. These differences are not
resolved with increasing PEEP (*p<0.05 compared to the control).
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DISCUSSION
This study documents effects specific to the metal properties of AgNPs.
Throughout this study, there were significant differences found in both inflammatory and
lung function endpoints between metal and non-metal NP exposures. While high doses of
non-metal, carbon black NPs predictably led to acute inflammation (neutrophilia and
macrophage activation), the same dose of metal, AgNPs produced no signs of acute
inflammation. Though these metal NP treated mice lacked a classic inflammatory response,
they experienced significantly increased work of breathing (at low and high doses). At 3
and 7 days post-instillation, inflammation resolved in the non-metal NP treated mice; while
the metal NP treated mice experienced delayed inflammatory effects and a persisting
decline in lung function. These findings confirm our hypothesis that there are inflammatory
and lung function effects specific to the metal properties of AgNPs. These effects are most
likely due to modified airway epithelial cell function.
Non-metal NPs elicit a dose-dependent response that demonstrates low doses of
carbon black NPs do not lead to inflammation, while high doses of carbon blacks NPs lead
to neutrophilic invasion and macrophage activation. The metal, AgNPs do not act in a
similar dose-dependent manner. Neither at low or high doses did AgNPs elicit an
inflammatory response. This may be due to their difference in affinity for aggregation and
consequent interactions with components of the lung lining fluid. Carbon black NPs more
easily self-aggregates than AgNPs [14, 52], thus there is a higher probability of formation
of larger agglomerates that can be easily phagocytosed by macrophages and trigger
inflammatory pathways (as demonstrated by the increased expression of macrophage
activation markers and neutrophilic invasion, Figures 3 & 4). AgNPs readily maintain
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nanoscale form [14], and are less likely to form large agglomerates than carbon black NPs;
however, they still have the capacity to interact with components of the lung lining fluid.
The acute respiratory mechanical effects of metal NPs were isolated to changes in
elastance in the low frequency portion of the inspiratory spectrum. These changes are
consistent with alterations to the nature of the parenchymal tissue of the lung. This may be
due to AgNPs becoming coated by lipid and surfactant protein in the lung lining fluid. Such
interactions have been previously reported to mediate the formation of NP strands in the
presence of SP-B [1, 14, 53]. This coating and strand formation could disrupt the
maintenance of surface tension by the lung lining fluid, not only by their presence, but also
by removing available surface-active material. Previously we have reported that 20nm
citrate-stabilized AgNPs have a greater propensity for aggregation and dissolution when
lipid-coated as compared with both 20 and 110nm PVP-stabilized AgNPs [53].
Lipids comprise the largest percentage of macromolecules within the lung lining
fluid (90%-dipalmitoyl phosphatidylcholine (DPPC), phosphatidylcholine (PC) and
phosphatidylglycerol (PG)); and how NPs interact with this portion of the lung lining fluid
will likely determine further interactions with cells and proteins. AgNPs coated by lipid
will increase likelihood of interacting with alveolar macrophages, thus increasing lipid
removal from the lung lining fluid. Loss of lipid could produce an increase in the work of
breathing [1, 12, 54]. While our capillary surfactometry results did not confirm a change
in surface tension, this assay is limited in that it cannot detect localized changes within the
lung. Lipid used in the capillary surfactometry assay is procured via a whole lung lavage.
Localized changes that can be detected by the lung mechanics model may not be evidenced
once examining the whole lung lavage, unless severe, wide-spread injury has occurred.
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Thus the data presented here are supportive of a change in surface active function of the
lung lining fluid, but are not conclusive. Future studies focusing on using more sensitive
assays, such as a pulsating bubble surfactometry, would be valuable in determining
potential changes to surface tension and their relative importance to lung function.
The inflammatory response to high doses of non-metal NPs lessened at 3 days and
resolved by 7 days post-instillation, which is consistent with an irritant inflammation
response. However, mice dosed with AgNPs experienced a delayed inflammatory
response. At 3 days post-instillation, AgNP mice demonstrated an invasion of
lymphocytes, increasing macrophage count, and increased cytokine expression. While the
inflammatory pattern had worsened the initial tissue stiffness appears to resolve 3 days
after AgNP exposure. These data are best explained by reasoning that a cellular response
has been mounted to compensate for the proposed change in the lung lining fluid lipid
content. Further it appears that the lung lining is signaling for cellular recruitment, and that
increased lipid production by Type II epithelial cells has lessened the work of breathing.
Type II epithelial cells are crucial to maintaining surfactant homeostasis; they are
responsible for producing, secreting, and recycling surfactant proteins and lipid. Altered
surfactant composition will trigger a Type II cell response to preserve both the immune
and surface tension maintenance properties of the lung lining fluid. At 7 days postinstillation, while the inflammatory response had all but resolved in AgNP treated mice,
there was a significant decrease in both elastic and resistive components of the lung,
specifically in the low frequency end of the spectra. This is potentially a result of an
overshoot response by the pulmonary epithelium, in which the Type II cells have begun to
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over produce lipid. Additionally at 7 days, AgNP exposed mice demonstrated an increase
in SP-D, providing further evidence for changes in Type II cell function.
CONCLUSION
AgNPs elicit metal-specific organ level responses within the lung. AgNPsurfactant interactions lead to altered respiratory function and delayed immune response
due to modified airway epithelial cell function.
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SPECIFIC AIM 2: EFFECTS OF AGNP FUNCTIONALIZATION & SIZE
In this study, we aim to determine how different AgNP functionalization and size
affects lung function and inflammation. We propose that larger, polymer-stabilized AgNP
exposure will result in increased alveolar system interactions versus all sizes of citratestabilized AgNPs and demonstrate more pronounced changes in lung function and
inflammation due to their increased particle stability. A low dose of AgNPs was used to
reduce possible injury and inflammation, and allow for determination of the relationship
between particle biophysics and lung function. Four different types of AgNPs with
combinations of two diameters (20nm vs. 110nm) and two capping agents (citrate and
PVP) were intratracheally instilled for in vivo assessment, while the interaction between
each type of AgNP and a model surfactant was measured in vitro. 1, 7, and 21 days postexposure the lung function and inflammatory response were analyzed using the flexivent,
bronchoalveolar lavage (BAL), and harvesting of the lungs for histology and molecular
studies. This provided an organ level assessment and allowed for correlation of respiratory
mechanics (flexivent analysis) with changes in alveolar cells, proteins, lipids (BAL
analysis) and lung tissue (histology) due to exposure of AgNPs of varied functionalization
and size.
RATIONALE
Surface chemistry and particle size are key factors that determine nanoparticle
interactions within a biological system [55, 56]. These factors determine redox potential,
particle-particle interaction, particle-protein interaction, particle-lipid interaction,
deposition of particles, and cellular clearance of particles [56]. During the synthesis
process, AgNPs are often stabilized by a ‘capping agent’ such as citrate and
polyvinylpyrrolidine (PVP). Prior research has demonstrated that PVP binds to the core of
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AgNPs by steric interaction producing a stronger association than citrate that binds AgNPs
via ionic interactions [1, 10, 57]. PVP-stabilized particles do not readily aggregate or
precipitate out of culture media. In contrast, citrate-stabilized particles can rapidly
aggregate and precipitate when suspended in high ionic strength buffers due to charge
screening effects [57]. How these different stabilization mechanisms affect the AgNP
interaction with the lung lining fluid is currently unknown.
METHODS
S ILVER N ANOSPHERES

All four types of AgNPs were manufactured by nanoComposix, Inc (San Diego,
CA) via base-catalyzed reduction of silver nitrate using 5-7nm gold seed as nucleation
centers. The size of the particles was measured by the Nanotechnology Characterization
Laboratory, National Cancer Institute at Frederick using TEM and ICP-MS. The AgNPs
were subsequently provided by the Consortium of NIEHS Centers for Nanotechnology
Health Implications Research (NCNHIR). The particles were further characterized, using
TEM, energy dispersive X-ray spectroscopy (EDX) and zeta potential ζ measurements.
110nm AgNPs were further characterized using high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM). HAADF-STEM combined with EDX
analysis were carried out using an FEI Titan 80/300 fitted with a Cs (image) corrector,
monochromator and EDX detector (EDAX, Leicester UK) operated at an accelerating
voltage of 80kV. For STEM experiments, a convergence semi-angle of 14mrad was used,
with an inner and outer HAADF collection angle of 49 and 239mrad, respectively. The
probe diameter was <0.5nm.
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S TABILITY OF A G NP S : D ISSOLUTION K INETICS

Aliquots of Ag solutions were taken for inductively coupled plasma-optical
emission spectroscopy (ICP-OES) analysis at various time points from 1 hour up to 3 days
(72 hours). ICP-OES was used to determine the amount of dissolved Ag at pH 5 and 7. To
minimize the impact of anions on the stability of the AgNPs, non-interacting buffers were
used and perchloric acid (Sigma-Aldrich) was used to adjust the pH. Each AgNP
suspension (PVP or citrate coating) was incubated in a temperature controller at 37°C and
then centrifuged at high speed (13 000 rpm) with 2kDa (< 4nm) filter tubes (Sartorius
Stedim VIVACON 500) to separate any NPs from the solution. For the control experiment,
deionized water (no AgNPs) and supernatant from which the AgNPs had been removed
were analyzed to ensure that any residual AgNPs were removed during centrifugation and
filtering.
S TABILITY OF A G NP S : M ORPHOLOGY E VOLUTION

TEM was performed using a JEOL 2010 instrument operated at an accelerating
voltage of 200 kV. The effect of pH, particle size and surface chemistry on the stability of
AgNPs
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dipalmitoylphosphatidylcholine (DPPC). This assay was designed to examine lipid-AgNP
interactions, not to model the alveolar environment where interactions are complicated by
the presence of surfactant proteins [16]. DPPC solutions of 100 mg L-1 were prepared in
perchlorate acid solutions (pH 5) by sonication for 10 minutes using an ultrasonic bath.
The samples were incubated at 37°C for one day (24 hours) in a dri-block heater. TEM
samples were prepared by depositing a single drop of the suspension on a 300 Cu Mesh
holey support film and were left to dry at room temperature and stored under vacuum.
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M URINE M ODEL AND P ARTICLE INSTILLATION

Nine-week-old C57-BL6 Jackson wild-type male mice were intratracheally
instilled with AgNPs, or water (50µl) for control, following anesthesia using a
ketamine/xylazine combination. Particles, at 0.05µg AgNP/g body weight, were suspended
into water to a final volume of 50µl. Citrate-stabilized particles can rapidly aggregate and
precipitate in high ionic strength buffers [57]. Therefore AgNPs were suspended in a nonionic solution (water), at a low dose. Particles were mixed in solution using probe
sonication immediately before intratracheal instillation. To determine a particle dose that
was sub-toxic, as defined by a failure to increase lung leak 24 hours post administration,
mice were instilled with 0.05, 0.15, 0.45, or 1.35µg AgNP/g body weight. At 24 hours postinstillation animals were injected with Evan’s Blue Dye (EBD) retro-orbitally. Lungs were
lavaged and dye content was measured spectrophotometrically. A dose of 0.05 µg AgNP/g
body showed no significant increase in dye content. Mice were left for 1, 7 or 21 days
before being anesthetized and mechanical function assessed (see below). Following lung
function assessment (described below) the mice were exsanguinated and tissues were
harvested and analyzed as described below.
This protocol was approved by the Rutgers University Institutional Animal Care
and Use Committee (IACUC) (Protocol Number: 06-028). The study was conducted in
accordance with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. Intratracheal instillations and mechanical
ventilation were conducted under ketamine/xylazine anesthesia, and all efforts were made
to minimize suffering. Animals were sacrificed using a lethal dose of ketmine/xylazine and
exsanguination.
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B RONCHOALVEOLAR L AVAGE

The whole lung of each mouse was lavaged (prior to inflation fixing with
paraformaldehyde) with 10mM HEPES buffered saline in 1mL increments four times.
Cells from the BAL were then centrifuged (300g, 10 minutes). The supernatant was
collected for protein and lipid analysis. The cell pellet was re-suspended in 1mL buffered
saline for cytology and RT-PCR [36, 40, 49].
H ISTOLOGY

The left lung was harvested and inflation fixed using a 3% paraformaldehyde in 2%
sucrose solution. Lungs were then embedded in paraffin, sectioned and stained with
hematoxylin and eosin (H&E). Lung images were captured using the Olympus VS120-SL
Virtual Slide System [40, 49].
C ELL C OUNTS AND C YTOLOGY

Cell number was assessed using a Beckman CoulterTM MultisizerTM 3 Coulter
Counter®. Approximately 30 000 cells were then centrifuged onto a glass slide at 800g for
three minutes, air dried, and then stained with Diff-Quik buffered modified Wright-Giemsa
stain. Cell differentials were performed manually using a light microscope at 40x
magnification [36, 40, 49].
L ACTATE D EHYDROGENASE (LDH) A CTIVITY A SSAY

A LDH assay was performed using BAL fluid to assess general cellular
cytotoxicity. Chemicals and protocol were used from an In Vitro Toxicology Assay Kit,
Lactic Dehydrogenase based by Sigma-Aldrich® (St. Louis, MO, USA) [58, 59].
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R EAL -T IME P OLYMERASE C HAIN R EACTIONS

RNA was prepared from BAL cells using a QIAshredderTM kit and converted to
cDNA. The cell samples for each treatment group were pooled into one larger sample for
analysis. Thermocycling was used to analyze mRNA expression of CCL2 (mCCL2 1F103:
CCT GCT GCT ACT CAT TCA CCA; mCCL2 1R259: GTC TGG ACC CAT TCC TTC
TTG), IL1B (mIL1b1F216: TGT GGC AGC TAC CTG TGT CTT; mIL1b1R321: TCC
CAT GAG TCA CAG AGG ATG), IL6 (mIL6F23: GAC TTC CAT CCA GTT GCC
TTC; mIL6R125: TGG GAG TGG TAT CCT CTG TGA), CXCL10 (mCXCL10F12:
AGT GCT GCC GTC ATT TTC TGC; mCXCL10R139: CCT ATG GCC CTC ATT CTC
ACT), and IL12B (mIL12bF131: GTG ACA CGC CTG AAG AAG ATG; mIL12bR303:
CTT CTT GTG GAG CAG CAG ATG). The ABI 7900HT Fast Real-Time PCR System
by Applied Biosystems (Waltham, Massachusetts, USA) was used and primers were
designed with OligoPerfect™ Designer (Invitrogen.com). Fold expression was calculated
by the ∆∆CT method normalizing to the water (control) treatment group and using actin as
the control gene [50].
I MMUNOHISTOCHEMISTRY

To qualitatively assess cellular recruitment in response to AgNP treatment and
better define the macrophage population within the lung, paraffin embedded tissue sections
were stained using an antibody for Cd11b (ab133357, anti-rabbit, abcam® (Cambridge,
MA, USA)). Cd11b serves as a marker for recruited monocytes [60, 61].
P ROTEIN & P HOSPHOLIPID A SSAY

Whole BAL protein concentration was determined using a Low Protein BCA Assay
kit by Lamda Biotech, Inc (St. Louis, MO). To estimate phospholipid content, whole BAL
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was fractionated into small and large aggregate portions by centrifugation at 17 000g for
one hour at 40C. The supernatant was the protein-rich small aggregate fraction. The pellet
was re-suspended in a small volume of saline (35μl) and was the lipid-rich large aggregate
fraction. Inorganic phosphate from the lipid-rich fractions was measured as an estimate of
the phospholipid content [49, 51].
I MMUNOBLOTTING

To determine surfactant protein content, reducing NuPAGE was performed using
individual BAL samples. Gels were transferred to BioRad Immun-blot® PDVF
membranes, incubated with SP-D or SP-B antibody (M.F. Beers, University of
Pennsylvania), goatrabbit linked to horseradish peroxidase, and imaged using
AmershamTM ECLTM Prime Western Blotting Detection Reagent. Densitometry was
performed to quantify the chemiluminescent signal. Whole BAL was used for SP-D
analysis; and sample load was normalized to protein concentration. Large aggregate BAL
(LA BAL) was used for SP-B analysis and sample load was normalized to phospholipid
content as determined by the phospholipid assay [49].
C APILLARY S URFACTOMETRY

Surface tension was measured using a capillary surfactometer (Calmia Medical,
Inc). Samples were loaded at a consistent phospholipid concentration of 1.0µg/µl.
Following sample loading, compressed air was applied to the capillary at increasing
pressures. Both the initial pressure to disrupt the LA BAL and percent capillary open over
the course of two minutes were recorded [49].
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M ECHANICAL V ENTILATION AND R ESPIRATORY M ODEL

Mice were anesthetized and ventilated using the flexiVent (SCIREQ, Montreal,
Canada) at increasing positive end expiratory pressures (PEEPs) (0, 1, 3, and 6 cmH2O) to
assay for resolution of lung function [62]. Mechanical ventilation with forced oscillation
maneuvers was used to measure impedance broadband signal (0.5-20Hz) respiratory
impedance [Z(f)] [39]. The flow [V(t)] is a known value input into the system while
pressure [P(t)] output is unknown. As mechanical function varies with frequency of
oscillation, a Fourier Transform was performed so that impedance could be expressed as a
function of frequency, Z(f) = P(f)/ V(f). Output impedance spectra were used to generate
resistance (RL) and elastance (EL) spectra across the frequency range, and fit to a model of
heterogeneous lung function using the following equations [37, 40, 41]:
RL = (a + bf)/(c + f) and EL = E0 + ΔE (1-e-βf)
S TATISTICAL A NALYSIS

All data (excluding respiratory mechanics) were analyzed using 1-way ANOVA
and the Holm-Sidak Method, a p value of < 0.05 was considered statistically significant.
In the case of respiratory modeling, model fits were estimated for each treatment group by
fitting a non-linear regression curve to the spectra of all mice in a treatment group equally
at each PEEP. Spectra were analyzed for significant differences using the null hypothesis
that the data can be characterized by one three-parameter relationship or alternatively that
the data are distinct enough to be characterized by two three-parameter relationships. The
parameters of the RL and EL curves were estimated from non-linear regressions fitting to
the spectra of each individual mouse within a treatment group at each PEEP. Then a mean
and standard error for each parameter was taken for each treatment group [37, 41]. A 1-
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way ANOVA was used to determine significant differences in the mean value of each
parameter for treatment groups and PEEP. Pairwise comparisons were made using the
Holm-Sidak method.
RESULTS
P ARTICLE C HARACTERIZATION

In-house characterization analysis confirmed that as-received AgNPs had the
physicochemical properties as shown in Figure 11; the zeta potentials are more similar than
would be expected (the citrate capping may have surface-exchanged reducing the effective
charge for these particles): all show a negative potential consistent with manufacturers
specification. EDX spectra (Figure 12) showed that consortium particles (20nm) were
gold-silver core-shell NPs. As expected the Au core could not be detected for 110nm NPs
using EDX or high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) as it is below the concentration limit for detection, buried in the Ag shell
(the manufacturers MSDS state that the Au core is present, confirmed by ICP-MS at
NCNHIR) (Figure 13 and 14).
The dissolution rates of the four types of AgNPs was examined at both pH 5 & 7
(inorganic buffers) by ICP. The dissolution rates were higher at pH 5 than at pH 7 (Figure
15 and 16). All particles, with the exception of 20nm citrate-capped particles, displayed
less than 1% total release of silver to the solution over a three-day incubation period (Figure
15 and 16). Our results differ from the previous work of Bouwmeester, et al. (2011) using
similar particles, where 5 to 15 % dissolution was observed with citrate stabilized particles.
These differences are best explained by differences in methodology, dissolution medium,
and separation techniques used by the different laboratories (Figure 17). The 20nm citrate-
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capped particles displayed greater dissolution than the other particles at both pH 5 & 7;
>4% Ag was released into the solution after three days of incubation (Figure 15). Having
established that the particles were relatively stable against dissolution solution, we assessed
their morphology and the effect of surfactant addition by TEM (Figure 18). Regardless of
stabilization, or the presence of the model surfactant DPPC, 20nm AgNPs displayed a
greater tendency to aggregate than the 110nm particles, as expected due to surface energy
considerations. Evidence of particle aggregation and significant coarsening is also
observed for the 20nm particles with both capping agents (Figure 18 C&G). The limited
aggregation of 110nm AgNPs observed in buffer (Figure 18 A&E) was completely lost
upon addition of DPPC (Figure 18 B&F). DPPC also had a dramatic effect on the 20nm
AgNPs with only small clusters of NPs and no coarsening observed (Figure 18 D&H).
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Figure 11. AgNP Biophysical Characteristics: Transmission Electron Microscopy (TEM)
images, size distribution and zeta potential, ζ of as-received consortium AgNPs.
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Figure 12. Energy Dispersive X-Ray Spectroscopy (EDX) Particle Analysis: Citrate AgNPs
(20nm) incubated in pH 7 A) without DPPC B) with DPPC for 24 hours. Au was detected for
both 20nm citrate and PVP coated AgNPs (Cu readings, background readings resulting from
Cu plate).
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Figure 13. High Angle Annular Dark Field Scanning Transmission Electron Microscopy
(HAADF-STEM/EDX) Analysis: Citrate coated AgNPs (110nm)
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Figure 14. . High Angle Annular Dark Field Scanning Transmission Electron Microscopy
(HAADF-STEM/EDX) Analysis: PVP coated AgNPs (110nm). Au cannot be detected for the
110 nm AgNPs (both PVP and citrate coating). This might due to the thick layer of silver
coating around it.

51

Figure 15. Ag+ Ion Release Study: 20nm AgNPs incubated in perchlorate acid/perchlorate
buffer solutions (pH 5 and 7) over the course of 72 hours. Citrate stabilized particles
demonstrated the greatest per cent Ag dissolved over the time course.
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Figure 16. Ag+ Ion Release Study with DPPC: 110nm AgNPs incubated in perchlorate
acid/perchlorate buffer solutions (pH 5 and 7) over the course of 72 hours with and without
DPPC. Citrate stabilized particles demonstrated the greatest per cent Ag dissolved over the
time course. 110nm citrate and PVP-stabilized AgNPs in pH 7 (with or without DPPC) were
below 1%; negligible dissolution occurring.
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Figure 17. Dissolution Techniques: (a) A HAADF-STEM image of precipitates formed after
the incubation of 17.0 µg/mL AgNO3 (equal to an Ag concentration of 10 µg/mL) in RPMI1640 at 37°C for 0.5 h. (b) The corresponding STEM-EDX spectra 1-2 were collected from
area 1-2 marked in (a). The precipitation were collected by filtering the solution through 2 kDa
filter membrane and washed 3 times by DI-water. (c) ICPOES analysis of solubilized silver
concentrations of 17.0 µg/mL AgNO3 in DI-water, RPMI-1640, DMEM and DCCM-1 cell
culture media, incubated at 37°C for 0.5 h (n = 3).

53

Figure 18. AgNP Morphology and the Effect of Surfactant Addition by Transmission Electron Microscopy: TEM images of citrate v. PVP
stabilized AgNPs (20 and 110nm) incubated in pH 5 solution with and without DPPC at 37°C for 24 hours (magnification at 20x). Addition
of DPPC decreased particle aggregation in all instances; however, size was the predominant factor in particle aggregation.
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A CUTE F INDINGS

Histology of the lung 1 day after particle administration demonstrated no significant
injury. There was minor consolidation of the tissue and presence of airway thickening with
all four types of AgNPs. The most significant consolidation and thickening appeared in
PVP-stabilized AgNP treated mice as well as 110nm citrate-stabilized AgNP treated mice
(Figure 19). Although in general there was minimal peribronchial or perivascular
inflammation, there was observable cellular accumulation in the tissue of mice treated with
PVP-stabilized AgNP; this accumulation was localized in the 20nm treatment group, but
diffuse in the 110nm treatment group. Overall, there were no signs of injury or overt
inflammation as evidenced by histology.
Cell count and cytology serve as quantitative and qualitative measures of
inflammation. As expected with only minor tissue consolidation and airway thickening
demonstrated in the histology of the AgNP treated mice, there was no significant change
in BAL cell count (Figure 20) or alterations in the inflammatory cell population (in all
conditions macrophages constituted >98% of the BAL cells), or increase in protein content
within the BAL, indicating no loss of barrier function (Figure 21). To confirm that there
was not significant injury to the lung lining, a LDH assay was performed using the BAL;
LDH levels were not significantly different between treatment groups (data is not shown).
Additionally, RT-PCR showed less than a two-fold change in mRNA expression of CCL2,
IL1B, IL6, CXCL10, and IL12B in the BAL cells from AgNP treated mice as compared to
the control (water) (Figure 22). NOS2 was not detectable in any of the conditions. These
markers were chosen as indicators of macrophage activation.

55

Figure 19. Histology (H&E) 1 day post-instillation: Post-mechanical ventilation, the left lung
of the treated mice were inflation fixed, paraffin embedded, sectioned and stained with
hematoxylin and eosin (whole lung image 0.8x, enlarged image 20x; red arrow marks site of
interest) A) Untreated wild-type male mouse B) 20nm citrate-stabilized AgNP treatment C)
110nm citrate-stabilized AgNP treatment D) Water (control) treatment E) 20nm PVPstabilized AgNP treatment F) 110nm PVP-stabilized AgNP treatment; all AgNP treated mice
displayed slight tissue consolidation and airway thickening. This was most pronounced with
110nm citrate and both PVP-stabilized AgNP treated mice. But overall lung structure for all
treatments was normal with no indication of overt inflammation.
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Figure 20. Cell Count & Cytology using BAL: Cell counts (mean ± standard error (x105)) were
normalized to 1mL BAL and ~30 000 cells were used for cytology A) Water (control) treatment
displayed slightly elevated cell count, but no sign of neutrophilia B) 20nm citrate-stabilized
AgNP treatment C) 110nm citrate stabilized AgNP treatment D) 20nm PVP-stabilized AgNP
treatment E) 110nm PVP-stabilized AgNP treatment (A-E all 1 day post-instillation); all AgNP
treated mice displayed acute, decreased cell count as compared to the control with no signs of
neutrophilia, but all treatments were within normal cell count range. The dominant cell type
was macrophages in all treatments, neutrophils and lymphocytes <1% of cell population. F)
The bar graph displays the cell count time course (n=4 for all treatment groups/time points).
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Figure 21. BCA Assay for Protein Concentration: Protein concentration was analyzed from
BAL and used as indicator of barrier function. There was no significant change in protein
concentration as compared to the control at any time point.
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Figure 22. Real-Time Polymerase Chain Reaction: Analyzed mRNA expression of CCL2,
IL1B, IL6, CXCL10, and IL12B. Less than a 2-fold change in expression for treated mice
versus control at each marker (1 day post-instillation data only).
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Macrophages are the principle phagocytic cells of the lung lining; a key point of interaction
with AgNPs, and thus their activation is predicted in the presence of cellular injury.
Characterization of the macrophage population by immunohistochemistry demonstrated
that there were Cd11b+ cells present in all lung tissues (localized to both peribronchial and
perivascular regions). However, this staining was independent of particle treatment (Figure
23). CD11b is a migratory integrin and is often used as a marker of immature or recruited
cells. Therefore, this staining indicates that AgNP exposure does not increase inflammatory
cell recruitment. As a whole these data indicate that there was no classic inflammatory
response to any of the AgNP exposures.
In order to measure the effects of AgNPs on the lung lining fluid composition, both
phospholipid content and surfactant protein content were measured. There was no
significant increase in phosphate content with AgNP treatment, except within the 20nm
citrate-stabilized particle group (Figure 24). To determine potential protein-particle effects,
immunoblotting for both SP-D and SP-B was performed. There was no significant change
in SP-B expression between treatment groups. However, there was a significant decrease
in SP-D expression in mice treated with PVP-stabilized particles (both 20nm and 110nm
Ag); this decrease was greatest in the 110nm treatment group (Figure 25). These changes
in the composition of the lung lining fluid did not alter in vitro surface-active function as
measured by capillary surfactometry. There were no significant differences between
treatment groups for either percent capillary open or initial opening pressure (Figure 26).
Measuring mechanical impedance allows one to determine the frequency
dependence of pulmonary resistance and elastance and hence to partition functional
characteristics in terms of airway and parenchymal components. Lung mechanical function
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was assessed by forced oscillation technique and RL (resistance) and EL (spectra) were fit
to three component models, which have been used previously in assessing lung injury [37,
40, 41]. At PEEP of 3, all particle treated mice displayed a significant increase in both R L
and EL spectra as compared to the control, with the exception of the 110nm citratestabilized particle treatment group in which only the elastance spectra were significantly
increased (Figure 27 A, B & C). Furthermore, elastance was significantly greater in mice
treated with 110nm PVP-stabilized AgNPs than in mice treated with other types of AgNPs
(Figure 27C). The increases seen in the RL and EL spectra appear to occur predominantly
in the low frequency ends of the spectra (Figure 27 D & E), indicating increased tissue
resistance and inherent tissue elastance, with little effect on the main conducting airways.
Figure 27 D-G illustrates the parameter estimates from model fits made at PEEP 3.
From the model one can calculate the parameter a/c, which is determined predominantly
by low frequency behavior and thus is an estimate of tissue resistance, and the parameter
b, which is an estimate of high frequency or airway resistance. Across all levels of PEEP
a/c was significantly increased with all types of AgNP administration (Figure 27 D).
However, b was not significantly altered by particle exposure at any PEEP (Figure 27 F).
Furthermore, there was no significant alteration to a/c with increasing PEEP, except from
PEEP 0 to 1. In contrast, with all treatments, parameter b decreased with increasing PEEP.
These findings are consistent with our observation of no significant structural alteration as
a result of particle administration.
In parallel with the resistance parameters one can estimate E0, as a measure of low
frequency elastance, and ΔE, as a measure of the frequency-dependent increase in
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Figure 23. Immunohistochemistry: Lung tissue from 1 day post-instillation was stained with anti-Cd11b to assess cell recruitment (main
image - 20x, enlarged image - 40x; arrows indicate uptake of stain) A) Water treatment B) 20nm Citrate-stabilized AgNP treatment C) 110nm
Citrate-stabilized AgNP treatment D) IgG control using tissue from water treatment E) 20nm PVP-stabilized AgNP treatment F)110nm PVPstabilized AgNP treatment. Brown stain indicates Cd11b+ cells. The staining is isolated to peribronchial and perivascular sections of the lung.
Positive staining is independent of AgNP treatment.
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Figure 24. Phospholipid Assay: Inorganic phosphate from lipid-rich fractions was measured as an estimate of the phospholipid content. With
the exception of 20nm citrate-stabilized AgNP treatment (ANOVA, HolmSidak method, p<0.05), there was no significant change in phosphate
content as compared to the control (1 day post-instillation data only).
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Figure 25. Surfactant Expression via Immunoblotting: 1 day-post intratracheal instillation A) SP-D Immunoblot B) SP-B Immunoblot C) SPD/SP-B ratios; SP-D expression decreases significantly when lungs are treated with PVP-stabilized particles, while SP-B expression is not
significantly altered with particle exposure as compared to the control. Therefore, the SP-D/SP-B ratio decreases with PVP-stabilized particle
exposure (*p<0.05 compared to the control, †p<0.05 compared to citrate-stabilized AgNP treatments; n=4 for all treatment groups).
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Figure 26. Capillary Surfactometry: Both the initial pressure to disrupt the LA BAL and percent capillary open were recorded to better
examine any particle disruption of BAL surface tension. There was no significant difference between groups (1 day post-instillation data
only).
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Figure 27. Resistance (RL) & Elastance (EL) Spectra Using Forced Oscillation Technique: Analysis of impedance measurements at PEEP
3—1 day post-instillation A&B) 20nm AgNP citrate & PVP stabilized, and 110nm AgNP PVP-stabilized treated mice were significantly ↑ v.
control RL spectra but C) all AgNP treated mice were significantly ↑ v. control EL spectra (*p<0.05 compared to control) (●/solid line =
Water/Model Fit; ○/dotted line = 20nm Citrate/Model Fit;▼/short dashed line = 110nm citrate/Model Fit; ▽/dashed & dotted line = 20nm
PVP/Model Fit; ■/long dashed line = 110nm PVP/Model Fit) the D) low frequency resistance (a/c) E) low frequency elastance (E0) F) high
frequency resistance (b) and G) magnitude of change in elastance (∆E) were not PEEP dependent. Isolating the model parameters revealed
that the greatest differences occur in the low frequency end of the spectra.

66

elastance (Figure 27 E & G). E0 was consistently raised by particle administration across
PEEP values, although this increase was only statistically significant for 110 nm PVPstabilized AgNP (PEEPs 1-6cmH2O). Similar to the resistance parameters, E0 responses
to increasing PEEP were not altered by particle administration. In contrast, ΔE, which was
raised at low PEEP within particle-administered mice (and to the greatest extent within 110
nm PVP-stabilized AgNPs), was completely resolved by increasing the PEEP.
L ONG -T ERM E FFECTS

The most pronounced acute effects occurred within the PVP-stabilized AgNP
treated mice. Therefore, longer-term studies to examine for the persistence of the responses
focused on 20 and 110nm PVP instillations, and mice were examined at 7 and 21 days post
instillation. Similar to the acute profile, there was no significant increase in protein
concentration (Figure 21) as compared to control (water), and no injury or loss of structural
integrity of tissue as evidenced by histology (data is not shown). Additionally, cytospins
revealed a monocytic cell population from the BAL. While AgNP treated mice cell counts
were not significantly increased as compared to the controls at 7 and 21 days, there was an
increase in total cell count when comparing acute and chronic time points (Figure 21).
However, the most significant difference between acute and chronic profiles was
demonstrated in the respiratory mechanics. At 7 and 21 days there was no significant
difference between 20nm PVP-stabilized AgNP treated mice compared to control in either
resistance or elastance; all previous tissue stiffness seen at 1 day post-instillation had
resolved by 7 days (Figure 28 B). 110nm PVP treated mice displayed significantly lower
elastance at 7 days, but was similar to control by 21 days (Figure 28 C). Overall, all changes
in lung function resolved by 21 days post-instillation.
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Figure 28. Elastance (EL) Spectra - All Time Points: Analysis of impedance measurements at PEEP 3 A) 1 day, all AgNP treated mice
demonstrated significantly increased elastance as compared to control (water) B) 7 day, acute tissue stiffness documented in 20nm PVPstabilized AgNP treated mice resolves, 110nm group demonstrates significantly decreased elastance compared to control C) 21 day, AgNP
mice are similar to control (*p<0.05 compared to the control) (●/solid line = Water/Model Fit; ○/dotted line = 20nm Citrate/Model Fit;▼/short
dashed line = 110nm citrate/Model Fit; ▽/dashed and dotted line = 20nm PVP/Model Fit; ■/long dashed line = 110nm PVP/Model Fit).
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DISCUSSION
The goal of this study was to determine whether AgNPs, at a dose that does not
elicit cellular toxicity, induces organ level toxicological effects. AgNPs are known to
produce significant toxic effects when applied to cells in vitro [63, 64], although it is
unknown whether the same toxic effects are elicited with an in vivo approach. The lung is
a complex system, with potential for numerous interactions between AgNPs and its
components including the lung lining fluid (alveolar cells, proteins, lipids, and surfactant).
This system complexity and combination of potential interactions cannot be replicated in
an in vitro system. Therefore, to truly examine the potential consequences of AgNP
exposure it is necessary to measure organ level responses following in vivo exposure. This
study demonstrates that, in the absence of cellular injury, there was an increase in work of
breathing as a consequence of AgNP exposure. Additionally, we provide evidence of
AgNP-lipid and protein interactions as well as changes in BAL composition that correlate
with changes in respiratory effort, and may represent a mechanism for these responses.
From the respiratory mechanics data, one can observe that the elastance and
resistance spectra do not change in parallel. This, in conjunction with PEEP failing to
improve function, is best explained by increased tissue stiffness and heterogeneity, which
leads to an increased work of breathing. One explanation for these observations is that
particles are distributed unevenly within the lung; reaching some of the lower airways and
reducing the airway opening. Both AgNP size and functionalization were significant
factors in the extent of the increased work of breathing. There was a significant, acute
increase in pulmonary elastance with AgNP administration that was not resolvable by
PEEP and was most pronounced with 110nm PVP-stabilized particles. When examined at
7 and 21 days post-instillation, smaller PVP-stabilized particles demonstrated resolved
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tissue stiffness by 7 days, while larger PVP-stabilized particles experienced dramatically
decreased elastance at 7 days. All changes in work of breathing resolved by 21 days.
Therefore in the absence of cellular injury, AgNPs acutely increase the work of breathing
possibly via direct interactions with components of the lung lining fluid.
The lung lining fluid comprises a complex mixture of lipids and proteins that
regulate both surface tension and innate immunity [12, 49]. The lung lining fluid is
produced and recycled by the pulmonary epithelium while alveolar macrophages operate
to absorb and degrade lining materials [65]. Loss of regulation of this intricate homeostatic
system results from Type II epithelial cell injury or hyperplasia as well as macrophage
activation. Both alveolar macrophages and Type II epithelial cells are key points of
interaction for nanoparticles within the lung. Type II cells are responsible for the
production of both the surface-active components of the lung lining, namely phospholipids
and the proteins SP-B and C, and innate immune regulatory elements, such as SP-A and D
[65]. Nanoparticle biophysics will affect interactions with components of the lung lining
fluid and consequent interactions with alveolar macrophages as well as Type II epithelial
cells.
Previous studies have shown that AgNPs interact with phospholipids [14] and given
the high concentration of phospholipid in the lung lining these molecules represent likely
targets for direct interaction. The association of AgNPs with lung lining phospholipids will
alter surface active function and particle characteristics. Here, we demonstrate that size and
functionalization alter particle aggregation within DPPC (the primary component of lung
lining fluid) with larger PVP-stabilized particles being the most readily dispersed in DPPC.
These in vitro data provide a potential explanation for the respiratory function effects. It
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is reasonable to propose that by interacting with the phospholipids of the lung lining,
AgNPs are capable of reducing surface active function. Thus as size and functionalization
are key components of this interaction, it is reasonable to propose that these particle
characteristics will determine in vivo outcome. Lipid-capped particles form strands in the
presence of SP-B, increasing the surface tension of the lung lining fluid [16]. Although
there was no change in SP-B content of the BAL, this does not preclude alterations in its
aggregation status. One might predict a change in capillary surfactometry measurements
with particle-lipid interactions. However, this technique is not sensitive to localized
changes such as appear to occur with nanoparticle administration. The respiratory
mechanics (a disproportionate increase in EL v. RL) indicate heterogeneity in the tissue
response to particles [38]; indicating localized AgNP interaction with the lung lining. Such
localized changes may go undetected when the whole BAL is analyzed.
A second significant component of the lung lining are the pulmonary collectins,
including SP-D. These proteins are produced through an alternate secretory pathway to
the surface active components and thus by measuring the relative content of SP-B and D
one can gain insight into Type II cell function [49]. In this study, SP-B levels were
unaltered by AgNP exposure, which correlates with a lack of change in the surfactometry
assay. However, there was an acute, significant decrease in SP-D concentration in the BAL
of mice treated with PVP-stabilized particles, indicating potentially reduced production or
increased turnover of the collectins. As both SP-B and SP-D are derived from Type II cells
and SP-B levels are unchanged, it seems most likely that this decrease results from
increased SP-D turnover by alveolar macrophages, possibly as a result of binding to AgNP
[19]. SP-D contains a carbohydrate recognition domain, which is predicted to bind such
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molecular entities as the PVP functionalization group. Binding to the carbohydrate
recognition domain of collectins results in aggregation and targeting towards macrophages
and lung clearance [66]. The possibility of such a mechanism is supported by the work of
Salvador-Morales, et al. (2007) who showed that nanoparticles have the potential to
interact with the carbohydrate recognition domain of collectins in vitro, depending upon
the NP biophysical properties. These acute changes in SP-D content may also have
provided a trigger for the observed decrease in elastance at 7 days post-instillation by
110nm PVP treated mice. Resolution by 21 days implies restoration of surfactant
composition. Importantly, there is no change in SP-D levels 7 and 21 days post-instillation
of PVP stabilized particles.
One reason for the differences in pulmonary function observed between PVP and
citrate-stabilized particles may be in their tendency to aggregate and dissolve. In this study,
particles were suspended in water for delivery into the lung; and the spectrophotometry
confirmed no silver particle aggregation when suspended in water over the course of many
minutes, indicating we had achieved a homogeneous suspension during intratracheal
delivery. However, once within the high ionic strength environment of the alveolar system,
the citrate-stabilized particles are more likely to aggregate and precipitate. Although, our
in vitro studies indicate that particle size is a more important factor in determining particle
aggregation, especially within the context of a lipid environment (Figure 18). Furthermore,
although citrate stabilized AgNPs do dissolve faster than PVP stabilized AgNPs, the loss
of Ag+ within the time frame of this experiment was less than ~4% for any particle.
Therefore it is unlikely that these properties explain the differential functional effects
observed with PVP-stabilized AgNPs.
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In the event that functionalization of particles results in inefficient clearance from
the lung, there is the potential for AgNPs to prevent binding of SPs to receptors on the
Type-II cells effecting SP production and recycling, leading to more chronic dysfunction.
Further studies are required to investigate these possibilities. Importantly, the significant
decrease in SP-D content following exposure to PVP-stabilized particles will compromise
the effectiveness of the innate immune system if not cleared acutely, leaving the respiratory
system more vulnerable to infection [67].
CONCLUSION
Low dose intratracheal exposure to AgNPs leads to significant changes in the lung
lining components and in the mechanical function of the lung; without producing
significant cellular injury. Such interactions were dependent upon size and AgNPstabilization, but resolved over time. These changes may result from AgNP-lung lining
fluid interactions including: phospholipid, SP-D, and alveolar macrophages. Further
studies are required to better understand the mechanisms of action; however, from the
increased work of breathing in the absence of injury and altered SP-D level, it becomes
clear that the toxicology of such particles should be considered at the level of organ
physiology in addition to direct cellular injury.
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SPECIFIC AIM 3: EFFECTS OF SHAPE & INFLAMMATORY CONDITIONS
In this study, we aim to determine how nanoparticle shape and functionalization
affects lung function and inflammation under physiological as well as inflammatory
conditions. We propose that MWCNTs will elicit a persistent anti-inflammatory response
to remove the nanomaterial over time, but will not alter work of breathing under
physiological conditions; while when exposed to a baseline inflammatory environment, the
MWCNTs will not be effectively cleared and disrupt the work of breathing. When a single
high dose of carbon black nanospheres was delivered into the lung previously, there was
an acute inflammatory response without a detectable change in lung function (Aim 1); in
this study a similar dose of MWCNTs was administered (determined by surface area to
volume ratio). Following exposure the lung function and inflammatory response was
analyzed using the flexivent, bronchoalveolar lavage (BAL), and harvesting of the lungs
for histology and molecular studies (1, 3, and 7 days post-single exposure). This provided
an organ level assessment and allowed for correlation of respiratory mechanics (flexivent
analysis) with changes in alveolar cells, proteins, lipids (BAL analysis) and lung tissue
(histology) due to exposure from MWCNTs of varied functionalization.
RATIONALE
MWCNTs, like AgNPs, are increasingly being utilized in industrial processes and
products, as well as for targeted drug delivery and diagnostics [68]. While occupational
risks are of concern (production, processing, and disposal), a growing concern is exposure
by break down of MWCNT materials purchased by consumers that may occur as a
consequence of wear and tear over time and inappropriate storage/usage of materials [68].
There are conflicting reports regarding MWCNT carcinogenicity [29, 69, 70] which is
likely due to differences in functionalization, experimental models, size, and dose. Prior
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research has also demonstrated that SP-A and SP-D bind to functionalized carbon
nanotubes [15, 21]. This may alter MWCNT clearance by alveolar macrophages, surfactant
protein expression and Type II cell function, and ultimately lung function and
inflammation. Additionally, as further nanomaterial studies are conducted, models of
different pathologies must be explored. Aim 1 & 2 focused on healthy lungs and how the
physiology is altered in response to particle exposure, while here in Aim 3 in addition to
assessing physiological changes in the wild-type model, we assess the response to
MWCNTs in an already low-level, chronic inflammatory environment.
METHODS
M ULTI -W ALLED C ARBON N ANOTUBES

Both types of MWCNTs (-COOH & acid-etched) were manufactured by
CheapTubes, Inc. (Brattleboro, VT). The acid etching and functionalization of the
MWCNTs was performed by Professor Som Mitra of the New Jersey Institute of
Technology. The morphology and size of the particles was confirmed by the
Nanotechnology Characterization Laboratory (NCL), National Cancer Institute at
Frederick, Maryland using ICP-MS, SEM, TEM, and elemental analysis of carbon,
hydrogen, nitrogen, oxygen, and sulfur. The MWCNTs were subsequently provided to our
laboratory by the Consortium of NIEHS Centers for Nanotechnology Health Implications
Research (NCNHIR). The two MWCNTs examined in this study are particle numbers:
NIEHS-13-2 (-COOH functionalized: C-MWCNT) and NIEHS-13-3 (acid-etched: AMWCNT). Both MWCNTs are approximately 30-50nm in outer diameter and 0.5-2µm in
length.
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M URINE M ODEL AND P ARTICLE INSTILLATION

Nine-week-old C57-BL6 Jackson wild-type male mice and SP-D-/- mice (male and
female) were intratracheally instilled with MWCNTs following anesthesia using a
ketamine/xylazine combination. SP-D-/- mice were made SP-D deficient and backcrossed
onto the C57-BL6 background as described previously in the literature [34, 35]. Particles
were first prepared in a stock solution: 1.25mg MWCNT/mL/g body weight, suspended
into a Hank’s balanced salt solution (HBSS) with 0.25% Triton and a native surfactant
(0.13ng protein/µl). Particles were mixed using water bath sonication. Using this stock
solution, 1.5µg MWCNT/g body weight were delivered by intratracheal instillation (a final
volume of 50µl). Mice were left for 1, 3, or 7 days before being anesthetized and
mechanical function assessed (see below). Following lung function assessment, tissues
were harvested and analyzed as described below.
This protocol was approved by the Rutgers University Institutional Animal Care
and Use Committee (IACUC) (Protocol Number: 06-028). The study was conducted in
accordance with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. Intratracheal instillations and mechanical
ventilation were conducted under ketamine/xylazine anesthesia, and all efforts were made
to minimize suffering. Animals were sacrificed using a lethal dose of ketmine/xylazine and
exsanguination.
B RONCHOALVEOLAR L AVAGE

The whole lung of each mouse was lavaged (prior to inflation fixing with
paraformaldehyde) with 10mM HEPES buffered saline in 1mL increments four times.
Cells from the bronchoalveolar lavage fluid (BAL) were then centrifuged (300xg, 10
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minutes). The supernatant was collected for further protein and lipid analysis, while the
cell pellet was re-suspended in 1mL buffered saline for cytology and RT-PCR [36, 40, 49].
H ISTOLOGY

The left lung was harvested and inflation fixed using a 3% paraformaldehyde in 2%
sucrose solution. Lungs were then embedded in paraffin, sectioned and stained with
hematoxylin and eosin (H&E). Lung images were captured using the Olympus VS120-SL
Virtual Slide System [40, 49].
C ELL C OUNTS AND C YTOLOGY

Cell number was assessed using a Beckman CoulterTM MultisizerTM 3 Coulter
Counter®. Approximately 30,000 cells were then centrifuged onto a glass slide at 800xg
for three minutes, air dried, and then stained with Diff-Quik buffered modified WrightGiemsa stain. Cell differentials were performed manually using a light microscope (1-way
ANOVA, t-test) [36, 40, 49].
R EAL -T IME P OLYMERASE C HAIN R EACTIONS

RNA was prepared from BAL cells using a QIAshredderTM kit and converted to
cDNA. The cell samples for each treatment group were pooled into one larger sample for
analysis. Thermocycling was used to analyze mRNA expression of IL1B, IL6, CCL2, IL4,
IL13, IL10, and CXCL1. The ABI 7900HT Fast Real-Time PCR System by Applied
Biosystems (Waltham, Massachusetts, USA) was used and primers were used from
TAQman system. Fold expression was calculated by the ∆∆CT method normalizing to the
HBSS (control) treatment group and using GAPDH as the control gene [41] .
P ROTEIN AND P HOSPHOLIPID A SSAY

Whole BAL protein concentration was determined using a BCA Assay kit by
Lamda Biotech, Inc (St. Louis, MO). To estimate phospholipid content whole BAL was
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fractionated into small and large aggregate portions by centrifugation at 17,000xg for one
hour at 40C. The supernatant is the protein-rich small aggregate fraction, while the pellet
can be re-suspended in a small volume of saline (35μl) and was the lipid-rich large
aggregate fraction. Inorganic phosphate from the lipid-rich fractions was measured as an
estimate of the phospholipid content (1-way ANOVA, Holm-Sidak method) [49, 51].
I MMUNOBLOTTING

To determine surfactant protein content, reducing NuPAGE was performed using
individual BAL samples. Gels were transferred to BioRad Immun-blot® PDVF
membranes, incubated with SP-D or SP-B antibody (M.F. Beers, University of
Pennsylvania), goatrabbit linked to horseradish peroxidase, and imaged using
AmershamTM ECLTM Prime Western Blotting Detection Reagent. Densitometry was
performed to quantify the chemiluminescent signal (1-way ANOVA, Holm-Sidak
method). Whole BAL was used for SP-D analysis; and sample load was normalized to
volume. Large aggregate BAL (LA BAL) was used for SP-B analysis and sample load was
normalized to phospholipid content as determined by the phospholipid assay [49].
M ECHANICAL V ENTILATION AND R ESPIRATORY M ODEL

Mice were anesthetized and ventilated using the flexiVent (SCIREQ, Montreal,
Canada) at increasing positive end expiratory pressures (PEEPs) (0, 1, 3, and 6 cmH2O) to
assay for resolution of lung function [62]. Mechanical ventilation with forced oscillation
maneuvers was used to measure impedance broadband signal (0.5-20Hz) respiratory
impedance [Z(f)] [39]. The flow [V(t)] is a known value input into the system while
pressure [P(t)] output is unknown. As mechanical function varies with frequency of
oscillation, a Fourier Transform was performed so that impedance could be expressed as a
function of frequency, Z(f) = P(f)/ V(f). Output impedance spectra were used to generate
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resistance (RL) and elastance (EL) spectra across the frequency range, and fit to a model of
heterogeneous lung function using the following equations [37, 40, 41]:
RL = (a + bf)/(c + f) and EL = E0 + ΔE (1-e-βf)
S TATISTICAL A NALYSIS

All data (excluding respiratory mechanics) were analyzed using 1-way ANOVA
and the Holm-Sidak Method, a p value of < 0.05 was considered statistically significant.
In the case of respiratory modeling, model fits were estimated for each treatment group by
fitting a non-linear regression curve to the spectra of all mice in a treatment group equally
at each PEEP. Spectra were analyzed for significant differences using the null hypothesis
that the data can be characterized by one three-parameter relationship or alternatively that
the data are distinct enough to be characterized by two three-parameter relationships.
RESULTS
1 D AY P OST -I NSTILLATION

Acutely, histology demonstrated clear baseline differences between genotypes:
wild-type (WT) and SP-D-/- (KO). At baseline KO mice (Figure 29 E) displayed
macrophages of increased size and of foamy cytoplasmic appearance in comparison with
WT mice at baseline (Figure 29 A). Overall, there was no injury or destruction of tissue
integrity in any treatment group or genotype. Macrophage morphological differences
between genotypes were again evident in the cytospins: KO mice displayed enlarged
macrophages with foamy cytoplasm (Figure 30). KO mice also displayed increased total
BAL cell count as compared to WT mice (Figure 30). Additionally, C-MWCNT treated
mice displayed neutrophilia in both genotypes (Figure 30). Analysis of BAL cells by PCR
revealed a pro-inflammatory response in both genotypes, which was MWCNT
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functionalization-specific in the WT mice (Figure 31). C-MWCNT treated WT mice
displayed increased IL1B (16.9 fold) as compared to the HBSS control mice, a proinflammatory cytokine produced by activated macrophages [71]; anti-inflammatory
cytokines, IL13 and IL10 were also elevated (4.2 and 5.4 fold) as compared to the control
(Figure 31). IL13 is involved in the down-regulation of macrophage activation through
inhibition of pro-inflammatory cytokines and chemokines, and IL10 is involved in
blocking the NF-κB activity [72, 73]. Both C-MWCNT and A-MWCNT treated KO mice
displayed increased IL1B (16.4 and 8.3 fold) as compared to the control mice, and unlike
the WT mice CXCL1 was also elevated (6.0 and 3.2 fold) in MWCNT treated mice as
compared to the control mice (Figure 31). CXCL1is a neutrophil chemoattractant produced
by both macrophages and epithelial cells [74]. While there were no differences in BAL
protein concentration between genotypes or treatments, KO mice displayed increased
levels of organic phosphate at baseline as compared to WT mice (Table 2). C-MWCNT
and A-MWCNT treated WT mice also demonstrated decreased organic phosphate levels
as compared to the sham control mice (Table 2). Immunoblotting revealed significant
changes in SP-B content in both genotypes for C-MWCNT treated mice as compared to
sham control mice; while in the WT mice SP-B increased, SP-B decreased in KO mice
(Figure 32). Lastly, respiratory mechanics demonstrated no change in lung function in
either genotype as a result of MWCNT treatment.
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Figure 29. Histology (H&E) 1 day post-instillation: Post-mechanical ventilation, the left lung of the treated mice were inflation fixed, paraffin
embedded, sectioned and stained with hematoxylin and eosin; (A-D) Wild-Type Mice (E-H) SP-D-/- (KO) Mice. A) WT Sham B) WT HBSS
C) WT C-MWCNT D) WT A-MWCNT E) KO Sham F) KO HBSS G) KO C-MWCNT H) KO A-MWCNT. There is clear low-level baseline
inflammation evidenced by size of macrophages in the sham KO mice. Overall lung structure is intact, and no signs of tissue injury. What is
evident is the large size and foamy morphology of the macrophages in the KO compared with WT model in every treatment.
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Figure 30. Cell Count & Cytology using BAL: Cell counts (mean ± standard error (x105)) were normalized to 1mL BAL and ~30 000 cells
were used for cytology. C-MWCNT displayed neutrophilia acutely at 1 day, which resolved by 3 days post-instillation. MWCNTs were
engulfed in macrophages acutely and persisted up to 7 days in BAL in both genotypes (as indicated by red arrows). Overall, macrophage
morphology was different between genotypes at all time points and treatments (KO mice large, foamy macrophages). The dominant cell type
was macrophages in all treatments, lymphocytes <1% of cell population (n=4-6 mice for all treatment groups/time points; *p<0.05 compared
to sham †p<0.05 compared to HBSS and A-MWCNT).
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Figure 31. mRNA expression by PCR: 1 day post-instillation, IL1B is elevated as compared to
the HBSS control mice in both genotypes, however in the KO model it is significantly elevated
in both MWCNT treatment groups, while in the WT model only the C-MWCNT ILB levels
are elevated. The KO model demonstrated elevated CXCL1 in both MWCNT treatment
groups. While the acute inflammatory response is specific to C-MWCNT in the WT model
with CCL2, IL13, and IL10 also at elevated levels of expression. After 7 days the inflammatory
response as compared to the control resolved in the KO model, whereas in the WT model the
inflammatory response persisted and evolved. ILB remained elevated, and IL4, IL13, IL10,
and CXCL1 are increased in expression as compared to the control; however, this response
was demonstrated in both MWCNT treatment groups (n=3 mice for all treatment groups/time
points).
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3 D AYS P OST -I NSTILLATION

Again, there was injury to the lung tissue as a result of MWCNT treatment in either
genotype. Total BAL cell count remained elevated at baseline in KO mice as compared to
WT mice, but in both genotypes neutrophilia had resolved; additionally, Figure 30 shows
a continued presence of MWCNTs being phagocytized by macrophages (as indicated by
arrows, occurs in both MWCNT treatments). BAL protein concentrations were not
significantly different from sham control mice in the KO model, however sham WT mice
displayed increased BAL protein concentration as compared to particle treated WT mice
(Table 2). While organic phosphate levels for KO mice remained elevated at baseline
compared to WT mice, there were no treatment differences between groups in either
genotype (Table 2). SP-B content was not significantly different between treatment groups
in either genotype, however WT MWCNT treated mice displayed increased SP-D content
as compared to sham WT control mice (Figure 32). At 3 days, there was still no change in
lung function for MWCNT treated WT mice as compared to controls (sham and HBSS)
(Figure 33). While in the KO model both MWCNT treated groups displayed decreased
resistance and elastance as compared to controls that did not completely resolve with
increasing PEEP (Figure 33).

84

Table 2. Protein Concentration & Phospholipid Content in BAL: There was no significant
difference in protein concentration at any time point between any treatment groups (except the
Sham 3 day mice did experienced elevated protein content in the BAL). Organic phosphate
levels were higher in KO v. WT mice, but the only significant difference between groups
occurred at 1 day post-instillation in the WT model. Both MWCNT groups contained
significantly less organic phosphate than the controls (n=4-6 mice for all treatment groups/time
points; *p<0.05 compared to control).
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7 D AYS P OST -I NSTILLATION

Though cytology revealed continued presence of MWCNTs at 7 days postinstillation (indicated by arrows Figure 30), tissue integrity remained intact in both
genotypes regardless of treatment with MWCNTs. Total BAL cell count was still elevated
at baseline in KO mice compared to WT mice, but there was no difference between
treatment groups (Figure 30). BAL cell PCR analysis revealed resolution of proinflammatory cytokine expression in MWCNT treated KO mice as compared to HBSS
control KO mice at 7 days post-instillation (Figure 31). Contrastingly, IL1B remained
elevated in C-MWCNT treated WT mice (11.6 fold) compared to WT control mice (Figure
31). In addition to increased cytokine expression in the C-MWCNT treated mice, AMWCNT mice also experienced increased pro- and anti-inflammatory cytokine expression
(Figure 31). IL1B, IL4, IL13, IL10, and CXCL1 were all elevated in both MWCNT
treatment groups as compared to control mice (Figure 31). There was no difference in
protein concentration between treatment groups in either genotype, but KO mice still
demonstrated elevated baseline levels of organic phosphate as compared to WT mice
(Table 2). There were no significant differences between treatments in surfactant protein
content evidenced by immunoblotting in either genotype (Figure 32). Lastly, respiratory
mechanics revealed a persisting decrease in both resistance and elastance as a result of
MWCNT treatment in KO mice that did not completely resolve with increasing PEEP,
while WT mice demonstrated no change in lung function with MWCNT treatment (Figure
33).
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Figure 32. Surfactant Expression via Immunoblotting: A) SP-D Immunoblot B) SP-B
Immunoblot; Acutely, C-MWCNT treated WT & KO mice display a change in SP-B content;
at 3 days both MWCNT treated WT mice experience an increases SP-D; and all alterations
resolve by 7 days (*p<0.05 compared to the control; n=4-6 mice for all treatment groups).
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Figure 33. Resistance (RL) & Elastance (EL) Spectra Using Forced Oscillation Technique: Analysis of impedance measurements at PEEP 3
A) there are no significant differences between groups in the WT at 3 days B) in the KO model, MWCNT mice experience decreased resistance
and elastance C) there are no significant differences between groups in the WT at 7 days D) in the KO model, the decrease in both elastance
and resistance as a result of MWCNT treatment persists (*p<0.05 compared to the control, †p<0.5 compared to HBSS) (●/solid line =
Sham/Model Fit; ○/dotted line = HBSS/Model Fit;▼/short dashed line = C-MWCNT/Model Fit; ▽ /dashed and dotted line = AMWCNT/Model Fit).
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DISCUSSION
The goal of this study was to determine whether MWCNTs (C-MWCNT & AMWCNT) induce organ level toxicological effects under physiological and inflammatory
conditions. In our previous studies, carbon black nanospheres produced an acute
inflammatory response that resolved by 7 days post-instillation, but they did not alter
surfactant content or lung function (see Aim 1). Our studies examining AgNPs
demonstrated nanosphere functionalization and increasing size leads to alteration of SP-D
content and increased work of breathing that does not resolve until 21 days post-instillation
(see Aim 2). Additionally, multiple in vitro studies provide evidence that MWCNTs
interact with multiple components of the lung lining, including lipids and surfactant
proteins [1, 15, 16, 21] and these interactions facilitate increased uptake of MWCNTs into
macrophages [19, 20]. Two major points remain unclear in the current pool of literature:
1) organ level responses to MWCNTs following in vivo exposure and 2) lung function
following MWCNT exposure in an inflamed respiratory system. This current study
demonstrates that organ level response is dependent not only on nanoparticle shape and
functionalization but on the inflammatory state of the respiratory system upon exposure.
Unlike carbon black nanospheres, which were cleared from the lung by 7 days postinstillation (as evidenced by cytospins, Figure 2), MWCNTs remained in the lung up to 7
days post-instillation (independent of functionalization & genotype, Figure 30). This is
likely due to the higher aspect ratio of the MWCNTs and the similarity to more fibrous
materials [68]. Prolonged exposure in the respiratory system due to ineffective clearance
provides opportunity for continued interaction with components of the lung lining. These
prolonged interactions lead to changes in the inflammatory response, which is
demonstrated in our study when comparing carbon black nanospheres to MWCNTs. While
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exposure to carbon black NPs led to a minor increase in IL1B acutely (3 fold increase over
control) and inflammatory cytokine expression resolved by 7 days post-instillation (Figure
4), exposure to MWCNTs in WT mice produced a significant increase in IL1B (16.9 fold
over control), IL13 (4.2 fold over control) and IL10 (5.4 fold over control) and both antiand pro-inflammatory cytokines increased in expression at 7 days post-instillation (Figure
31).
In addition to shape as a factor in inflammatory response, particle functionalization
also plays a large role as evidenced by this study. C-MWCNT treatment elicited acute
neutrophilia in both genotypes, acute pro-inflammatory cytokine expression in WT mice,
and acute alteration of SP-B content in both genotypes. These functionalization-dependent
effects are all demonstrated acutely. The most likely reason for these effects is enhanced
integration into the hypophase of the lung lining. As cited in other works, the more
negatively charged the surface of a nanomaterial the more likely it is to interact with
surfactant proteins and other surfactant materials [21]. Integration into the hypophase
allows for interactions with alveolar cells (macrophages and epithelial cells) which then
release chemoattractants for neutrophils. Additional interactions may occur with SP-D
which can cause particle aggregation and phagocytosis by macrophages leading to the
release of pro-inflammatory cytokines (IL1B) as well as anti-inflammatory cytokines (IL13
and IL10). Lipid-C-MWCNT interactions can also occur, leading to particles becoming
coated by lipid; and once the lipid-particle ultrastructure is phagocytized, a decrease in not
only in lipid content can occur, but also SP-B with associates with lipids to maintain surface
tension.
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Importantly, this study also demonstrates that the inflammatory state is a driving
factor in organ level respiratory responses to MWCNT exposure. SP-D-/- mice are a model
of low-level inflammation, as documented in this study by macrophage morphology,
increased BAL cell counts, and increased concentration of BAL organic phosphate (in
comparison to WT mice). While acute release of pro-inflammatory cytokines is
functionalization-specific in WT mice, both types of MWCNTs elicited increased
expression of ILB and CXCL1 as compared to the control in the KO model. Additionally,
increased expression of anti-inflammatory cytokines was not demonstrated in response to
the MWCNTs acutely as was the case for the WT model. By 7 days post-instillation, there
was no increase in anti- or pro-inflammatory cytokines in response to MWCNTs in the KO
model.
Differences in WT versus KO mice were evident in acute organic phosphate
concentrations and SP-B content as well. In WT mice exposed to both types of MWCNTs,
there was a significant decrease in BAL organic phosphate concentration acutely that
resolved by 3 days. This indicates an acute decrease in phospholipid content as a result of
MWCNT instillation. As previously cited, MWCNTs can become coated by lipids of the
lung lining which enhances uptake into macrophages. If Type II cell function is normal,
more lipids will be synthesized and released, allowing for resolution of the initial lipid loss
as seen in this study. Though organic phosphate concentrations are not significantly
different for MWCNT treated mice in the KO model, this does not prove that MWCNTs
are not being coated by lipid and that there is no loss of lipid by phagocytosis of lipidparticle ultrastructure. At baseline, the KO model Type II cells are over-producing and
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secreting phospholipids, therefore it may be difficult to determine any changes in
phospholipid levels without significant injury or larger instilled doses of MWCNTs.
While both WT and KO C-MWCNT treated mice displayed an alteration in SP-B
content, WT mice experienced an increase rather than a decrease in SP-B that is
documented in the KO mice. The key to this differential response is likely Type II cell
function. As previously noted, WT MWCNT treated mice experienced loss of organic
phosphate. SP-B is associated with phospholipids to maintain surface tension of the lung
lining fluid; and loss of phospholipid may result in loss of SP-B. An acute increase in SPB may result as Type II cells work to produce and secrete additional SP-B and achieve
surfactant homeostasis. In KO mice, with the absence of SP-D, surfactant homeostasis is
compromised, and Type II cell response to SP-B alterations may be affected resulting in
acute low levels of SP-B as MWCNTs aggregate with lung lining components and are
phagocytized.
One of the most prominent differences between WT and KO mice response to
MWCNT exposure in this study was demonstrated in respiratory mechanics. Similar to WT
mice exposed to carbon black nanospheres, WT mice exposed to MWCNTs experienced
no change in lung function at 1, 3 or 7 days post-instillation. Acutely, there was no change
in lung function in the KO mice treated with MWCNTs as well. However, at 3 days postinstillation MWCNT treated KO mice displayed significant decreases in both resistance
and elastance that did not resolve by 7 days. The most likely reason for this decrease in
work of breathing is due to inefficient MWCNT clearance. SP-D-/- mice at baseline have
increased number and size of alveolar macrophages, increased phospholipid content, and
excess surfactant protein content (SP-A, B & C). With the introduction of MWCNTs, the
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lower airways become “flooded” with material making it difficult to properly inflate the
lower airways and achieve normal lung function. While 7 day data from cytospins
demonstrate presence of MWCNTs persisting in the WT mice as well, we propose that
there is inefficient clearance of MWCNTs in the KO mice due to the lack of SP-D and the
resultant inhibition of a robust inflammatory response. Without SP-D to complex with
MWCNTs, MWCNTs are not trafficked as efficiently into macrophages for clearance from
the alveolar system; and without SP-D to bind to macrophage surface receptors, anti- and
pro-inflammatory signaling is affected (as demonstrated by mRNA expression at 7 days in
PCR analysis, Figure 18). Further studies are necessary to determine how long MWCNTs
remain in the lung tissue of both genotypes, as well as any resulting chronic inflammation
and injury due to MWCNT exposure.
CONCLUSION
Intratracheal exposure to MWCNTs leads to significant organ level toxicological
effects including: inflammation, surfactant alteration, and changes in lung function. The
magnitude and specificity of this response is highly dependent upon the shape and
functionalization of the particle delivered and the inflammatory state of the lung it is
exposed. SP-D is essential for efficient MWCNT clearance from the lung, however further
study is needed to characterize the molecular mechanism of action.
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SYNOPSIS & FUTURE DIRECTIONS
The data provided within this thesis validates the primary driving factors in organ
level respiratory response to nanoparticle exposure are: core composition (metal v. carbon),
zeta potential, shape, and host inflammatory state. These factors affect injury and
inflammation, surfactant composition and lung function. Due to the nanoscale of these
particles they reach the lower airways of the lung, making the lung lining a primary target
and point of interaction. The three major potential NP-lung lining points of interaction
include: lung lining lipids, airway cells, and collectins (SP-A/D). Considering the data in
Specific Aims 1-3 together, zeta potential will determine the specificity and magnitude of
the NP-lung lining interactions and consequent effects.
Overall, with each type of NP examined there was no evidence of tissue injury or
loss of barrier function. Though NP exposure was not injurious, there were distinct
inflammatory responses to the different NPs delivered into the lung. The inflammatory
responses were acute or delayed depending upon the nature of the particle (carbon v.
silver). Additionally, inflammatory response were affected by genotype (wild-type v. SPD-/-). Similarly, acute and delayed changes in surfactant protein content were core NP
composition, functionalization and shape dependent, while alterations of lipid content was
NP shape dependent (sphere v. tube). One of the most important observations regarding
lung function measurements and modeling was that under physiological conditions (WT
mice) neither carbon black nanospheres (low or high dose) or MWCNTs (A and C; at dose
normalized to high dose spheres by surface area to volume ratio) elicited a change in lung
function at any time point (1, 3 or 7 days). Comparatively, all types of AgNP sphere
treatments elicited changes in lung function. When examining the model parameters
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significant changes most often occurred in a/c—indicating changes in the lower airway
function.
Zeta potential describes particle stability: the higher the zeta potential the more
stable a nanoparticle is within a colloidal dispersion, and conversely the lower the zeta
potential the less stable a nanoparticle becomes in colloidal dispersion [1, 57, 75]. Zeta
potential is determined by particle shape, size, and hydrophobicity [57]. In general, larger,
more hydrophilic nanoparticles have increased zeta potential, while smaller, more
hydrophobic nanoparticles have decreased zeta potential. In a biological system, zeta
potential of a nanoparticle will become altered depending upon interactions with the
surrounding environment [57]. It has already been demonstrated within the literature that
nanoparticles which bind with surfactant components (proteins and lipids) increase the
ultrastructure zeta potential and consequently increase cell surface interactions [76]. The
lung lining is a primary target and point of interaction for inhaled nanoparticles that reach
the lower airways of the lung [53, 77]. The factors effecting NP zeta potential (shape, size
and hydrophobicity) also affect the initial interactions at the air-liquid interface. More
hydrophilic NPs, like silver nanospheres more easily integrate intro the lung lining
hypophase versus non-metal, more hydrophobic NPs (i.e, carbon black nanospheres). Once
incorporated into the hypophase, NPs with greater zeta potential more easily bind
surfactant components—for example, 110nm PVP binds more efficiently with DPPC as
demonstrated in Specific Aim 2. Therefore, these types of NPs and surfactant component
interactions will lead to changes in surface active function (acute changes in lung function).
Acute changes in lung function will then trigger cell signaling to mount an inflammatory
response that decreases the work of breathing—may include cytokine expression to recruit
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cells for particle clearance, as well as increases in Type II cell production and secretion of
surfactant materials to decrease tissue stiffness effects.
NPs of lower zeta potential are less likely to bind with surfactant material and
integrate into the hypophase of the lung lining. Their inability to efficiently repel adjacent
NPs will lead to aggregation of NPs, and these larger structures will trigger an acute
inflammatory response. Without disruption to the surface active portion of the lung lining,
and so long as the NP aggregates are cleared efficiently, lung function will not be altered.
Effective clearance of particles from the lung lining determines the inflammatory response
and long term effects of lung function. In order for NPs to be trafficked and cleared they
must interact with cell surfaces (epithelial cells and macrophages). As stated previously,
these cell surface interactions are driven by the zeta potential of the NP. What is still poorly
understood is how much of the change in particle zeta potential is due to the lipid versus
the protein binding to the NP; however it is clear that zeta potential—or more specifically
the factors that determine zeta potential—drive particle uptake by cells. These cellular
interactions

dictate inflammatory response

through

release of

cytokines for

chemoattractant signals as well lung function through Type II epithelial cell signaling for
surfactant production, secretion and recycling.
The data provided within this manuscript provides evidence for the need to pursue
organ level toxicological studies of nanomaterial exposures. Understanding molecular
mechanisms and leveraging in vitro studies to examine focused questions concerning
particle-protein, lipid, and cellular interactions is highly important; however, the field has
become saturated with those exact types of studies. By shifting focus toward a more
complex approach that relates molecular and physiological endpoints, more translational
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work can be done that addresses both environmental and occupational exposure risks to the
public concerning nanomaterials. It is clear that particle functionalization, shape, and size
all play a role in the response mounted by the lung upon instillation of nanomaterials, but
many avenues of exploration remain in the pursuit of characterizing the health risks, as
well as benefits of nanomaterials.

INHALATION STUDIES
Aerosols containing nanomaterials are commonly used household products today;
this presents the need for toxicological studies that consider both consumer and
occupational exposures [78]. Silver nanoparticles are favored in aerosols due to their
antimicrobial properties [78]. Future studies need to build upon these in vivo studies that
have used intratracheal instillation by developing appropriate inhalation exposure models.
Intratracheal instillation is limiting because it requires the suspension of NPs into solution
which alters the particle biophysics and potentially the interactions within the lung lining.
Inhalation study would allow for examination of NPs suspended in a gaseous phase versus
a liquid phase. Our cross-laboratory collaborations have facilitated data sharing to develop
a rat inhalation experimental design with silver nanopsheres as well as carbon nanotubes,
and that work is currently underway. Considerations in this collaborative design include:
analysis of impedance data, surfactant analysis, immunohistochemistry and silver staining
to correlate inflammation with particle deposition in the lung.
Oftentimes dosing schemes in inhalation studies focus on high doses and
occupational exposure models, while our data suggests that low dose exposures need to be
considered as well. This becomes difficult to examine in rodent inhalation studies due to
the convoluted nasal turbinates. A large portion of inhaled particles will first become
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trapped in the nasal turbinates, rather than reaching the lungs. This must be taken into
account in all future inhalation studies and modeling of rodent data.
A limitation of intratracheal instillation studies is a one-time exposure (multiple
instillations risks injurious response due to delivery protocol). Repeat, low-dose inhalation
exposures would more effectively mimic environmental exposure by consumers of
nanomaterial-containing products. Repeat exposure to NPs would likely lead to
bioaccumulation of particles, and the ability of the lung to mount an effective particle
clearance response would determine chronic respiratory effects. It has been demonstrated
in this thesis that even a single dose of MWCNTs in a normal lung (WT mice) leads to the
presence of tubes a week later within the alveolar macrophages and BAL. If particles are
not cleared, and the lung undergoes chronic inflammation it is likely that injury to tissue
structure would occur, risking barrier damage as well as severe changes in lung function
(increased work of breathing).

DEFINING SURFACTANT PROTEIN-D – NANOPARTICLE INTERACTIONS
Further research beyond the SP-D-/- model presented in this manuscript needs to be
performed to better define the interactions of SP-D with nanoparticles in vivo. The
difficulty with the SP-D-/- model becomes that treatment effects due to low-level
inflammation versus effects due to absence of SP-D are challenging to decipher. Future in
vivo studies may benefit from the use of a conditional SP-D-/- model. Conditional
knockouts allow for the gene of interest to be inactivated in a specific tissue, while retaining
functional expression in all other tissues. A more targeted genetic approach to knockout
SP-D would likely allow for a model without low-level inflammation; essentially
eliminating the “background noise” to tease out particle – SP-D specific effects.
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EXPLORING NANO-DRUG DELIVERY SYSTEMS IN THE LUNG
The Centers for Disease Control and Prevention currently sites 18.7 million cases
of adult asthma in the United States, and 6.8 million cases of childhood asthma.
Nanomaterials are being developed for targeted drug therapy and diagnostics [78]. Asthma
is a chronic inflammatory disorder, and there is potential in nanomaterials for a therapeutic
drug delivery system [78]. As demonstrated within this manuscript, nanoparticles can
remain within lung tissue over the course of weeks, and depending upon surface chemistry
can elicit differential immune and functional responses. Researchers can potentially utilize
nanotechnology to target specific inflammatory cells to control chronic respiratory
symptoms; work is currently being done to explore nano-therapies not only for asthma, but
for chronic obstructive pulmonary disease (COPD) as well [78].
There may be difficulties however in utilizing nano-drug delivery systems in the
lung. Inflammatory processes of asthma and other chronic respiratory disorders are easily
triggered by inhaled irritants, and with an increase in environmental exposure to
nanomaterials there are increasing opportunities to inhale unknown types and quantities of
nanomaterials. This may lead to bioaccumulation within the lung of unknown nanomaterial
that could potentially interact adversely with nano-therapies for lung disease. Another
cause for caution, is the ability of nanoparticles to cross from the lung to into the blood
[79]. Depending upon the biophysics of the nanomaterial and the structural integrity of the
lung epithelial and endothelial barriers, there may be systemic effects to consider when
using inhaled nano-drug delivery systems. Research models need to be developed that
begin examining the effects of nanomaterials in various chronic respiratory disorders
considering the above benefits and risks.
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