
Abstract. Background: Human exposure to engineered
nanoparticles has been linked to pleural effusion,
inflammation and fibrosis. Silver nanoparticles (AgNPs) are
widely used in medical and domestic products, increasing the
risk of occupational and domestic exposure. We assessed the
influence of AgNPs on adhesion and proliferation of sheep
primary pleural mesothelial cells. Materials and Methods:
Cells were used for cell adhesion (90 min) and proliferation
experiments (3 days) while exposed to 20 nm and 60 nm
AgNPs (0.2 μg/ml and 2 μg/ml) using colorimetric assays.
Results: Exposure to 0.2 μg/ml of 20 nm and 60 nm AgNPs
significantly increased cell adhesion, while at 2 μg/ml this
effect was not elicited. Cell proliferation was significantly
increased by both 20 nm and 60 nm AgNPs at 0.2 μg/ml,
while at 2 μg/ml this effect was only elicited by the 60 nm
AgNPs. Conclusion: AgNPs alter the adhesive and
proliferative properties of primary pleural mesothelial cells. 

Exposure to engineered nanoparticles (NPs) may damage the
lungs and the pleura inducing inflammation, fibrosis and
cancer (1). Mouse studies showed that inhaled carbon
nanotubes reach the sub-pleural tissue and promote pleural
inflammation and fibrosis, while direct intrapleural injection
of carbon nanotubes leads to pleural inflammation and
progressive fibrosis of the parietal pleura (2, 3). These results
suggest that NPs can exert asbestos-like detrimental effects,

with similar pathogenic manifestations and risk for
mesothelioma development (4). 

There are already a few clinical reports regarding NP-
induced pleural pathology. A case series showed that
inhalation exposure of factory workers to polyacrylate/
nanosilica NPs resulted in pleural effusion and foreign body
granulomas (5). A subsequent analysis of pleural fluid
samples from the exposed workers further strengthened the
notion that exposure to NPs promotes pleural effusion
development, since polyacrylate/nanosilica NPs were
detected in their pleural fluid and corresponding lung
biopsies (6). 

Based on the above, studies on silver nanoparticles
(AgNPs) in the pleura are of particular interest for two
reasons. Firstly, they are vastly produced and used in a large
number of consumer products and medical devices, thus,
increasing the probability of occupational and consumer
exposure (7). A mouse study evaluating the pleural effects of
AgNPs showed that a single intrapleural injection of silver
nanofibers promoted acute pleural inflammation and
subsequent fibrosis when their length was beyond 4 μm (8).
We previously reported that ex vivo exposure of sheep pleura
to spherical AgNPs of 20 and 60 nm (2 μg/ml) increased
membrane permeability after 30 min of pre-incubation, while
longer in vitro exposure (24 h) had the opposite effects,
reducing the permeability of monolayers of sheep primary
pleural mesothelial cells (9). Secondly, silver nitrate is an
agent that has been clinically used to induce chemical
pleurodesis in patients with malignant pleural effusions and
therefore silver can exert toxic effects on the pleura by
inducing inflammation and fibrosis, especially when given in
low doses (10). In animal studies, it has been described that
after silver nitrate-induced injury, focal re-mesothelialization
occurs (11). Therefore, mesothelial cell functions such as cell
adhesion and proliferation are pivotal for the repair of such
an injury. Thus, the scope of the current report was to assess
the in vitro effects of AgNPs on adhesion and proliferation of
sheep primary mesothelial cells. 
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Materials and Methods
Nanoparticle treatments. AgNPs of 20 and 60 nm in diameter (#730793
and 730815 respectively) were obtained from Sigma-Aldrich,
Darmstadt, Germany. They were monodisperse, spherical and stabilized
in aqueous sodium citrate solution. Prior to experiment, AgNPs were
vortexed for 5 min and re-suspended at final concentrations of 0.2
μg/ml or 2 μg/ml in 10% fetal bovine serum (FBS)-RPMI cell culture
medium. The corresponding controls were aqueous solutions of 0.02
mM or 0.2 mM sodium citrate in RPMI medium. Plastic cell culture
surfaces were treated for 30 min with fibronectin (FN) solution (50
μg/ml; Calbiochem, San Diego, CA, USA). 

Cell culture. Sheep primary pleural mesothelial cells were isolated
from specimens of intact visceral sheep pleura obtained from the
local slaughterhouse immediately after the death of the animal.
Pieces of approximately 2 cm2 were washed with phosphate-
buffered saline (PBS) and transported to the laboratory in 10% FBS-
RPMI medium supplemented with 5% antibiotics and 1% L-
glutamine. They were placed in sterile FN-coated petri dishes on
top of five areas where the plastic was incised with a scalpel and
filled with 3 ml of 10% FBS-RPMI medium (supplemented with 1%
penicillin/streptomycin and 1% L-glutamine) and placed in a
humidified incubator (37˚C and 5% CO2). Cell medium was
changed the next day and then every third day. Pleural specimens
were discarded after 6 days. 

Cell adhesion assay. For cell adhesion experiments, sheep primary
pleural mesothelial cells were serum starved (0.5% FBS-RPMI
medium) for 24 h, harvested and re-suspended in RPMI medium with
20 nm or 60 nm AgNPs at 0.2 μg/ml and 2 μg/ml concentrations.
Cells were seeded in FN-coated 48-well plates (2.5×104 cells/well),
and allowed to adhere for 3 h at 37˚C in a humidified incubator with
5% CO2. After a warm PBS wash for removal of unattached cells,
adherent cells were fixed with 4% paraformaldehyde, stained with
0.5% crystal violet for 15 min and subsequently the stain was
aspirated followed by washing the plate in running tap water. The
stain was then extracted by 20 min incubation with 10% acetic acid
and the optical density (OD) was measured at 570 nm. The
experiment was repeated twice with six replicates. 

Cell proliferation assay. For cell proliferation experiments, sheep
primary pleural mesothelial cells were serum starved (0.5% FBS-
RPMI medium) for 24 hours, harvested and re-suspended in RPMI
medium with 20 nm or 60 nm AgNPs at 0.2 μg/ml and 2 μg/ml
concentrations. Cells were plated on FN-coated 96 well-plates (104
cells/well). Proliferation was examined at days 0, 1, 2 and 3 after
seeding. At each time point the medium was removed; cells were
washed with PBS and fixed with 4% paraformaldehyde followed by
staining with 0.5% crystal violet for 15 min. The stain was then
aspirated and the plates were washed with running tap water and
dried overnight. Subsequently, they were de-stained with 10% acetic
acid and the number of proliferating cells was quantitatively
reflected by O.D. values measured at 570 nm by spectrophotometry.
The experiment was repeated twice with six replicates.

Statistical analyses. Statistical analysis was performed using
GraphPad Prism 7, La Jolla, CA, USA. Data are expressed as the
mean±S.E.M. One-way ANOVA with Tukey’s multiple comparisons
test or two-way ANOVA with Bonferroni post-test was used where
appropriate. Values of p<0.05 were deemed significant.

Results

Exposure of sheep primary pleural mesothelial cells to 
0.2 μg/ml 20 nm and 60 nm AgNPs increased cell adhesion
compared to controls (p<0.05 and p<0.001, respectively).
The effect was more pronounced in the group treated with
60 nm AgNPs compared to the 20 nm AgNPs group (Figure
1A; p<0.01). Contrary to these results, when sheep primary
pleural mesothelial cells were exposed to 2 μg/ml of 20 nm
or 60 nm AgNPs, no significant differences were observed
(Figure 1B). 

In cell proliferation experiments, 20 nm AgNPs at a
concentration of 0.2 μg/ml significantly increased cell
proliferation on days 2 and 3 compared to controls (p<0.001
in both days), while 60 nm AgNPs significantly increased
cell proliferation from day 1 (p<0.05) through days 2 and 3
(p<0.001 both days). Finally, there was a significant
difference (p<0.05) between the effect on cell proliferation
of cells exposed to 60 nm AgNPs, which was higher
compared to AgNPs of 20 nm (Figure 2A). The higher
concentration of AgNPs (2 μg/ml) significantly increased cell
proliferation only of cells treated with 60 nm AgNPs. As
shown in Figure 2B, at days 2 and 3, there was significantly
higher cell proliferation of cells exposed to 60 nm AgNPs as
compared both to controls (p<0.001 in both days) and cells
treated with 20 nm AgNPs (p<0.001 both days). 

Discussion

AgNPs have unique properties that render them suitable for
broad use in medical and consumer applications and therefore
they are intensely investigated for potential health-related
hazards. In this study, we investigated the effects of AgNPs
on the adhesive and proliferative properties of sheep primary
pleural mesothelial cells. Inhalation exposure of humans to
around 30 nm polyacrylate/silica NPs has provided evidence
that they reach the pleural space and can promote
inflammation and fibrosis (5, 6). Currently, as far as we are
aware of, no studies on the effects of AgNPs on mesothelial
cell adhesion and proliferation are available to compare our
results with. A study similar to ours, showed that exposure to
high concentrations (100 μg/ml) of titanium dioxide NPs
reduced adhesion of H441 cells (Clara-like cells) to FN, while
lower concentrations (10 μg/ml) had no effect (12). In our
study, we used 50- and 5-fold lower concentrations, finding
increased adhesion at 0.2 μg/ml and no effects at 2 μg/ml.
AgNPs have been described to have hormetic effects (i.e.
opposite effects of the same NP at low and high
concentrations) and this, as well as the different nature of NPs
used in the two studies, could explain the differences in cell
adhesion mentioned above (13). In addition, one should take
into account that different types of NPs may have completely
different effects at the same sizes and concentrations (14).
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Our findings could be due to NP-mediated disruption of the
microtubule network resulting in stronger substrate adhesion,
a mechanism described in oral mucosa cells exposed to silica,
titanium and hydroxyapatite NPs (15). 

An increase in cell proliferation after exposure to AgNPs
has been described in primary cultures of rat coronary
endothelial cells where 45 nm AgNPs were shown to have
dual effects (16). More specifically, low concentrations of
AgNPs ranging from 1.0 to 10 μg/ml inhibited cell
proliferation, while concentrations of 50 to 100 μg/ml
increased it. This is another example of hormetic effects
caused by exposure to AgNPs (13, 16). In our study, AgNPs
of 20 nm stimulated sheep primary pleural mesothelial cell
proliferation only at very low concentrations (0.2 μg/ml),
while 60 nm AgNPS stimulated proliferation at both
concentrations tested. On the other hand, several studies on

various benign and malignant cell lines have reported
antiproliferative effects of AgNPs that are more prominent
with small size NPs (17, 18). We previously showed that the
effects of AgNPs on the permeability properties of sheep
primary pleural mesothelial cell monolayers are significantly
more pronounced compared to a human pleural mesothelial
cell line monolayer, suggestive of the notion that results
obtained from primary cell cultures and cell lines may be
significantly different under the same experimental conditions
(9). Overall it is important to note that spherical metallic NPs,
such as the ones we used in our study, can pass rapidly into
the circulation and therefore low concentration like those we
used in our study would be of clinical relevance (19). 

In summary, we showed that at low concentrations 
(0.2 μg/ml) 20 nm and 60 nm AgNPs increased cell adhesion
and proliferation of sheep primary pleural mesothelial cells,
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Figure 1. Cell adhesion (mean±SEM) of sheep primary pleural mesothelial cells after exposure to silver nanoparticles (AgNP). Cells were exposed
to 0.02 mM sodium citrate (Control; n=12), or 0.2 μg/ml (A) or 2 μg/ml (B) AgNPs of 20 nm (n=12) and 60 nm (n=12) for 3 h then cell adhesion
was determined and expressed as a percentage of the control. Significantly different at *p<0.05, ***p<0.001 and ##p<0.01. ns: Not significantly
different.

Figure 2. Cell proliferation of sheep primary pleural mesothelial cells was assessed for 3 days after exposure to 0.02 mM sodium citrate (Control;
n=15), or 0.2 μg/ml (n=15) (A) or 2 μg/ml (B) AgNPs of 20 nm and 60 nm (n=15). Cells were stained with crystal violet and the optical density
(OD) of the extracted dye measured. Significantly different at *p<0.05 and ***p<0.001 comparison versus control, and #p<0.05 and ###p<0.001
versus 20 nm AgNPs (B). 



with 60 nm AgNPs having more pronounced effects. At higher
concentration (2 μg/ml), 20 and 60 nm AgNPs had no effect
on cell adhesion and only the 60 nm AgNPs significantly
increased cell proliferation. Inhaled NPs can reach the pleural
space and therefore the pathophysiological significance of our
findings should be further investigated. 
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