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N
anoenergetic aluminum has po-
tential military, medical, and in-
dustrial applications,1,5 yet very

few studies have evaluated the risk associ-

ated with these materials. Currently, studies

pertaining to the biological interactions of

aluminum nanoparticles (Al NPs) are very

limited. Previously, we demonstrated that

Al2O3 NPs reduce cell viability in male germ-

line stem cells in a concentration-

dependent manner.6 In another study we

identified that the surface coating alters the

toxicity in rat alveolar macrophages.7 Cur-

rently, nanotoxicity studies performed us-

ing a wide range of nanomaterials in a vari-

ety of cellular models have demonstrated a

dose-dependent effect, but one limitation

from all of these studies is that realistic hu-

man exposure scenarios that describe what

interactions occur following low levels of

nanoparticle exposure have not been ad-

dressed. We cannot assume that just be-

cause the NPs are not killing a cell that the

cell remains unaffected by their presence.

Additionally, using unicellular in vitro mod-

els to represent complex tissues such as the

lungs will not provide an exact depiction

of how a multicellular tissue will respond,

especially because many of the major or-

gans within the body contain phagocytic

cells to respond to localized damage (sum-

marized in Table 1). However, in vitro cul-

tures are useful for providing a preliminary

foundation for studies to assess dosing

ranges and probable mechanisms of toxic-

ity and to allow the for the refinement of

techniques before progressing to costly in

vivo studies. Perhaps, a better in vitro sce-

nario would be to produce cocultures of

cells that include the immune cells that

would be present to respond to the nano-

materials, providing an even more realistic

in vitro scenario. The aim of this study was
to examine the effects of Al NPs in an alveo-
lar coculture model consisting of epithelial
and immune cells, since ultrafine particles
are found in pollution that can be easily in-
haled and absorbed systemically and the
majority of nanotoxicity studies have fo-
cused on lung exposure. Another objective
of this study was to evaluate the changes
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ABSTRACT On the basis of their uses in jet fuels and munitions, the most likely scenario for aluminum

nanoparticle (NP) exposure is inhalation. NPs have been shown to be capable of penetrating deep into the alveolar

regions of the lung, and therefore human alveolar macrophages (U937) with human type II pneumocytes (A549)

were cultured together and exposed to NPs dispersed in an artificial lung surfactant to more accurately mimic the

lung microenvironment. Two types of NPs were evaluated: aluminum (Al) and aluminum oxide (Al2O3). Following

a 24-h incubation, cell viability was assessed using MTS, and mild toxicity was observed at higher doses with the

U937 cells affected more than the A549. Since the U937 cells provided protection from NP toxicity, the cocultures

were exposed to a benign concentration of NPs and infected with the respiratory pathogen community-associated

methicillin-resistant Staphylococcus aureus (ca-MRSA) to determine any changes in cellular function. Phagocytosis

assays demonstrated that the NPs impaired phagocytic function, and bacterial growth curves confirmed that this

reduction in phagocytosis was not related to NP�bacteria interactions. Furthermore, NF�B PCR arrays and an IL-

6 and TNF-� real time PCR demonstrated that both types of NPs altered immune response activation. This change

was confirmed by ELISA assays that evaluated the secretion of IL-6, IL-8, IL-10, IL-1�, and TNF-� and illustrated

that the NPs repressed secretion of these cytokines. Therefore, although the NPs were not toxic to the cells, they

did impair the cell’s natural ability to respond to a respiratory pathogen regardless of NP composition.

KEYWORDS: nanotoxicity · nanoparticle · aluminum · inflammatory
response · immune response

TABLE 1. Phagocytic Cells Located in Different
Organ Systems

organ phagocytic cell type

bone osteoclast
brain microglia
kidney mesangial cells
liver Kupffer cells
lung macrophages
spleen macrophages
skin Langerhans cells
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in cellular function following a nontoxic exposure to Al
NPs. Since the coculture model employed epithelial and
immune cells, immune function was evaluated by in-
fecting the cocultures with a bacteria following NP ex-
posure. The bacterial strain we chose to study was
USA300 community-associated methicillin-resistant
Staphylococcus aureus (ca-MRSA) because it can be a
respiratory pathogen and military recruits8 were identi-
fied by the Centers for Disease Control and Prevention
(CDC) as an “at risk” group. Furthermore, the Al NPs
were dispersed in artificial lung surfactant9 to mimic
the physiological fluid they would encounter in an in
vivo scenario.

RESULTS AND DISCUSSION
Aluminum Nanoparticle Characterization. Since nanotoxic-

ity is a relatively new field, a standard practice for test-
ing of these materials has yet to be agreed upon. Early
nanotoxicity studies did not report detailed character-
ization of the nanomaterials being evaluated, and
therefore nanotoxicity studies have been subject to
criticism. In vitro models have been judged for their lack
of reproducibility, and a study by Sayes and colleagues
has shown that in the case of lung exposure, in vitro
models did not correlate well with in vivo models.10

However, in vivo studies have also yielded conflicting
toxicity data.11�16 One study concluded that ultrafine
TiO2 particles (29 nm) increased inflammation and al-
tered macrophage chemotactic responses in rat lungs,
when compared to TiO2 particles that were 250 nm.13

However, another study showed that in rats, exposure
to nanoscale TiO2 rods/dots produced inflammatory re-
sponses that were not different from pulmonary ef-
fects of larger TiO2 particles,14 but rather toxicity was
due to surface properties.15,16 These studies used the
same delivery method but varied drastically in the NP
source, amount of NPs exposed, and the time of expo-
sure, which could account for differences. Several stud-
ies have demonstrated that dispersion of nanomateri-
als in aqueous solutions altered the physiochemical
properties of the nanomaterials, and this alteration was
dependent on the different components of the solu-
tion and in turn varied the biological responses.17 Thus,
since these studies did not report nanomaterial charac-
terization once they were in aqueous solution and
given that the properties of nanomaterials can change
when they go from a dry environment to an aqueous
environment, this could account for the variability in
the data. On this basis, questionable study designs and
lack of characterization are the most likely sources of
nonreproducible and potentially inaccurate results.
Therefore, characterization is imperative in evaluating
the biological interactions of nanomaterials, and re-
searchers must identify these changes since they corre-
late to how a biological system is impacted. In Figure
1A and B the spherical morphology of the Al NPs was il-
lustrated, and the TEM analysis measurements deter-

mined that the nanoparticles had relatively similar size
distributions ranging from 32.7 � 28.3 to 48.1 � 21.0
nm (Table 2). After the NPs had been dispersed in wa-
ter and then diluted in media, the Al2O3 demonstrated
higher agglomeration in media without serum when
compared to media with serum (859 � 0.3 and 309 �

0.4 nm, respectively). In addition, prior to cellular expo-
sure, the NPs were dispersed in an artificial lung surfac-
tant (ALS)9 to determine the impact that the biological
fluids would have on the nanomaterials and how this
could relate to exposure. Once the NPs had been dis-
persed in the artificial lung surfactant, a similar trend
was also observed with the Al2O3 NPs agglomerating to
878 � 0.5 nm in exposure media and 486 � 0.6 nm in
growth media. The Al2O3 NPs dispersed in ALS and then
placed in exposure and growth media aggregated to
an average size of 859 � 0.3 and 309 � 0.4 nm, respec-
tively (Table 2). In contrast, the Al NPs had an aggre-
gate size of 698 � 0.6 nm in exposure media, and in
growth media the aggregate size increased to 839 �

0.7 nm (Table 2). Moreover, one study from our labora-
tory has demonstrated that the chemical composition
of the nanomaterials can change within the different
solvents, and therefore it is important to determine the
chemical composition following dispersion to identify
the exact chemical nature of the nanoparticles that a
biological system encounters. Following the dispersion
in water and ALS, X-ray diffraction (XRD) patterns were
compared to the XRD patterns obtained from the dry
nanomaterials. These XRD patterns demonstrated that
there was no change for both the Al and Al2O3 NPs, con-
firming that the NP chemical composition remained
stable following dispersion and the cells were being ex-
posed to Al and Al2O3 NPs (Figure 1C and D, respec-
tively). However, it is important to note that Al is highly
reactive, and therefore, the Al NPs were passivated
with a 2�3 nm oxide layer by NovaCentrix to reduce
the reactivity. Therefore, the surface chemistry of the
NPs was similar, yet the core of the NP was different.

Currently, not all nanoparticles are created equal,
and this concept has been reviewed by Hussain and col-
leagues.18 Critical questions highlighted in this review
were “For example, if two nano-sized silver powders are
produced from two separate manufacturers employ-
ing two different techniques, can they still be consid-
ered identical? What characteristics are likely to vary
from one manufacturer to the other? Could these differ-
ences lead to changes in biological interactions?” Addi-
tionally, another report comparing four different car-
bon black samples demonstrated that there were
differences in toxicity results (using multiple end points
for analysis) from four different carbon black samples
obtained from three different manufacturers .19 In light
of these reports, characterization proves to be a major
challenge in evaluating the biological effects of nano-
materials, and therefore it is essential to characterize
each material prior to initiating biological studies.
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Establishment of Alveolar Cocultures and Cellular Viability. A

previous study demonstrated that nanoparticles (NPs)

are capable of penetrating the alveoli deep in the

lung.20 Therefore, this study developed an in vitro model

to mimic the alveolar microenvironment. The alveoli

are composed of three cell types: type I alveolar cells,

type II alveolar cells, and alveolar macrophages. Type I

cells are epithelial cells responsible for gas exchange,

type II cells produce a lung surfactant to create surface

tension and can also differentiate into type I cells to re-

pair damaged type I cells, and the macrophages are

the resident immune cells that are responsible for pro-

tecting the other cells. Since the NPs can penetrate the

type I cells, the in vitro model we developed assessed

the impact of the nanoparticles on the type II and mac-

rophage cell types, especially since the macrophages

respond to foreign material and the type II cells are es-

sential for repairing any damage to the alveoli. The

U937 cells are a monocyte cell line that can be stimu-

lated to produce macrophages, and these cells secrete

a variety of cytokines and chemokines constitutively or

in response to stimuli, making them an ideal cell type

for immune function studies. Furthermore, the A549

cells are type II alveolar cells and have been character-

Figure 1. Characterization of aluminum nanoparticles. (A) TEM image of Al2O3 NP. (B) TEM image of Al NP. (C) NP primay
size distributions and agglomerate sizes. The NPs aggregated in the water and lung surfactant. Furthermore, the Al2O3 NPs
demonstrated decreased agglomeration when serum proteins are present in the media. (C, D) XRD analysis of Al and Al2O3

NPs in powdered form and dispersed in water or artificial lung surfactant. The XRD analysis demonstrated that both the Al (C)
and the Al2O3 (D) remained stable in the different solutions and did not change chemical composition.

TABLE 2. Nanoparticle Size Distribution of Aluminum Nanoparticles

DLS Z-ave (d.nm) � PdI

dispersion in water dispersion in artificial lung surfactant

sample primary nanoparticle
size TEM (nm)

media without
serum

media with
serum

� potential
(mV)

media without
serum

media with
serum

� potentialqa
(mV)

Al 48.08 � 21.0 859 � 0.3 309 � 0.4 �15.2 878 � 0.5 486 � 0.6
Al2O3 32.71 � 28.3 698 � 0.6 839 � 0.7 38 805 � 0.5 948 � 0.6
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ized as a type II pulmonary model useful for drug stud-
ies,21 making them an ideal candidate for nanoparticle
studies. The A549 and the U937 cell lines were cultured
in a ratio of 3 A549 cells to 1 U937 cell on the basis of
the lung cellular ratios described by Wang et al.22

The human alveolar cocultures were exposed to NPs
at concentrations ranging from 0�500 �g/mL, and
then cell viability was assessed by evaluating mitochon-
drial function (Figure 2A). The NPs were relatively non-
toxic in the cocultures with only minor changes in cell
viability observed, mainly at the higher concentrations,
which was likely a result of turbidity. In order to deter-
mine which cells were being affected in the cocultures,
a live cell/dead cell assay was used, and this demon-
strated that the macrophages were more susceptible
to the NPs than the epithelial cells (data in Supporting
Information), which was expected since the macroph-
ages actively engulf foreign material in order to protect
the epithelial cells. There have not been many reports
on the exposure to aluminum nanoparticles; however,
studies with 1.2-�m Al have shown that brief weekly ex-
posures of individuals to Al dust resulted in scarring

throughout the lungs.23 Other studies have demon-
strated that inhaled nanoparticles accumulated in the
lungs and clearance was hindered during chronic expo-
sure.24 On the basis of these findings, we can antici-
pate that if the micrometer-sized particles caused lung
problems, nanosized Al, which is more reactive and can
penetrate deeper into the lungs, should produce an ef-
fect. The effect will become more pronounced over
time as a result of clearance of the NP from the lungs
being impeded. Currently, OSHA reports 15 mg/m3 as
a permissible exposure limit to aluminum within an 8-h
time frame. This reported value is based on the assump-
tion that not all of the aluminum will penetrate to the
lungs and that it will also be cleared by the body and
excreted in urine. Nanomaterials have been shown to
penetrate deep into the lungs and to not clear the
lungs, so chronic exposure can lead to accumulation.
Using an equation to calculate the daily exposure based
on this value, an average worker would be exposed to
3.9 �g/mL in 1 day (Supporting Information), and the 25
�g/mL represents approximately 1 week of exposure.

When the cell viability of the coculture was com-
pared to the cell viability of the unicellular cultures,
there was a significant difference in how both cell types
responded to the nanoparticles. The A549 epithelial
cells demonstrated significant cell death when the im-
mune cells were not present, and the U937 also showed
significant loss of viability (Figure 2B). When the cell vi-
ability of the coculture was compared to the cell viabil-
ity of the unicellular cultures, no significant reductions
in the cell viability of the epithelial cell was observed,
whereas minor reduction in cell viability was observed
for the macrophages, regardless of nanoparticle chemi-
cal composition. This data demonstrated that within
the cocultures the immune cells were protecting the
epithelial cells from NP toxicity, which would be ex-
pected in vivo, thus confirming that the in vitro cocul-
ture provided a better model than the individual
cultures.

Cellular Function Assay. Additionally, because the main
function of macrophages is to destroy foreign material,
we assessed if the macrophages could still phagocy-
tose the bacteria ca-MRSA after treatment with the NPs.
Our data illustrated that the Al2O3 NPs did not impair
phagocytosis, whereas the phagocytosis was impaired
by the Al NPs (Figure 3A). A similar trend in phagocytic
activity was previously observed where Al but not Al2O3

NPs reduced phagocytic function in rat alveolar mac-
rophages.7 Furthermore, neither Al NP altered the
growth of the ca-MRSA cultures treated with the NPs
(Figure 3B), suggesting that the change in the amount
of bacteria phagocytosed was related to the macroph-
age function and not any NP�bacteria interactions. To
conclude that the Al NPs were not affecting the bacte-
ria directly and were indeed altering cell function, the Al
NPs were topically added to bacterial growth agar to
determine the minimum inhibitory concentration (MIC).

Figure 2. Cytotoxic effect of the aluminum nanoparticles in the
alveolar coculture and single cell cultures. (A) Changes in cell vi-
ability in the alveolar coculture after 24 h of exposure to differ-
ent concentrations of Al NPs. (B) Cell viability following a 24-h
treatment with 25 �g/mL of Al NPs in the coculture as well as
the single cultures. (Represents three independent trial; * de-
notes p � 0.05).
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There was no decline in bacterial numbers following

overnight incubation when ca-MRSA was exposed to

Al NP concentrations up to 1 mg/mL, indicating that the

NPs are not bactericidal against this specific strain of

bacteria (Supporting Information, Figure S1). Gentami-

cin (50 �g/mL) was used as a positive antibiotic control

to confirm that the topical addition of the treatments

was successful (Supporting Information, Figure S1).

Since the bacteria were not being affected by the alu-

minum nanoparticles, a possible explanation for re-

duced phagocytosis is that the aluminum nanoparti-

cles were chemically altering the cellular environment.

Under normal conditions aluminum does not corrode,

which is due to a thin protective oxide layer that forms

on the surface of the metal. However, in an acidic envi-

ronment aluminum oxide will react and form alumi-

num ions and water. Because the nanoparticles were

taken up in the macrophages through phagocytosis,

the end result of this phase is fusion with the lysosome.

The localization within the lysosome was confirmed

(Supporting Information Figure S2C), and because this

organelle is acidic as a result of the presence of nitrous

acid, it is likely that the NPs released
Al ions. Furthermore, we suspect that
due to the differences in the thickness
of the oxide and the core metal within
the nanoparticle the nitrous acid de-
graded the thin oxide coating on the
Al NPs more quickly than on the Al2O3

NPs and uncovered the aluminum
core, allowing more aluminum to be
available to react within the macroph-
age. Additionally, if these aluminum
ions in turn reacted with the nitrous
acid in the lysosomes, one of the prod-
ucts for this reaction would be hydro-
gen ions. These hydrogen ions would
alter the pH and ultimately disrupt the
phagocytic process, which has been
shown to be sensitive to fluctuations
in pH.25

Evaluation of the Immune Response. Im-
munity is the body’s natural defense
against the invasion of foreign ma-
terial. Major players in the body’s in-
nate immune response are localized
phagocytic cells, which patrol the
body seeking foreign materials and
actively engulfing anything seen as
nonself. During infection, the resident
phagocytic and epithelial cells will se-
crete chemokines to recruit adaptive
immune cells and cytokines to acti-
vate recruited cells for a more fastidi-
ous response to the foreign material.
Because our phagocytosis data dem-
onstrated that there was a change in

macrophage function when a pathogen was present,
further investigations into the normal immune re-
sponses were performed.

We chose to evaluate the impact that the Al NPs
had on the NF�B pathway since this is a key regula-
tor of immune function and regulates both innate
and adaptive immunity. The ca-MRSA strain causes
necrotizing pneumonia, necrotizing faciitis, and
toxic shock syndrome in otherwise healthy individu-
als26 through activation of the NF�B pathway. Acti-
vating the NF�B pathway also lyses macrophages
and damages lung epithelium, causing an over-
whelming release of pro-inflammatory cytokines,
such as interlukein-6 (IL-6), interlukein-1� (IL-1�),
and tumor necrosis factor � (TNF-�) (Figure 4A).27,28

Therefore, the lung cocultures were treated with a
low dose of NPs and then infected with the respira-
tory pathogen ca-MRSA to determine changes in
gene expression for the NF�B pathway (Table 3) as
well as targets of the NF�B pathway, inflammatory
cytokine genes (Figure 5), and secretion of inflam-
matory cytokines (Figure 6).

Figure 3. Impact of aluminum nanoparticles on ca-MRSA phagocytosis and
growth. (A) Phagocytosis of ca-MRSA following a 24-h exposure to aluminum
nanoparticles. (B) ca-MRSA growth in the presence of aluminum nanoparticles.
(Represents four independent trials; * denotes p � 0.05).
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Changes in gene expression for the NF�B pathway

are listed in Table 2 and show that there was minor in-

duction of the NF�B pathway by the Al2O3 NPs alone

but not the Al NPs. Furthermore, the ca-MRSA stimu-

lated a strong activation of the NF�B pathway as antici-

pated; however, when the Al and Al2O3 NPs were

present, the cells were unable to generate activation

of the NFkB pathway in the presence of CA-MRSA. This

data illustrated that the NPs alter or abolish the cells’

ability to respond to a pathogen via the NF�B pathway.

Inflammatory markers IL-6 and TNF-�, which are known

to be activated by ca-MRSA, were evaluated after a 4-h

and 6-h infection to determine if the suppression of the

NF�B pathway altered gene expression of inflamma-

tory cytokines (Figure 5). The data illustrated that after

a 4-h infection with CA-MRSA IL-6 was up-regulated

8-fold and TNF-� 6.5-fold and the NPs alone did not

generate an inflammatory response. Furthermore,

when the NPs were present during the MRSA infec-

tion, the expression of IL-6 and TNF-� was abolished

(Figure 5A). Additionally, gene expression was evalu-

Figure 4. Macrophage response to ca-MRSA in the absence and presence of aluminum nanoparticles. (A) The typical re-
sponse illicted by ca-MRSA infection in alveolar macrophages. (B)The observed response when aluminum nanoparticles
were present during the ca-MRSA infection.

TABLE 3. Activation and Regulation of NF�B Genes
Following Exposure to Aluminum Nanoparticles and
Stimulation with ca-MRSAa)

fold change (% control)

gene symbol MRSA MRSA Al2O3 MRSA Al Al2O3 Al

MALT1 1.83
MAP3K1 �10.87
MYD88 1.45
RELB 7.08
TMED4 1.82 3.00
TNF �4.56 13.01
TNFAIP3 �2.08
TNFRSF10B 1.91

aRepresents three independent trials, and gene changes from the PCR array with p
� 0.05 are reported.
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ated after 6 h, and the ca-MRSA alone treatments dem-
onstrated a similar trend with IL-6 and TNF-� being up-
regulated 5- and 2.5-fold, respectively. In contrast, IL-6
was down-regulated 2.8- and 2.08-fold by the Al2O3 and
Al NPs, respectively. In the ca-MRSA�Al2O3 NPs IL-6
was down-regulated 2.4-fold, and in the ca-MRSA�Al
NP 4-fold. In contrast, the TNF-� was down-regulated
1.5-fold for the Al2O3 NP treatment group and 2.15-fold
for the Al NP treatment. When ca-MRSA was added to
the cultures for 6 h, there was no significant expression
of TNF-� (Figure 5B). The down-regulation of IL-6 in
the treatment groups compared to the control group
indicated that the expression of IL-6 was being re-
pressed by the NPs. Furthermore, TNF-� was down-
regulated in the NP alone treatments, and there was
no significant expression in the ca-MRSA NP treatments,
again suggesting repression of the immune system in
the presence of Al NPs. This data indicated that the
changes observed in the NF�B activation and regula-
tion was carried through downstream to the inflamma-
tory cytokine expression levels.

To further confirm the gene expression inflamma-
tory response data and the loss of the immune re-
sponse, ELISAs were performed on the common cy-
tokines secreted by the macrophages. ca-MRSA
typically activates the pro-inflammatory cytokines
IL-6, IL-1�, and TNF-�, which are responsible for ac-
tivating the endothelium for recruitment and differ-
entiating and activating the recruited adaptive im-
mune cells. The ca-MRSA initiated a 7.5-fold increase
in the secretion of IL-6 in the lung cocultures when
compared to control cells after a 6-h stimulation. ca-
MRSA stimulated a 5-fold increase in the secretion
of IL-1 � when compared to the control cells in the
lung cocultures. The lung cocultures treated with ca-
MRSA demonstrated a 22-fold increase in TNF-� se-
cretion when compared to the control cultures. For
all three pro-inflammatory cytokines, the increase in
secretion that was observed after exposure to ca-
MRSA was not seen when either of the Al NPs were
present (Figure 6A�C) which should make the cells
less able to fight infection. In addition, this trend was
not observed following exposure to nanosized gold
or aluminum nitride (AlN), indicating that it was a
unique effect observed for the Al NPs (Supporting In-
formationFigure 3A�C). However in the case of ca-
MRSA that produces the superantigen staphylococ-
cal entertoxin B (SEB), which causes an uncontrolled
release of pro-inflammatory cytokines to increase
pathogenesis, the NP inhibitory effects could be
beneficial. A similar trend was observed with the
chemokine IL-8, which is responsible for recruiting
polymorphonuclear leukocytes (PMN) to the site of
infection to aid in killing pathogens. When ca-MRSA
was present, secretion of IL-8 was up-regulated 12-
fold. However, when the NPs were present IL-8 was
not up-regulated, potentially leaving the cells more

vulnerable to the pathogen (Figure 6D). A similar

trend was observed following treatment with the

nanosized Au and AlN indicating that this response

was not unique to the Al NPs (Supporting Informa-

tionFigure 3D). In addition, the NPs were shown to

increase the down-regulation of IL-10 in the pres-

ence of ca-MRSA (Figure 6E). This anti-inflammatory

cytokine is responsible for inhibiting the synthesis of

pro-inflammatory cytokines and blocks NF�B activa-

tion, which initiates apoptosis, and ca-MRSA is

known to cause necrosis. After stimulation with ca-

MRSA, IL-10 was down-regulated 1.5-fold, and this

decrease was even greater in the presence of the

NPs with a 7-fold decrease by Al2O3 NP and a 20-

fold decrease by the Al NP. However, for the Au NP

and AlN treatments there was no change in IL-10 ex-

pression (Supporting InformationFigure 3E). In gen-

eral, the NPs generated a significant alteration of the

immune response by inhibiting activation of the

NF�B pathway, which in turn impacted the expres-

sion targets of this pathway, such as inflammatory

cytokines (Figure 4B). The key point to note here is

that the inhibition of cytokine secretion related to

the suppression of the NF�B pathway, and since this

pathway was down-regulated in the presence of

the Al NPs, all mechanisms of immune activation

are altered, repressing any alternative activation of

Figure 5. Evaluation of IL-6 and TNF-� gene expression following nanoparti-
cle treatment and MRSA infection. (A) Expression of IL-6 and TNF-� follow-
ing a 4-h infection with ca-MRSA. (B) Expression of IL-6 and TNF-� following
a 6-h infection with ca-MRSA. (Represents three independent trials, and gene
changes with p � 0.05 are reported).
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macrophages. In addition, since GM-CSF (granulo-
cyte macrophage colony stimulating factor) is regu-
lated by NF�B and is the major chemokine for mac-
rophages and neutrophils, it is likely that
recruitment of additional immune cells to the expo-
sure site will be altered as well. Currently, the fate of
Al NPs could follow two potential routes for toxic-
ity: they could remain in the lungs or cross the gas
exchange barriers and be incorporated into the
bloodstream. In light of the fact that studies have
demonstrated that clearance of NPs from the lungs
was impeded, the most likely scenario would be that
the Al would persist in the lungs and continue to
be engulfed by macrophages.

CONCLUSIONS
In vitro models need to be validated as an accurate

model for tissue representation prior to their use as a pre-

dictor of toxicity. This study demonstrated that the alveo-
lar coculture provided a more comprehensive in vitro
model in which to study the effects of NP exposure, since
there was significant variation in the cellular response ob-
served between the unicellular cultures and the cocul-
ture. Furthermore, a recent publication demonstrated the
advantages of using 3D cultures over 2D cultures, yet
the researchers only assessed one cell type.29 In the fu-
ture the best in vitro model system would be to merge
the cocultures with the immune cells into a 3D culture
matrix to yield a much more comprehensive model for
studying the effects of nanomaterials before moving on
to costly in vivo studies. Using the alveolar coculture
model, we were able to demonstrate that the NPs did
not impact cell viability in regard to the human alveolar
cocultures or the CA-MRSA bacteria alone. However, just
because the cells remained viable did not mean that they
were unaltered by the presence of the NPs. When a respi-

Figure 6. Secretion of inflammatory cytokines following exposure to aluminum nanoparticles and stimulation with ca-MRSA.
(A�C) Secretion of pro-inflammatory cytokines: (A) IL-6 secretion, (B) IL-1� secretion, (C) TNF-� secretion. (D) Secretion of
the chemokine IL-8. (E) Secretion of the anti-inflammatory cytokine IL-10. (Represents six independent trials.)
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ratory pathogen was introduced into these cocultures
there was a difference in how these cells responded when
the NPs were present. There was a reduction in the ph-
agocytic ability of the immune cells, and changes in the

immune response were observed when the NPs were
present. Therefore, despite the low toxicity, the presence
of the NPs changed the cells’ natural ability to respond to
a pathogen.

MATERIALS AND METHODS
Nanoparticles. The Al and Al2O3 NPs were received from Nova-

Centrix (formerly Nanotechnoloiges Inc.). The NPs were received
in powdered form, weighed out, and dispersed in an artificial
lung surfactant9 to prepare 10 mg/mL working stock solutions.
The NPs solutions to be used for dosing were made at the time
of dosing to avoid any changes in the NPs. It is important to note
that Al is highly reactive, and therefore the Al NPs were passi-
vated with a 2�3 nm oxide layer by NovaCentrix to reduce the
reactivity. Therefore, the surface chemistry of the NPs was simi-
lar, yet the core of the NP was different.

Nanoparticle Characterization. The average NP size was deter-
mined using TEM analysis for the powders and dynamic light
scattering (DLS) for the aqueous solutions (both water and ALS)
using previously described methods.18 Furthermore, the chemi-
cal composition of the NPs was evaluated in the dry powdered
form and after incubation in the water and artificial lung surfac-
tant to determine if there were any changes from the exposure
to the fluids. For the water and artificial lung surfactant study the
NPs were dispersed in the appropriate solvent, bath sonicated,
ultracentrifuged at 160 000 � g, and washed. Following the
washes the NPs were dried. Powder diffraction (XRD) was then
performed on the samples to yield the crystal pattern for the NPs.
By comparing the dried fluid samples to the original powder,
changes in chemical composition could be observed.

Human Lung Cocultures. In this study, the A549 cell line and the
U937 cell line were chosen as an in vitro model for inhalation.
To mimic the alveoli microenvironment, the A549 epithelial cells
were cocultured with the U937 cells in a 3:1 (A549:U937)22 ratio,
and the NPs were dispersed in an artificial lung surfactant9 prior
to exposure. Both the A549 and the U937 cell lines were pur-
chased from ATCC (CCL-185 and CRL-1593.2, respectively) and
grown in RPMI-1640 media supplemented with 1% Pen-Strep
and 10% heat-inactivated FBS. Prior to preparing the cocultures
the U937 cells were stimulated with 100 ng/mL of phorbol-12-
myristate-13-acetate (PMA) for 48 h to induce differentiation into
macrophages. The A549 cells and the stimulated U937 cells
were plated in the same tissue culture plates at a ratio of 3:1 (ep-
ithelial cells to macrophages). Twenty-four hours after plating
the cocultures were dosed with the NPs for 24 h. For the PCR and
ELISA studies, the cocultures were then infected with the CA-
MRSA bacteria for 1�6 h following the NP treatment.

Bacteria Stocks. A USA300 strain of community-associated
methicillin-resistant Staphylococcus aureus (ca-MRSA) was ob-
tained as a primary isolate from Dr. Marcus Zervos at William
Beaumont Hospital (Royal Oak, MI). An isolated colony was
grown to mid-logarithmic phase in Todd Hewitt broth (Beckton,
Dickinson and Company) supplemented with 0.2% yeast extract
(Beckton, Dickinson and Company) (THYB) determined via opti-
cal density measurements using the Genesys 20 spectrophotom-
eter (ThermoScientific) at a wavelength of 600 nm. The culture
was diluted to 104 colony forming units per milliliter (cfu/mL) in
sterile PBS supplemented with magnesium and calcium (Hy-
clone). The bacteria were added to the coculture cell model at a
multiplicity of infection (MOI) of approximately 0.015 or to the
macrophages alone at an MOI of 0.01. This dose was efficiently
phagocytosed by the macrophages but was nontoxic within a
five hour period.

Bacterial Growth Curve. The ca-MRSA was streaked onto trypti-
case soy agar supplemented with 5% sheep blood (Beckton,
Dickinson and Company) upon receipt. A single colony was used
to inoculate 10 mL of THYB. This culture was incubated over-
night at 37 °C. Al or Al2O3 NPs were added to 10 mL of fresh THYB
at 25 �g/mL, and the mixture was bath sonicated to distribute
the NPs. Then, 200 �L of overnight culture was added to the NP-
exposed THYB or plain THYB and was allowed to grow at 37 °C.

The culture was grown over time with 100-�L aliquots being re-
moved, diluted, and plated in triplicate every hour on THYB
that was supplemented with 1.4% Bacto Agar (Beckton, Dickin-
son and Company) (THYA) and incubated overnight at 37 °C. The
bacterial colonies were enumerated by physical counts. The
data are represented as the average of four trials � the stan-
dard deviation.

Phagocytosis Assays. U937 cells were stimulated with PMA at
100 ng/mL and were seeded at 1 � 106 cells per well into 12-
well tissue culture-treated plates. Following a 48-h incubation,
the media containing PMA was removed from the cells, and fol-
lowing two washes with PBS, the cells were exposed to 25
�g/mL of 2 different Al NP formulations (Al and Al2O3) or to me-
dia (RPMI without serum) alone. Twenty-four hours post NP ex-
posure, the cells were washed 2 times with PBS and were in-
fected with ca-MRSA as described above. The cells were briefly
centrifuged (500 � g, 1 min) to ensure efficient contact of the
bacteria to the cells. The cells were incubated with the bacteria
for 1.5 h at 37 °C with 5% CO2, which was determined to be the
amount of time required for maximal uptake (data not shown).
Following the incubation, the cells were washed 2 times with PBS
to remove unbound bacteria and were treated with 50 �g/mL
of gentamicin (Invitrogen, Carlsbad, CA), which selectively kills
the extracellular bacteria. After a 10 min exposure to gentami-
cin, the cells were lysed with sterile water, and the internalized
bacteria were plated onto THYA and were grown overnight at 37
°C with 5% CO2. The bacteria were enumerated manually with n
	 6 per treatment. The data are represented as the average of
four trials � the standard deviation.

Cell Viability. The cocultures, the A549 cells, and the U937
cells were treated with varying concentrations (0�500 �g/mL)
of aluminum nanoparticles for 24 h, and then cell viability was as-
sessed using the MTS assay from Promega. The data are repre-
sented as the average of three trials � the standard deviation.

PCR Arrays. The cocultures were treated with aluminum nano-
particles at a concentration of 25 �g/mL for 24 h and then in-
fected with ca-MRSA at an MOI of 0.02 for 1 h. Following the in-
fection with ca-MRSA, RNA was isolated from the samples using
the RNA isolation kit from Qiagen. The RNA was then processed
for PCR array analysis using the kits from SABiosciences (formerly
SuperArray), and the human NF�B array was run according to
the manufacturer’s protocols. The data from the arrays were ana-
lyzed using SABiosciences analysis software. The data are repre-
sented as the average of three independent experiments � the
standard deviation, and gene changes were only reported if p �
0.05.

ELISAs. The cocultures were treated with aluminum nanopar-
ticles at a concentration of 25 �g/mL for 24 h and then infected
with ca-MRSA at an MOI of 0.02 for 1 h. Following the infection
with ca-MRSA, the media was removed from the cocultures, and
the presence of IL-6, IL-8/NAP-1, IL-10, IL-1�, and TNF-� were all
analyzed using the human ELISA kits from BIOSOURCE according
to the manufacturer’s protocols. The data are represented as
the average of six individual trials run in triplicate � the stan-
dard deviation.
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