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Abstract
Background: The lung epithelium constitutes the first barrier against invading pathogens and also a major surface
potentially exposed to nanoparticles. In order to ensure and preserve lung epithelial barrier function, the alveolar
compartment possesses local defence mechanisms that are able to control bacterial infection. For instance, alveolar
macrophages are professional phagocytic cells that engulf bacteria and environmental contaminants (including
nanoparticles) and secrete pro-inflammatory cytokines to effectively eliminate the invading bacteria/contaminants.
The consequences of nanoparticle exposure in the context of lung infection have not been studied in detail.
Previous reports have shown that sequential lung exposure to nanoparticles and bacteria may impair bacterial
clearance resulting in increased lung bacterial loads, associated with a reduction in the phagocytic capacity of
alveolar macrophages.
Results: Here we have studied the consequences of SiO2 nanoparticle exposure on Pseudomonas aeruginosa
clearance, Pseudomonas aeruginosa-induced inflammation and lung injury in a mouse model of acute pneumonia.
We observed that pre-exposure to SiO2 nanoparticles increased mice susceptibility to lethal pneumonia but did
not modify lung clearance of a bioluminescent Pseudomonas aeruginosa strain. Furthermore, internalisation of SiO2
nanoparticles by primary alveolar macrophages did not reduce the capacity of the cells to clear Pseudomonas
aeruginosa. In our murine model, SiO2 nanoparticle pre-exposure preferentially enhanced Pseudomonas
aeruginosa-induced lung permeability (the latter assessed by the measurement of alveolar albumin and IgM
concentrations) rather than contributing to Pseudomonas aeruginosa-induced lung inflammation (as measured
by leukocyte recruitment and cytokine concentration in the alveolar compartment).
Conclusions: We show that pre-exposure to SiO2 nanoparticles increases mice susceptibility to lethal pneumonia but
independently of macrophage phagocytic function. The deleterious effects of SiO2 nanoparticle exposure during
Pseudomonas aeruginosa-induced pneumonia are related to alterations of the alveolar-capillary barrier rather than to
modulation of the inflammatory responses.
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Background
The explosion in the use of manufactured nanoparticles
(NPs) will undoubtedly be associated worldwide with a
potentially increased exposure (accidental or intentional)
of the population to these agents. The lung epithelium
constitutes the largest surface of contact with the environment, and as such, can be considered as the major
surface accidentally exposed to NPs. However, the lung
epithelium should also be regarded as a desired target
for the delivery of drugs or diagnostic agents based on
NPs (intentional exposure). Among NPs, SiO2 NPs are
produced in high quantities and have important applications not only in consumer products but also in the field
of nanomedicine [1].
Once inhaled, NPs will be deposited in different
regions of the lungs, including the alveoli [2]. After their
entry in the alveolar space, NPs encounter alveolar
macrophages (AMs) and epithelial cells. AMs are professional phagocytic cells that recognize invading microbes,
including bacteria, and release cytokines and inflammatory mediators needed to mount host responses against
these pathogens [3]. Bacterial clearance by AMs is initiated by recognition of the pathogen by phagocytic receptors at the cell surface. Then, further internalization
occurs, ultimately resulting in the degradation of the
engulfed bacteria in the phagolysosome [4].
Particularly relevant to the lung, Pseudomonas aeruginosa (P.a) can be found in ventilator-associated pneumonia in nosocomial infections [5]. Importantly, it also
colonizes the lungs of cystic fibrosis patients contributing significantly to morbidity and mortality in this
disease [6]. P.a respiratory infection is associated with
lung inflammation and increased permeability of the
alveolocapillary barrier [7]. Eradication of P.a from the
lungs of the patients is difficult due to multiple drugresistance of the bacterium. In that context, new promising therapies may be based on the use of silica-derived
NPs as efficient carriers for antibacterial agents [8,9].
However in order to develop a therapeutic use of NPs
against lung infections, it is important first to characterise the consequences of NP exposure on target cells, especially innate immune cells. Indeed inhaled NPs can
target immune cells, including AMs. Uptake of NPs by
AMs might follow endocytic as well as non-endocytic
pathways, including passive diffusion [10,11]. Once they
are engulfed, NPs can accumulate in lysosomes of
macrophages [12-14]. Considering that bacterial and NP
uptake converge within the endocytic pathway, it is rational to hypothesize that adverse effects of NP exposure
might include impairment of phagocyte function. Indeed
it has been shown that in vitro exposure of macrophages
to carboxyl polystyrene or aluminium derived NPs hindered their phagocytic capacity [15,16]. Moreover, intratracheal instillation of small-sized titanium dioxide to
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rats modified the phagocytic capacity of isolated AMs in
a concentration dependent-manner [17]. In the context
of lung infection, recent studies indicate that sequential
lung exposure to carbon nanotubes or cupper NPs
followed by Listeria monocytogenes or Klebsiella pneumoniae challenge, respectively increase lung inflammation and reduce bacterial clearance compared with
animals not exposed to NPs [18,19]. Although impaired bacterial clearance was associated with reduced
phagocytic activity of AMs after NP exposure [19],
neither of these studies could discriminate the effects
of NPs alone, from the effects of NPs plus bacteria,
since NPs alone administration was associated with
inflammation and lung injury. In consequence, effects
of NP pre-exposure on lung infection could be due to
NP-associated inflammation rather than to a direct
action on AM phagocytic activity.
Here we have evaluated the effects of SiO2 NP preexposure followed by P.a infection, two environmental
insults not studied in combination before. We focussed
our study in determining the consequences of SiO2 NP
exposure on P.a clearance and P.a-induced inflammation and lung injury in a mouse model of acute pneumonia. We selected short exposure times in order to reduce
lung inflammation potentially associated with NPs and
to optimize the uptake of SiO2 NPs by AM in vivo. We
report here that pre-exposure to SiO2 NPs increased
mice susceptibility to lethal pneumonia but interestingly
independently of an impairment of AM phagocytic
function. Instead, SiO2 NPs pre-exposure enhanced
P.a-induced alterations of the lung alveolar-capillary
barrier without affecting lung inflammation.

Results
Characterisation of silica NPs

Fluorescent or unlabelled 15 nm SiO2 NPs were
synthetized and characterized by dynamic light scattering (DLS) as previously described [20,21]. DLS analysis demonstrated that both types of NPs presented a
hydrodynamic diameter of 44.4 and 50.9 nm respectively in water (Table 1) showing a low aggregation
rate in solution. Moreover, NP preparations were
relatively stable in physiological media because the
hydrodynamic diameter did not change when increasing ionic strength of the media (compare hydrodynamic diameter of NP suspensions in water versus
PBS or RPMI culture media). In addition we measured
endotoxin content in NP preparations by the LAL
method [22] (Table 1). Following this procedure the
quantity of endotoxin detected in our NP preparations
was <0.25 EU/mg. These measurements were performed at doses of NPs that did not interfere with the
LAL chromogenic test.
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Table 1 Nanoparticle characterisation
Nanopaticle

Physico-chemical properties
Water

Endotoxin
PBS

RPM

Size (nm)

Pdl

Z-pot (mV)

Size (nm)

Pdl

Z-pot (mV)

Size (nm)

Pdl

Z-pot (mV)

SiO2

50.9

0.271

−11.2

53.6

0.217

−10.1

68.1

0.207

−13.2

<0.25 EU/mg

FITC-SiO2

44.4

0.262

−64.5

56.4

0.306.

−10.5

54.4

0.305

−21.9

<0.25 EU/mg

Labelled or unlabelled 15 nm SiO2 NPs were characterised in different media. The hydrodynamic size of agglomerates and polydispersity index (PdI) of
suspensions were determined by DLS and their charge by measuring the zeta-potential (Z-pot). Endotoxin detection was performed by the Limulus amebocyte
Assay (LAL) method following manufacturer’s instructions. Detection limit of the assay was 0.1 EU/ml and concentration of NPs in the assay was 0.4 mg/ml.

Silica NPs do not induce lung inflammation 5 h after
instillation and colocalize with alveolar epithelial cells at
longer exposure time

To study the consequences of NP exposure on P.a lung
infection, we set up a protocol where mice were first
treated with SiO2 NPs (5 mg/kg) and 5 h later infected
with the P.a strain PAK (Figure 1). For most of our
experiments, we selected 5 h time after NP treatment as
a time point for infection because at that time, we did
not observed obvious signs of inflammation (including
neutrophil accumulation) in the lungs of NP treated
mice compared to controls (Figure 2). In addition,
because neutrophil influx usually starts 6 hours postLPS instillation [23,24], this indirectly also confirms that
LPS is undetectable and if present, is biologically inactive
in our NP preparations. However, in one parallel experiment, 24 h after NP instillation a slight inflammation
was detected in the lungs characterized by increased
levels of KC (CXCL-1, a neutrophil chemokine) and a
slight neutrophil accumulation (less than 10% of total
cells) (Figure 2). Higher doses of SiO2 NPs increased
pro-inflammatory cytokines 24 h after treatment (data
not shown). Because our goal was to study NP effects
independently of its pro-inflammatory activity, we therefore selected a dose of 5 mg/Kg for the SiO2 NP treatments and chose 5 h post NP instillation as the time

point when P.a was administered (see below). At that
time point and in accordance with the quasi-exclusive
presence of AM (over 90%) and the absence of neutrophils in BALs, FITC-SiO2 or unlabelled SiO2 NP treatment did not increase the basal levels of TNFα, KC, or
IL-6 in BAL fluid (Figure 2). Interestingly, at 5 h postNP instillation, over 15% of the cells present in the BAL
(mostly AM) internalized FITC-SiO2 NPs (Figure 3B and
D, white arrows). In accordance with the cytospin
analysis (Figure 2) most of the cells that internalized
SiO2 NPs presented an alveolar macrophage phenotype
(CD11c+ F4/80+) (Figure 3C). Therefore, these data and
the absence of inflammation after NP treatment alone
allowed us to study the consequences of NP exposure
on target cells without the confounding indirect effects
of pro-inflammatory response associated with NPs treatment. Indeed, 24 h after FITC-SiO2 instillation, cryosections of lungs showed that FITC-SiO2 NPs were
associated with lung epithelium and colocalized with
alveolar type II epithelial cells (labelled with an anti-pro
surfactant protein-C (SPC) antibody) (Figure 3E). Association of FITC-SiO2 with alveolar epithelial cells (AEC)
could explain the increased levels of KC (a typically
epithelial cell secreted chemokine) found in BALs 24 h
post instillation (Figure 2).
Silica NPs enhance permeability of alveolar-capillary
barrier

Figure 1 Experimental design. C57Bl/6j mice were intranasally
instilled with silica nanoparticles (5 mg/Kg) or vehicle and 5 h post
NPs instillation infected with P.aeruginosa by intranasal instillation.
18 h after infection, inflammatory markers in the lungs were
analysed by measuring cytokines and neutrophil recruitment in the
broncho-alveolar lavages (BALs). Bacterial loads were studied by
bioluminescence after infection with a Pa-luciferase producing strain.
Distribution of fluorescently labelled FITC SiO2 NPs (Fate of NPs) was
followed by immunofluorescence analysis of cells present in BALs
and lung tissues.

Because SiO2 NPs associated with AEC (Figure 3), and
as AECs guarantee epithelial barrier integrity [25], we
wondered whether SiO2 NPs could alter the alveolarcapillary barrier integrity. This was assessed by measuring
IgM (a pentameric serum protein with a Mr 900 kDa)
concentration in BAL fluids. Increased amounts of IgM in
BAL fluids are related with alterations in alveolar-capillary
barrier and increased lung permeability as previously
described [24,26,27]. As show Figure 4A, SiO2 NP instillation increased the concentration of IgM in BALs 24 h post
treatment. Interestingly, at this time point, levels of soluble
vascular cell adhesion molecule-1 (sVCAM-1) in BALs, a
parameter related to endothelium injury and activation,
was not modified (Figure 4B). These data indicate that
SiO2 NPs increase alveolar-capillary barrier with minor
alterations of the vascular endothelium.
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Figure 2 Effects of silica nanoparticles on lung inflammation after instillation. A) C57Bl/6j mice were intranasally instilled with
FITC-SiO2 or unlabelled SiO2 nanoparticles (5 mg/kg;100 μg/mice) or vehicle. 5 h or 24 h after, concentration of pro-inflammatory cytokines
were measured in BALs (2 ml) (left panels). B) Cells present in BALs were cytospined and stained with Diff-Quick to identify macrophages
and neutrophils. A representative image of BAL cells in a control mice (upper panel) or SiO2 NPs treated mice are shown (lower panels).
Neutrophils (red arrow) were found in some NP treated mice 24 h post-instillation and represented less than 10% of total cells in BALs.
Mean ± SEM is represented from 4 to 6 mice per group. *p < 0.05 vs. Vehicle, Mann–Whitney test.

Pre-exposure to silica NPs enhances mice mortality
during P. a-induced pneumonia

Pre-exposure to silica NPs does not interfere with
bacterial clearance nor bacterial translocation in vivo

Considering that SiO2 NPs interact with AM and AEC,
two cell types driving lung defence against P.a, we
studied the consequences of NP exposure in a mouse
model of P.a infection. First we studied the effect of
NP exposure on P.a-induced mortality in mice. Intranasal administration of 2x107 CFU per mice killed
almost 40% of mice 72 h post infection (Figure 5). Crucially, pre-exposure to SiO2 NPs 5 h before bacterial
challenge enhanced mouse mortality by 20%, indicating a deleterious effect of NP exposure in our mice
model of acute pneumonia.

Our laboratory and others have reported that increased
mortality during P. aeruginosa pneumonia could be
associated with increased bacterial burden [28-30]. We
therefore analysed whether SiO2 NP pre-exposure enhanced bacterial loads in the lungs of infected mice. To
that aim, we studied the elimination of P.a in the whole
animal using a bioluminescence approach. Mice were
therefore infected with 107 CFU of a bioluminescent P.a
strain (PAK-lux) as previously described [29] and 15 h
later, bioluminescence was measured. We observed that
NP treated mice did not present a higher bacterial load
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Figure 3 Silica nanoparticles are internalized by alveolar macrophages and colocalize with alveolar epithelial cells. C57Bl/6j mice were instilled
with FITC-SiO2 NPs (5 mg/kg;100 μg/mice). A) 5 h later, mice were sacrificed and cells present in BALs were analysed by flow cytometry after labelling with
specific antibodies directed against alveolar macrophages markers (CD11c, F4/80). Panel B) shows that 15 ± 2% (n = 4, mice) of the cells were FITC positive.
Among them, over 95% were CD11c + and 85% CD11c + F4/80+ (panel C). The FACs analysis from one representative BAL from a total of 4 is shown. In
D) BAL cells were cytospined and stained with anti-mouse CD45 antibody followed by Alexa 664 Fluor (A664) coupled secondary antibody (red) to confirm
internalisation of FITC-SiO2 NPs (white arrows). E) Cryo-sections of lung tissues recovered from mice 24 h after instillation of FITC- SiO2 NPs (green) were
stained with anti-proSPC antibody (a marker of alveolar type II epithelial cells) followed by A664 coupled secondary antibody (red). White arrows indicate
co-localisation of NPs and alveolar epithelial cells. White scale bar = 100 μm or 20 μm (upper and lower panel, respectively). Nuclei were stained with DAPI
(blue). Fluorescence of stained cells and tissues were analysed under structured illumination (ApoTome system). Superposed images from FITC, A664, DAPI
and differential interferential contrast (D, lower panel) filters are shown. The ‘A’ within the figures indicates the alveolar spaces.

in lungs, when compared to non-treated mice (Figure 6A
and B). Rather NP-treatment showed a tendency to
reduce bacterial loads in lungs. To study further whether
NP treatment could induce bacterial translocation, we
dissected spleen and lungs to analyse associated bioluminescence. As shown in (Figure 6C), we did not detect bacterial growth in the spleen. Analysis of dissected

5h

Pre-exposure to silica NPs does not interfere with AMmediated bacterial clearance or AM cytokine output

AMs play a key role in P.a elimination from infected lungs
[7] and previous data have shown that NP exposure may
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bacterial loads in lungs (Figure 6C).
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Figure 4 Effects of silica NPs in alveolar-capillary permeability. C57Bl/6j mice were instilled with 5 mg/kg (100 μg/mice) of SiO2 NPs,
FITC- SiO2 NPs or vehicle. 5 h or 24 h later, mice were sacrificed and IgM (A) and sVCAM-1 (B) concentrations in BALs (2 ml) were measured by
sandwich ELISA. Mean ± SEM is represented from 5 mice per group *p < 0.05 vs. Vehicle, Mann–Whitney test.
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infection, 0.1 and 0.5). 4 h post-infection we measured
CFU in supernatants and cellular lysates to evaluate bacterial clearance as previously described [32]. As shown in
Figure 7B no differences were observed in the total number of bacteria recovered from alveolar macrophages cell
cultures, whether NP had been used or not.
Furthermore SiO2 NPs did not modify the P.a-induced
secretion of KC, TNFα or IL1β by AM (Figure 7C).
Taken together these data indicate that internalisation of
SiO2 NPs by AMs did not modify their capacity to eliminate P.a and did not modulate either the inflammatory
response induced by this bacterium.
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Figure 5 Survival curves of mice infected with Pseudomonas
aeruginosa strain PAK. C57Bl/6j mice were instilled with 5 mg/kg
(100 μg/mice) of SiO2 NPs or vehicle. 5 h after, mice were infected
with P. aeruginosa (PAK strain) (2x107 CFU/mice) and survival was
followed over time. (*) p < 0.05 Log-Rank (Mantel-Cox) test (n = 10
mice per group).

Pre-exposure to silica NPs enhances alveolar-capillary
barrier permeability following P.a infection

Because changes in lung bacterial loads and the activation of AM could not explain the detrimental effects of
NP exposure on P.a infection, we explored whether SiO2
NPs may act through different mechanisms. For this
purpose, we measured the recruitment of neutrophils
and the concentrations of pro-inflammatory cytokines in
BAL fluids of mice treated (or not) with NPs and
infected with P.a. Expectedly, infection of P.a (2.5×106
CFU/mice), resulted in a sharp increase in neutrophils
associated with increased levels of KC, IL-6, TNFα, IL1β and IL-12 in BAL fluids (Figure 8) compared to non-

alter the capacity of AMs to eliminate bacteria [15-17,31].
To definitely rule out a decrease in bacterial clearance following NP treatment, we assessed the effect of NPs on
AM killing of P.a and on AM cytokine output. Ex-vivo
experiments on AM were performed by adding FITC or
unlabelled SiO2 NPs at non-toxic doses (2.5 μg/cm2) at t0.
5 h later, over 50% of alveolar macrophages (53 ± 10%,
n = 3) had internalized FITC-SiO2 NPs (Figure 7A). At
that time point, extracellular NPs were washed out and
macrophages challenged with P.a (MOI = multiplicity of
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Figure 6 Effects of silica nanoparticles in bacterial clearance. A) Mice were treated with silica NPs (SiO2) or vehicle and 5 h later infected
with PAK-lux (107 CFU/mice). 15 h after infection, bioluminescence was recorded in the whole animal (panels A, B) or in extracted organs
(panel C). B) Quantification of bioluminescence in the lungs. S = spleen, L = lungs. Colour scale represents photons/s/cm2/steradian.
In panel A) the rib cage is delimited within the squares.
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Figure 7 Effects of silica nanoparticles on bacterial clearance and AM inflammatory responses induced by P.a. Mice primary AMs (105
cells/well) from BALs were treated ex-vivo with FITC-SiO2 (A) or unlabelled SiO2 NPs (B and C) for 5 h at 2.5 μg/cm2 (0.8 μg/well) in culture media
(RPMI) (200 μl). In selected experiments, FITC-SiO2 treated cells were fixed and cytoskeleton and nuclei stained with phalloidin–tetramethylrhodamine
(red) and DAPI (blue), respectively. Fluorescence images were collected from observation on Apotome microscope (A). After incubation with NPs,
supernatants were removed and cells (105 cells/well) challenged with PAK at MOI 0.1 (B left panel) or MOI 0.5 (B right panel and C).
After 4 h, supernatants were collected and cells were lysed in 0,1% triton X-100, conditions that allow bacterial growth. Bacterial CFU
were counted in cell lysates and supernatants (CFU super + cell lysate) as shown in B. Concentration of cytokines were measured in cells
supernatants (200 μl) from untreated cells (RPMI/RPMI), cells treated with SiO2 NPs (SiO2/RPMI), cells challenged with bacteria (RPMI/PAK)
and cells exposed to SiO2 NPs and then challenged with bacteria (SiO2/PAK). Means ± SEM of triplicates from three independent pools of
alveolar macrophages are represented. Experiments were repeated twice. (n.d.) = not detectable.

infected mice (Figure 2). Importantly, Figure 8A shows
that pre-exposure to SiO2 NPs did not significantly
modify the number of recruited neutrophils post P.a infection and neither the concentration of KC, TNFα, IL6, IL1β or IL-12 in BAL fluids. Finally and in agreement
with the capacity of NPs to alter alveolar-capillary barrier (Figure 4), we wondered whether SiO2 NPs could
enhance the damage to the alveolar-capillary barrier
during infection, potentially explaining the observed
compromised mice survival (Figure 5). This was assessed
by measuring IgM and albumin (another serum protein
with a Mr of 67 kDa) concentration in BAL fluids.
Remarkably, we observed that IgM and albumin concentrations were increased in the BALs of infected
mice pre-exposed to SiO2 NP (Figure 8B), potentially
explaining the increased susceptibility associated with
NP treatment (Figure 5).

Discussion
Toxicity associated with NP exposure has been widely
documented. For instance, it has been described that
in vitro exposure of macrophages and epithelial cells to
NPs resulted in the induction of inflammatory responses
including release of pro-inflammatory cytokines and induction of oxidative stress [33-35]. However these effects

may depend on the composition of NPs, their physicochemical properties, presence of impurities as well as on
the duration of the exposure [35,36]. Our silica NP preparations showed a relatively low pro-inflammatory activity in vitro and in vivo. Indeed, 5 h after intranasal
instillation of 5 mg/kg of SiO2 NP in mice, we did not
observe major signs of inflammation in the lungs even
when 15% of the cells in BALs (mostly macrophages)
had internalized those NPs. This is in stark contrast with
classical pro-inflammatory molecules like bacterial lipopolysaccharide (LPS). Inhalation of LPS in mice results
in acute lung inflammation characterized by elevated
levels of pro-inflammatory cytokines in BAL fluid as
soon as 3 h after administration [23]. When mice BAL
fluid were analysed 24 h after NP treatment, a very modest inflammation was induced characterized by a low
percentage of neutrophils among BAL cells (less than
10%) and a slight increase in pro-inflammatory cytokines
(Figure 2). Furthermore, incubation ex-vivo of freshly
isolated AMs with silica NPs did not induce the release
of inflammasome-dependent (IL-1β) or -independent
cytokines (TNFα, KC, IL-6, CCL5, IL-12, IL-10, INFγ)
after 5 h of incubation (data not shown). In contrast to
many previous studies our NPs are well characterized,
they are not much aggregated and bacterial LPS was
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Figure 8 Effects of silica nanoparticles on inflammatory markers and alveolar-capillar permeability alterations induced by P.a infection.
Mice were treated with SiO2 NPs (5 mg/kg;100 μg/mice) (open bar) or vehicle (close bar) and 5 h later infected with PAK (2.5x106 CFU/mice).
18 h after infection, number of neutrophils and concentration of cytokines (A), IgM and albumin (B) were measured in BALs (2 ml). Basal levels of
KC, IL-6 TNFα in non-infected mice were 31 ± 7, 18 ± 4 and 26 ± 7 pg/ml (n = 4), respectively (see Figure 2). Basal levels of IL-12 and IL-1β were
50 ± 10 pg/ml and not detectable, respectively. Basal levels of IgM in BALs from non-infected mice were 17 ± 4 ng/ml (n = 5) (Figure 4).
The dotted line in B) represents basal levels of albumin in non-infected mice. Mean ± SEM is represented from 7 to 8 mice per group,
*p < 0.05 Mann–Whitney test.

undetectable, probably explaining the very weak inflammatory effect observed.
Several studies have described the consequences of NP
exposure on immune cells in terms of cellular activation
[36,37]. However fewer have focused on the effects of
NPs on subsequent anti-microbial host defence mechanisms. We show here that acute exposure to SiO2 NPs
increased susceptibility to lethal lung pneumonia induced by P.a. Furthermore, effects of NP exposure on
bacterial clearance were minimal in contrast to previous reports which show that sequential lung exposure
to NPs and bacteria impairs lung bacterial clearance
[18,19]. For instance, Kim and co-workers showed that
instillation of Cu NPs (from 0.12 to 4 mg/kg) 24 h before infection, increased the number of K.pneumoniae
found in BALs of infected mice [18]. In another independent study, Shvedova and co-workers found that
carbon nanotube pre-exposure (2 mg/kg, 3 days before

infection) significantly decreased the pulmonary bacterial clearance of Listeria monocytogenes at days 3
and 7 post-infection despite robust inflammatory responses [19]. In contrast to our study, Cu NPs and
carbon nanotubes induced significant inflammation
‘per se’, which may have impair bacterial clearance by
mechanisms independent of AM phagocytic activity.
In addition Shvedova and co-workers have shown that
pre-exposure of AMs to carbon nanotubes reduces
their phagocytic/killing capacity toward L.monocytogenes [19]. By contrast, we show here that pre-exposure
of AM to SiO2 NPs did not modify P.a killing nor
P.a-mediated cytokine release by AM. Discrepancies
between our data and others could be due to the composition of NPs, size, shape, concentration, exposure
times or the cell type used [15,17,19,31]. In line with
our data, Witasp and co-workers showed that internalisation of mesoporous silica particles (>100 nm of diameter)
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did not alter the capacity of human-monocyte derived
macrophages to engulf apoptotic cells [38].
P.a respiratory infection is associated with lung inflammation and increased permeability of alveolocapillary barrier [39,40]. Once in the host, the bacterium
activates alveolar resident cells (AM and AEC) to produce chemokines and cytokines [41] that activate immune cells and attract inflammatory cells, including
neutrophils, to the alveolar space. Uncontrolled lung inflammation can result in increased tissue damage and
rupture of the epithelial barrier integrity with fatal consequences for the host (compromised gas-exchange). To
measure the impact of SiO2 NP exposure on inflammation and lung permeability we measured the BAL content in neutrophils and pro-inflammatory cytokines as
well as albumin and IgM concentration, the two latter
reflecting increased lung permeability. Whereas concentration of pro-inflammatory cytokines or neutrophil influx in response to P.a infection were not different
between SiO2 NP exposed or unexposed mice, concentration of albumin and IgM was higher in BAL fluids
from the former group. Interestingly, and echoing our
findings that NPs do no alter necessarily inflammatory
parameters, Swedin and co-workers found recently that
pre-exposure to carbon nanotubes did not alter lung inflammatory markers associated with a protozoan parasite
infection (Toxoplasma gondii) [42].
Although the molecular underlying mechanisms are
still unclear, we believe that increased local lung permeability and oedema explain the major susceptibility to lethal P.a infection associated with SiO2 NP pre-exposure.
Several data support this hypothesis : firstly we observed
that SiO2 NPs target alveolar epithelium 24 h post instillation (Figure 3E) and that NP instillation alone disrupted the alveolar capillary barrier (as assessed by IgM
leakage, Figure 4). Further we estimated that less than
1% of instilled NPs translocate from lung into circulation
(not shown). Secondly, no systemic effect of NP treatment was apparent, as demonstrated by the absence of
P.a translocation into the blood stream and the spleen
(Figure 6) and the absence of serum markers of systemic
tissue injury (Alanine Aminotransferase and Creatine
Kinase activities), 24 or 48 h post-infection (Additional
file 1: Figure S1).
Potentially explaining some of our results, oxidative
stress has been shown to be a key component mediating
P.a induced host-responses and lung injury [39,40].
Indeed, recent data indicate that regulation of inflammation and lung permeability could be controlled by
different molecular mechanisms. Fu and co-workers
have shown that down-regulation of NADPH-oxidase
4 (NOX4) attenuated P.a–mediated lung permeability,
without affecting inflammatory responses of infected
mice. Conversely, knockdown of NOX2 reduced P.a–
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induced cytokine output without altering lung permeability [39]. These data support the concept that lung
permeability and inflammation could be regulated by
independent mechanisms and therefore that SiO2 NPs
could preferentially affect permeability rather than
inflammation during P.a infection. In line with this, it
has been recently shown that TiO2 and SiO2 NPs
increased endothelial cell leakiness through physical
interactions with the endothelial junction protein VEcadherin and independently of the activation of proinflammatory pathways [43]. These results are in line
with our data and point towards a new mechanism of
NP toxicity based on an increase of the permeability
of epithelial/endothelial barriers and the induction of
oedema.

Conclusions
We show here that pre-exposure to SiO2 NPs increases
susceptibility of mice to a lethal dose of P.a- in an acute
model of pneumonia, independently of AM phagocytic
function. SiO2 NP pre-exposure enhanced P.a-induced alveolar permeability and oedema, rather than P.a-induced
inflammation. An increase in alveolar-capillary permeability is strongly correlated to lung injury and to an impaired
gas-exchange, which could explain the increased mortality
observed.
Methods
Synthesis and characterisation of NPs

15 nm FITC or unlabelled SiO2 NPs were synthesized as
described previously [20,21] following a slightly modified
method described by Van Blaaderen. Briefly, fluorescein
isothiocyanate (FITC) was covalently linked to 3aminopropyl-trimethoxysilane (APS) by reaction of
the amino group with the isothiocyanate group. 5 mg
of FITC was dissolved in 5 ml of 42.7 mM of APS in
ethanol. The fluorescein silane was added to 250 ml of
ethanol, 5 ml of TEOS (tetraethyl orthosilicate), 7.6 ml
of ammonium hydroxide (28%) and 10.9 ml of water.
The reaction was performed for 12 h at 50°C in the
dark under magnetic stirring. Estimation of silica concentration in the dispersion was carried out by inductively coupled plasma optical emission spectrometry
(ICP-OES) and gravimetric method. DLS values as
well as the values of zeta potential of SiO2 NPs in different media were measured by Zetasizer (nanoZS,
Malvern Instruments, USA). Endotoxin content was
measured by the QCL-1000 Endpoint Chromogenic LAL
Assay following manufactured instructions (Lonza) at
doses of SiO2 NPs that did not interfere with the assay.
Interference of NPs with the assay was measured by including a fixed quantity of NPs (20 μg) in the tubes containing different concentrations of LPS standard. Optical
density at 405 nm of the tubes containing NPs was
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compared with that of tubes without NPs for the same
LPS dose. Considering a detection limit for LAL assay of
0.1 EU/ml, we assumed the LPS contamination level in
our NPs preparations to be less than 0.25 EU/mg.
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The wild-type strain PAK, a commonly studied P.
aeruginosa strain, was obtained from S. Lory (Harvard
Medical School, Boston, MA), as originally isolated by
D. Bradley (Memorial University of Newfoundland, St.
John’s, Canada). Luminescent strain of PAK was constructed by inserting luxAB into the neutral att site of
the chromosome of strain PAK using a mini-Tn7-lux
plasmid provided by Microbiotix, in which luxAB is
driven by the lac promoter [44]. Bacteria were grown
overnight in Lysogeny Broth (LB) medium at 37°C and
then transferred to fresh medium and grown by shaking at
100 rpm for 4–5 h to mid-log phase. The culture was centrifuged at 3.000 × g and the pellet was washed and resuspended in PBS. The OD600nm was adjusted to give the
desired inoculum. Inoculum was verified by serial dilutions plated on LB agar to determine the number of
colony-forming unit (CFU). Bacterial growth of PAK and
PAK-lux strain was shown to be identical [29].

using DuoSet sandwich enzyme-linked immunosorbent
assay kits (R&D Systems). Cytokines are expressed in
pg/ml in BALs (2 ml) present in each mouse for in vivo
experiments and in pg/ml per well (105 cells/well) in
in vitro experiments.
Mouse albumin was detected by ELISA sandwich.
Briefly: Maxisorb Nunc 96-well plates were coated with
capture antibody (goat anti-mouse albumin, 1/500 dilution, Bethyl Laboratories) overnight at 4°C in carbonate/
bicarbonate buffer (Sigma). After blocking (5% skim
milk-PBS, 1 h 37°C), serial dilutions of BAL fluid or
mouse albumin standard (Sigma) in 1% skim milk-PBS
were added to the plate and plates were incubated at
37°C for 1 h. After washing, secondary antibody (goat
anti-mouse albumin coupled to HRP, Bethyl Laboratories) was added at 1/20000 dilution in 1% skim milk-PBS
and the plate was incubate at 37°C for 1 h. Excess of
antibody was washed out and TMB substrate (Sigma)
was added to develop the enzymatic reaction. After
addition of a stop solution (2 N H2SO4), the absorbance
associated with each well was measured at 450 nm in a
microplate reader.
Concentration of IgM was measured by ELISA sandwich following the same protocol as described above.
Coating was performed with a goat anti-mouse Ig antibody (1/500, Southern Biotech) and the secondary antibody was a goat anti-mouse IgM alkaline phosphatase
conjugated (1/4000, Southern Biotech). The enzymatic
reaction was developed after addition of alkaline phosphatase substrate (pNPP, Sigma) and measure of absorbance at 405 nm in a microplate reader. Purified mouse
IgM (Sigma) was used as standard.

Co-exposure of mice to NPs SiO2 and P.a

Bioluminescence measurements

Mice were anesthetized by intraperitoneal injection of a
mixture of ketamine-xylazine, and treated with SiO2 NPs
(5 mg/kg) (100 μg/mice) diluted in PBS or vehicle
(a mixture of PBS and H2O) via the intranasal route
(50 μL), as described elsewhere [32]. 5 h later, animals
were anesthetized and 50 μL of a bacterial suspension
containing 0.5 to 2.0 x 107 colony-forming units (CFU)
was administered by the intranasal route. In some mice,
survival was observed for 1 week after infection, and in
others broncho-alveolar lavage (BAL) was performed
(2 ml) after pentobarbital euthanasia 18 h after infection.
Cell counts were measured in the BAL fluids and cell
differential counts (presence of macrophages and neutrophils mainly) were determined after cytospin centrifugation and staining with Diff-Quik products. Number of
cells per BAL per mouse are represented.

Photon emission of the luminescent bacteria in the lungs
of infected mice was measured using the IVIS 100 system (Xenogen Corp., Alameda, CA) as previously described [29]. To achieve detection in C57BL/6 J mice,
chest hair was removed with a depilatory agent. 15 h
after infection, the mice were anesthetized under 2.5 %
isoflurane inhalation and photon emission is acquired by
a charge couple device (CCD) camera. A digital falsecolor photon emission image was generated. The analysis was then performed with the Living Image software
(Xenogen Corp., Alameda, CA), by defining a constant
region of interested ( ROI) corresponding to the surface
of the chest encompassing the whole lung region. The
results are expressed as number of photons/sec/ROI.

Animals

7-weeks-old male mice (strain C57BL/6 J) were obtained
from Janvier Labs (France). Animals were fed and
housed under standard conditions with air filtration and
cared for in accordance with Pasteur Institute guidelines and in compliance with European Animal Welfare
regulations.
Bacterial strains

Concentration of cytokines, albumin and IgM

Murine cytokine (TNFα, IL-6, KC, IL-12, IL1β) and
sVCAM-1 concentrations in BAL fluid were determined

Co-exposure of alveolar macrophages to SiO2 NPs and P.a

Mouse primary AM were isolated after lung bronchoalveolar lavage with PBS [23]. AM (105cells per 96-well
plate) were plated in complete RPMI medium (supplemented with 2 mM l-glutamine, 1% antibiotic, and 5%
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inactivated foetal bovine serum). After 2 h, medium was
removed and cells were incubated overnight with fresh
medium. The next day, cells were incubated with SiO2
NPs (2.5 μg/cm2; 0.8 μg/well) in incomplete RPMI
medium (without serum or antibiotic) (200 μl) for 5 h.
Then a total of 105 cells were infected with bacteria
(MOI 0.1 or 0.5). In some wells the same quantity of
bacteria were inoculated in the absence of cells to obtain
the expected bacterial growth (100%). After 4 h, supernatants (200 μl) were collected and cells were lysed with
0.1% Triton X-100 (a concentration that did not affect
PAK viability) in H2O in sequential washes to harvest
total bacteria. To quantify total viable bacteria, pooled
cell supernatants and lysates were diluted and plated on
LB agar to determine CFU scores as described previously
[32]. Potential cell toxicity after treatment was measured
by the CytoTox Non-Radioactive Cytotoxicity Assay
(Promega) that measures the percentage of cellular
lactate dehydrogenase released.
Fluorescence microscopy

Primary AM treated or not with FITC-SiO2 NPs grown
onto coverslips or cytospined cells from BAL were fixed
with formalin (10 min room temperature). After blocking (1% BSA-PBS), cells were incubated with rat IgG
anti-mouse CD45 antibody (BD Biosciences) followed by
Alexa-664-Fluor coupled secondary antibody (Invitrogen)
(membrane staining). Phalloidin–tetramethyl-rhodamine
(Sigma) was used for labelling cytoplasm. Nuclei were
stained with DAPI (Invitrogen). The preparations were
mounted with Vectashield (Dako) mounting media and
were analysed under structured illumination (ApoTome
system, Zeiss) using the corresponding filter for each
fluorochrome. Images were recovered and analysed by the
AxioVision programme and control cells (not treated with
FITC-SiO2 NPs) were included to measure fluorescence
background. Percentages of positive cells for each
preparation were obtained after counting of at least
100 cells in several fields. At least two independent experiments were performed. Representative images are
shown in Figures 3 and 7.
Flow cytometry

BAL fluids from FITC-SiO2 NPs treated mice (5 mg/kg)
were recovered 5 h post NP instillation and cells were
centrifuged at 4°C (2000 rpm, 10 min). Cells were
washed in 1% BSA-PBS buffer and incubated with
monoclonal anti-mouse CD16/32 antibody (BD Biosciences) for 15 min on ice to block Fc receptors. Cells were
then stained with a rat anti-mouse F4/80 antibody coupled
to eFluor450 (clone: BM8, eBioscience) and a hamster
anti-mouse CD11c antibody coupled to APC (clone: HL3,
BD Biosciences) (30 min, at 4°C in 1% BSA-PBS). After
washing, fluorescence associated with cells was acquired

Page 11 of 13

in a CyAn ADP cytometer (Beckman Coulter). Analysis of
data was performed using FlowJo program. FITC positive
cells were only found in the macrophage gate (named R1
in FSC/SSC dot plot). To detect FITC positive cells from
negative cells, BAL fluids from non-treated mice were
obtained and treated in parallel to determine the autofluorescence signal (characteristic of AM) from R1
population.
ALT and CK enzymatic activity in mouse serum

Alanine Aminotransferase (ALT) activity was measured
from mouse serum using ALT- activity assay kit (Sigma)
following manufacturer’s instructions. The ALT activity
is determined by a coupled enzyme assay, which results
in a fluorogenic product (λex = 535 nm; λem =587 nm),
proportional to the pyruvate generated. ALT activity is
reported as nmol/min/mL = mU/mL where one unit (U)
is defined as the amount of enzyme that generates 1
μmole of pyruvate per minute at 37°C. Creatine Kinase
(CK) activity was measured from mouse serum using
CK-activity assay kit (Ray Biotech) following manufacturer’s instructions. The CK activity is determined by a
coupled enzyme assay, which results in a colored product with strong optical density at 450 nm. CK activity is
reported as nmol/min/mL = mU/mL where one unit (U)
of CK is the amount of enzyme that will generate
1.0 μmol of NADH per minute at pH 9.0 at 37°C.
Statistical analysis

Cytokine levels, polymorphonuclear neutrophil counts,
and pathogen counts were expressed as means ± standard errors of the mean (SEM). Differences between SiO2
NPs treated and non-treated groups were assessed for
statistical significance, using Mann–Whitney test (Prism
version 6, GraphPad). Differences were considered statistically significant at p < 0.05. Survival curves were
compared with Log-Rank (Mantel-Cox) test (Prism
version 6, GraphPad).

Additional file
Additional file 1: Figure S1. Systemic toxicity of silica nanoparticles
during P.a infection. Mice were treated with SiO2 NPs (5mg/kg; 100μg/mice)
or vehicle and 5h later infected with PAK (2.5x106 CFU/mice) (‘SiO2/PAK’ and
‘PAK’ groups, respectively). A group of mice were only treated with SiO2
NPs (5mg/kg; 100μg/mice) (‘SiO2’) and another group only with vehicle
(‘vehicle’). 24h or 48h after NP instillation, Alanine Aminotransferase (ALT)
and Creatine Kinase (CK) activities were measured in the serum. Mean ±
SEM is represented from 5 mice per group.

Abbreviations
AEC: Alveolar epithelial cells; AM: Alveolar macrophages; ALT: Alanine
Aminotransferase; BAL: Broncho-alveolar lavage; CK: Creatine Kinase;
MOI: Multiplicity of infection; NPs: Nanoparticles; P.a: Pseudomonas
aeruginosa; SP-C: Surfactant protein C.

Delaval et al. Particle and Fibre Toxicology (2015) 12:1

Page 12 of 13

Competing interests
The authors declare that they have no competing interests.

superparamagnetic iron oxide nanoparticles and the fate of professional
phagocytes. Biomaterials. 2010;31:9015–22.
Tsai CY, Lu SL, Hu CW, Yeh CS, Lee GB, Lei HY. Size-dependent attenuation
of TLR9 signaling by gold nanoparticles in macrophages. J Immunol.
2012;188:68–76.
Wu HY, Chung MC, Wang CC, Huang CH, Liang HJ, Jan TR. Iron oxide
nanoparticles suppress the production of IL-1beta via the secretory lysosomal
pathway in murine microglial cells. Part Fibre Toxicol. 2013;10:46.
Prietl B, Meindl C, Roblegg E, Pieber TR, Lanzer G, Frohlich E. Nano-sized
and micro-sized polystyrene particles affect phagocyte function. Cell Biol
Toxicol. 2014;30:1–16.
Wagner AJ, Bleckmann CA, Murdock RC, Schrand AM, Schlager JJ, Hussain
SM. Cellular interaction of different forms of aluminum nanoparticles in rat
alveolar macrophages. J Phys Chem B. 2007;111:7353–9.
Liu R, Zhang X, Pu Y, Yin L, Li Y, Zhang X, et al. Small-sized titanium
dioxide nanoparticles mediate immune toxicity in rat pulmonary alveolar
macrophages in vivo. J Nanosci Nanotechnol. 2010;10:5161–9.
Kim JS, Adamcakova-Dodd A, O’Shaughnessy PT, Grassian VH, Thorne PS.
Effects of copper nanoparticle exposure on host defense in a murine
pulmonary infection model. Part Fibre Toxicol. 2011;8:29.
Shvedova AA, Fabisiak JP, Kisin ER, Murray AR, Roberts JR, Tyurina YY, et al.
Sequential exposure to carbon nanotubes and bacteria enhances pulmonary
inflammation and infectivity. Am J Respir Cell Mol Biol. 2008;38:579–90.
Vranic S, Boggetto N, Contremoulins V, Mornet S, Reinhardt N, Marano F,
et al. Deciphering the mechanisms of cellular uptake of engineered
nanoparticles by accurate evaluation of internalization using imaging flow
cytometry. Part Fibre Toxicol. 2013;10:2.
Vranic S, Garcia-Verdugo I, Darnis C, Sallenave JM, Boggetto N, Marano F,
et al. Internalization of SiO(2) nanoparticles by alveolar macrophages and
lung epithelial cells and its modulation by the lung surfactant substitute
Curosurf. Environ Sci Pollut Res Int. 2013;20:2761–70.
Smulders S, Kaiser JP, Zuin S, Van Landuyt KL, Golanski L, Vanoirbeek J, et al.
Contamination of nanoparticles by endotoxin: evaluation of different test
methods. Part Fibre Toxicol. 2012;9:41.
de Moraes VL G, Singer M, Vargaftig BB, Chignard M. Effects of rolipram on
cyclic AMP levels in alveolar macrophages and lipopolysaccharide-induced
inflammation in mouse lung. Br J Pharmacol. 1998;123:631–6.
Kantrow SP, Shen Z, Jagneaux T, Zhang P, Nelson S. Neutrophil-mediated
lung permeability and host defense proteins. Am J Physiol Lung Cell Mol
Physiol. 2009;297:L738–45.
Hallstrand TS, Hackett TL, Altemeier WA, Matute-Bello G, Hansbro PM,
Knight DA. Airway epithelial regulation of pulmonary immune homeostasis
and inflammation. Clin Immunol. 2014;151:1–15.
Johnston LK, Rims CR, Gill SE, McGuire JK, Manicone AM. Pulmonary
macrophage subpopulations in the induction and resolution of acute lung
injury. Am J Respir Cell Mol Biol. 2012;47:417–26.
Matute-Bello G, Downey G, Moore BB, Groshong SD, Matthay MA, Slutsky
AS, et al. An official American Thoracic Society workshop report: features
and measurements of experimental acute lung injury in animals. Am J
Respir Cell Mol Biol. 2011;44:725–38.
Liu Y, Di ME, Chu HW, Liu X, Wang L, Wenzel S, et al. Increased susceptibility
to pulmonary Pseudomonas infection in Splunc1 knockout mice. J
Immunol. 2013;191:4259–68.
Ramphal R, Balloy V, Jyot J, Verma A, Si-Tahar M, Chignard M. Control of
Pseudomonas aeruginosa in the lung requires the recognition of either
lipopolysaccharide or flagellin. J Immunol. 2008;181:586–92.
Veliz Rodriguez T, Moalli F, Polentarutti N, Paroni M, Bonavita E, Anselmo A,
et al. Role of Toll interleukin-1 receptor (IL-1R) 8, a negative regulator of
IL-1R/Toll-like receptor signaling, in resistance to acute Pseudomonas
aeruginosa lung infection. Infect Immun. 2012;80:100–9.
Braydich-Stolle LK, Speshock JL, Castle A, Smith M, Murdock RC, Hussain SM.
Nanosized aluminum altered immune function. ACS Nano. 2010;4:3661–70.
Descamps D, Le Gars M, Balloy V, Barbier D, Maschalidi S, Tohme M, et al.
Toll-like receptor 5 (TLR5), IL-1beta secretion, and asparagine endopeptidase
are critical factors for alveolar macrophage phagocytosis and bacterial
killing. Proc Natl Acad Sci U S A. 2012;109:1619–24.
Guadagnini R, Moreau K, Hussain S, Marano F, Boland S. Toxicity evaluation
of engineered nanoparticles for medical applications using pulmonary
epithelial cells. Nanotoxicology. 2013. doi:10.3109/17435390.2013.855830.
Marano F, Hussain S, Rodrigues-Lima F, Baeza-Squiban A, Boland S. Nanoparticles:
molecular targets and cell signalling. Arch Toxicol. 2011;85:733–41.

13.
Authors’ contributions
MD, SB and BS carried out the experimental work, analysed the data and
drafted the manuscript. MAN carried out the bioluminescence assays
including analyse and interpretation. SM performed the synthesis of NPs and
provided characterisation. ABS and JMS participated in the design of the
study and critically reviewed the manuscript and gave their intellectual input.
IGV conceived the study, and participated in its design and coordination and
helped to draft the manuscript. All authors read and approved the final
manuscript.
Acknowledgments
We thank investigators from the platform of ‘Imagerie Dynamique’ at Institut
Pasteur for their support in the bioluminiscence studies and the Apotome
microscopy (special thanks go to Emmanuelle Perret). We also thank
Professor Ruben Ramphal for providing us the bioluminescent P.a PAK strain.
This work was supported by the INSERM, Université Paris 7 Diderot and
ANSES EST 2010/2/79 project.

14.

15.

16.

17.

18.

19.
Author details
1
Univ Paris Diderot. Sorbone Paris Cité. Unit of Functional and Adaptive
Biology (BFA) UMR 8251, CNRS, Laboratory of Molecular and Cellular
Responses to Xenobiotics, 5 rue Thomas Mann, 75013 Paris, France. 2Unité
de Défense Innée et Inflammation, Institut Pasteur, 25 rue du Dr Roux, 75015
Paris, France. 3INSERM U874, Institut Pasteur, 25 rue du Dr Roux, 75015 Paris,
France. 4INSERM U1152, Faculté de Médicine site Bichat, Université Paris
Diderot, 16, rue Henri Huchard, 75018 Paris, France. 5Plateforme d’imagerie
dynamique, Institut Pasteur, 25 rue du Dr Roux, 75015 Paris, France. 6CNRS,
Univ. Bordeaux, ICMCB, UPR 9048, 87 Avenue du Docteur A. Schweitzer,
Pessac cedex F-33600, France. 7Université Sorbonne Paris Cité, Cellule
Pasteur, Université Paris Diderot, rue du Dr Roux, 75015 Paris, France.

20.

21.

22.

Received: 23 April 2014 Accepted: 24 December 2014

23.

References
1. Tang L, Cheng J. Nonporous Silica Nanoparticles for Nanomedicine
Application. Nano Today. 2013;8:290–312.
2. Oberdorster G, Oberdorster E, Oberdorster J. Nanotoxicology: an emerging
discipline evolving from studies of ultrafine particles. Environ Health
Perspect. 2005;113:823–39.
3. Lovewell RR, Patankar YR, Berwin BL. Mechanisms of phagocytosis and host
clearance of Pseudomonas aeruginosa. Am J Physiol Lung Cell Mol Physiol.
2014;306:L591–603.
4. Aderem A, Underhill DM. Mechanisms of phagocytosis in macrophages.
Annu Rev Immunol. 1999;17:593–623.
5. Chastre J, Fagon JY. Ventilator-associated pneumonia. Am J Respir Crit Care
Med. 2002;165:867–903.
6. Gaspar MC, Couet W, Olivier JC, Pais AA, Sousa JJ. Pseudomonas aeruginosa
infection in cystic fibrosis lung disease and new perspectives of treatment:
a review. Eur J Clin Microbiol Infect Dis. 2013;32:1231–52.
7. Lavoie EG, Wangdi T, Kazmierczak BI. Innate immune responses to
Pseudomonas aeruginosa infection. Microbes Infect. 2011;13:1133–45.
8. Anas A, Jiya J, Rameez MJ, Anand PB, Anantharaman MR, Nair S. Sequential
interactions of silver-silica nanocomposite (Ag-SiO2 NC) with cell wall,
metabolism and genetic stability of Pseudomonas aeruginosa, a multiple
antibiotic-resistant bacterium. Lett Appl Microbiol. 2013;56:57–62.
9. Carpenter AW, Slomberg DL, Rao KS, Schoenfisch MH. Influence of scaffold
size on bactericidal activity of nitric oxide-releasing silica nanoparticles. ACS
Nano. 2011;5:7235–44.
10. Geiser M, Rothen-Rutishauser B, Kapp N, Schurch S, Kreyling W, Schulz H,
et al. Ultrafine particles cross cellular membranes by nonphagocytic
mechanisms in lungs and in cultured cells. Environ Health Perspect.
2005;113:1555–60.
11. Mu Q, Hondow NS, Krzeminski L, Brown AP, Jeuken LJ, Routledge MN.
Mechanism of cellular uptake of genotoxic silica nanoparticles. Part Fibre
Toxicol. 2012;9:29.
12. Lunov O, Syrovets T, Rocker C, Tron K, Nienhaus GU, Rasche V, et al.
Lysosomal degradation of the carboxydextran shell of coated

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

Delaval et al. Particle and Fibre Toxicology (2015) 12:1

Page 13 of 13

35. Napierska D, Thomassen LC, Lison D, Martens JA, Hoet PH. The nanosilica
hazard: another variable entity. Part Fibre Toxicol. 2010;7:39.
36. Roy R, Kumar S, Tripathi A, Das M, Dwivedi PD. Interactive threats of
nanoparticles to the biological system. Immunol Lett. 2013;158:79–87.
37. Zolnik BS, Gonzalez-Fernandez A, Sadrieh N, Dobrovolskaia MA. Nanoparticles
and the immune system. Endocrinology. 2010;151:458–65.
38. Witasp E, Kupferschmidt N, Bengtsson L, Hultenby K, Smedman C, Paulie S,
et al. Efficient internalization of mesoporous silica particles of different sizes
by primary human macrophages without impairment of macrophage
clearance of apoptotic or antibody-opsonized target cells. Toxicol Appl
Pharmacol. 2009;239:306–19.
39. Fu P, Mohan V, Mansoor S, Tiruppathi C, Sadikot RT, Natarajan V. Role of
nicotinamide adenine dinucleotide phosphate-reduced oxidase proteins in
Pseudomonas aeruginosa-induced lung inflammation and permeability. Am
J Respir Cell Mol Biol. 2013;48:477–88.
40. Suntres ZE, Omri A, Shek PN. Pseudomonas aeruginosa-induced lung injury:
role of oxidative stress. Microb Pathog. 2002;32:27–34.
41. Raoust E, Balloy V, Garcia-Verdugo I, Touqui L, Ramphal R, Chignard M.
Pseudomonas aeruginosa LPS or flagellin are sufficient to activate TLR-dependent
signaling in murine alveolar macrophages and airway epithelial cells. PLoS One.
2009;4:e7259.
42. Swedin L, Arrighi R, Andersson-Willman B, Murray A, Chen Y, Karlsson MC,
et al. Pulmonary exposure to single-walled carbon nanotubes does not
affect the early immune response against Toxoplasma gondii. Part Fibre
Toxicol. 2012;9:16.
43. Setyawati MI, Tay CY, Chia SL, Goh SL, Fang W, Neo MJ, et al. Titanium
dioxide nanomaterials cause endothelial cell leakiness by disrupting the
homophilic interaction of VE-cadherin. Nat Commun. 2013;4:1673.
44. Moir DT, Ming D, Opperman T, Schweizer HP, Bowlin TL. A high-throughput,
homogeneous, bioluminescent assay for Pseudomonas aeruginosa gyrase
inhibitors and other DNA-damaging agents. J Biomol Screen. 2007;12:855–64.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

