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Silver nanoparticles (AgNPs) exhibit unique physicochemical properties, making these nanomaterials attractive for
various medical applications. Among them, AgNPs have shown great potential in the treatment of cancer by inducing
apoptosis in cancer cells, inhibiting tumor growth, and enhancing the efficacy of conventional cancer treatments such as
chemotherapy and radiation therapy. Despite the promising therapeutical advantage of AgNPs, there are several challenges
that need to be addressed. One of the most important is AgNPs’ toxicity, which in case of treatment might be extended
to non-cancerous cells and tissues. In our study, we therefore investigated the effects of spherical AgNPs with the silver
core size of 10, 30, and 45 nm coated with polyacrylic acid (PAA-AgNPs) in an in vitro model using cancer (A549) and
non-cancer (HEL299) cells. We estimated the impact of these nanoparticles on cell viability, cell proliferation, and cell
actin cytoskeleton remodeling. Moreover, changes in the expression of TNFA, IL-10, FN1, and SOD1 mRNA induced by
PAA-AgNPs were determined. Our results suggest that the smallest (10 nm) PAA-AgNPs are the most effective in apoptosis
induction, however, they are also the most toxic from the three AgNPs types to both, cancer and non-cancer cells, while
bigger (30 and 45 nm) PAA-AgNPs showed fewer undesirable effects in these pulmonary cells.
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Nanotechnologies offering particles in the nanoscale range
are predetermined for applications in medicine [1, 2]. To
make this vision successful and safe for a patient, it is neces-
sary to understand how nanoparticles behave in the living
organism and how living organisms respond to the nanopar-
ticles. Lungs, as major organs of the respiratory system with
their air-blood barrier, represent a direct connection between
the inhaled air and the alveoli enabling gas exchange. An
important link between the oxygen-containing atmosphere
and the working tissues consuming oxygen is blood circula-
tion sending blood to the lungs to become oxygenated. This
might be one of the reasons why lungs belong to organs with
considerable nanoparticle accumulation [3]. Nanoparticles
delivered to the lung may increase the activity of factors
mediating inflammatory and fibrogenic processes [4, 5]. For
regulation of the inflammatory processes within the lung,
counterplay between TNFA (tumor necrosis factor alpha) as a
master proinflammatory cytokine and IL-10 (interleukin 10)
as its inhibitor has been identified as an essential part of the
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pulmonary immune response [6]. The toxicity of AgNPs has
been mainly attributed to the reactive oxygen species induc-
tion in eukaryotic cells [7], however these mechanisms are
to be confirmed in mammalian cells [8]. Nevertheless, an
increase in SOD1 (superoxide dismutase 1) and SOD2 (super-
oxide dismutase 2) has been detected in cerebral myelin as a
consequence of AgNPs exposure confirming oxidative stress a
mechanism of AgNPs-induced neurotoxicity [9]. On the other
hand, nanomaterials are being engineered to serve medical
purposes including therapies for pulmonary diseases [10,
11]. Nanoparticles from noble metals gained great attention
thanks to their photothermal and optical properties, which
allow for simultaneous diagnostic and therapeutic possibili-
ties [12]. An attractive group of engineered nanomaterials
is antimicrobial agents combating infections, with silver
nanoparticles (AgNPs) as a leading nanomaterial type [13,
14]. Thanks to the excellent antibiotic activity of AgNPs, they
are added to a number of medical devices including implants,
dressings, surgical tools, catheters, prosthetic devices, and
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dental products [15, 16]. Due to their unique physico-
chemical properties, also the use of AgNPs for targeted drug
delivery and imaging for the diagnosis and treatment of
cancer has been intensively investigated [17-20]. Concerning
lung cancer, AgNPs have been shown to inhibit the growth of
lung cancer cells and the growth of lung xenograft tumors in
immunodeficient mice [21]. The newest research reveals that
the anticancer effect of AgNPs on lung cancer cells may lie in
the enhancement of apoptosis in these cells [22]. To follow the
progress of anticancer approaches to lung cancer, the effects of
AgNPs on non-cancer lung cells should be recognized on the
background of their action towards cancer cells. In line with
this, the aim of this study was to estimate the biological effects
of AgNPs with different core sizes (10 nm-PAA-AgNPs(10),
30 nm-PAA-AgNPs(30), 45 nm-PAA-AgNPs(45)) coated
with polyacrylic acid (PAA) on cancer (A549) and non-cancer
(HEL299) pulmonary cells in vitro. We have estimated the
cytotoxicity of PAA-AgNPs, effects on the proliferation
activity of cells, impact on cell cycle, as well as nanoparticle-
induced mRNA expression, and compared these effects in
both A549 and HEL299 cell lines. Short- (5 h) and long- term
(24 h) exposure was investigated in order to detect early as
well as later PAA-AgNPs-induced TNFA, IL-10, FNI (fibro-
nectin), and SODI mRNA expression. Eventually, the stability
of the actin cytoskeleton after PAA-AgNPs exposure has been
compared between A549 and HEL299 cells.

Materials and methods

Cell culture and cultivation. The human lung adenocar-
cinoma epithelial A549 (ATCC® CCL-185™) cells were culti-
vated in DMEM low glucose medium supplemented with
10% FBS and 1% penicillin-streptomycin. HEL299 (CLS
#300193), human embryo lung cells, were cultivated in MEM
supplemented with 10% FBS, 1% penicillin-streptomycin,
1% non-essential amino acids, and 1% sodium pyruvate.
Both cell cultures were maintained in a sterile humidified
incubator (5% CO,, 37°C). All media and supplements were
from Gibco.

Synthesis of AgNPs with various sizes. For the synthesis
of AgNPs stabilized by polyacrylic acid, silver nitrate (99.9%,
Sigma-Aldrich), ammonia (p.a., 27% [w/w] aqueous solution,
Sigma-Aldrich), sodium hydroxide (p.a., Lachema, Czech
Republic), polyacrylic acid (PAA, M.W.100 000; 35% (w/w)
aqueous solution, Sigma Aldrich), D-(+)-maltose monohy-
drate (p.a., Sigma-Aldrich), and NaBH, (p.a., Sigma-Aldrich)
were used without further purification. The solutions were
prepared using deionized water (18 MQ-cm, Millipore).
PAA-AgNPs were synthesized according to a previously
reported procedure using a Tollens reaction with slight
modification in PAA concentration [23]. The Tollens reaction
consists of the reduction of the complex cation [Ag(NH,),]*
by D-maltose in an alkaline medium. The reaction mixture
was prepared by the addition of AgNO; and NH, solutions
at final concentrations of 10~ mol/l and 5x10~* mol/l, respec-

tively. After that, pH of the reaction system was adjusted to
11 by the addition of NaOH solution at a final concentration
of 0.01 mol/l. The reduction was initiated by the addition of
maltose (0.01 mol/l final concentration). AgNPs with various
sizes of 30 nm and 45 nm were prepared by the modifica-
tion of the aforementioned Tollens process by the addition
of a long-chain PAA into the reaction mixture. The PAA
solution was added before the addition of the maltose at
desired volume to achieve the final PAA concentrations of
107 mol/l for 30 nm sized PAA-AgNPs and 2.5x10~° mol/l
for 45 nm sized PAA-AgNPs. The final and stable pH of the
prepared silver colloids was 10.5 (for 107! mol/l PAA) and 10
(for 2.5x10° mol/l PAA), respectively.

In the case of the synthesis of 10 nm sized PAA-AgNPs, the
strong reducing agent NaBH, was used instead of maltose.
The final concentration of AgNO; and NH, was the same and
the final concentration of PAA was 2.5x107° mol/l. No NaOH
solution had to be added to the reaction system and the final
and stable pH of the reaction mixture was 8. The reaction
was initiated by the rapid addition of NaBH, solution at
a final concentration of 10 mol/l. All AgNP syntheses
were performed at laboratory temperature (~25°C),
under vigorous stirring. All the PAA-AgNPs colloids were
characterized and used for cytotoxicity evaluations in the
form as they were synthesized. The average sizes and size
distributions of the prepared AgNPs were determined by
dynamic light scattering (DLS) using the Zetasizer Nano ZS
(Malvern). The nanodimensions of the synthesized AgNPs
were confirmed by transmission electron microscopy using
the JEM-2010 (Jeol) and by UV-Vis absorption spectroscopy
with the Specord S 600 spectrophotometer (Analytik Jena
AG). For UV-Vis spectroscopy measurements, silver colloids
were 10 times diluted with distilled water.

MTT. A549 or HEL299 cells (1x10*and 2x10* cells/well,
respectively) were seeded onto the 96-well plate in a serum-
free medium for 16 hours. The medium was then replaced
with a 2% FBS medium containing AgNPs at the defined
concentrations. After 24 h incubation with AgNPs, the
medium was replaced with 150 ul of a medium containing
0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT; Sigma-Aldrich). After 3 h, formazan
crystals were dissolved with 100 ul of dimethyl sulfoxide
(Centralchem) and absorbance was measured at 540 nm on
X-mark (Bio-Rad).

Proliferation assay. A549 or HEL299 cells (5x10° and
1x10* cells/well, respectively) were seeded onto the 96-well
plate in a 10% FBS medium containing AgNPs for 48 h.
Every 30 min, the confluency was measured using a live cell
analyzer Juli-FL (NanoEnTek).

Apoptosis and cell cycle analysis. A549 or HEL299 cells
(2x10° and 3x10° cells/well, respectively) were seeded onto
the 6-well plate in a serum-free medium for 6 h and then
incubated with 10% medium containing AgNPs at the defined
concentrations for 24 h. Cells were trypsinized, centrifuged
for 5 min at 250xg, and washed with ice-cold PBS. Pellet was
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divided into two equal parts for measurement of apoptosis
and cell cycle. For apoptosis, samples were processed using
a kit CF°488A Annexin V and PI Apoptosis Kit (Biotium).
For the cell cycle, cells were incubated with Triton-X100 and
0.5mg/ml RNase A (Sigma-Aldrich) in the dark for 20 min
at 37°C, then 6 ug/ml propidium iodide (Sigma-Aldrich) was
added. The cell cycle was analyzed using the BD FACSCanto™
II flow cytometry system (BD Biosciences) and evaluated
using FCS Express software (De Novo Software).

PCR. A549 or HEL299 cells (3x10° cells/well) were seeded
onto the 6-well plate in a serum-free medium for 6 h and
then incubated with a 10% medium containing AgNPs
at the defined concentrations for 5 h and 24 h. Total RNA
was isolated using TRIreagent (Sigma), residual DNA was
removed by using DNase I, RNase-free (Thermo Scientific™),
and RNA was transcribed into the cDNA using the RevertAid
First Strand cDNA Synthesis Kit (Thermo Scientific™). Real-
time PCR was performed using ampliTune® qPCR EvaGreen®
Mix (Selecta Biotech SE) in an AriaMx real-time PCR cycler
(Agilent). Primer sequences used are listed in Table 1. Gene
expression was calculated using the 274" method.

Immunocytochemistry. Cells (HEL299 or A549) were
seeded onto 10 mm cover glasses (4x10* cells/glass). After
incubation with nanoparticles for 24 h, cells were washed
with PBS and fixed with 4% paraformaldehyde for 15 min.
The cytoskeleton of the cells was stained with Phalloidin
Alexa Fluor 546 conjugated antibody (Cat. No. A22283, Life
Technologies) and nuclei were counterstained with DAPI.
For the analysis of the cell actin cytoskeleton, a fluorescence
microscope (MetaSystems, Alogo, Ltd.) with Zeiss Axio
Imager.Z2 and ISIS software were used. Measurements were
analyzed using Image] software.

Statistical analysis. At least three independent experi-
ments (N=3) performed in duplicates (n=6) were used
to determine the statistical significance in this study. The
Shapiro-Wilk test was used to determine normal distribu-
tion. In a normal distribution, an unpaired t-test was used
to determine the statistical significance. The nonparametric
Mann-Whitney test was used in the case of a non-Gaussian
distribution. GraphPad Prism was used to determine the
statistical significance. Results represent means + SEM.
Differences were considered significant ata *p<0.05, **p<0.01
or **p<0.001.

Results

Synthesis and characterization of PAA-AgNPs. AgNPs
with sizes of 30 nm and 45 nm were prepared by adapting
the modified Tollens process using PAA at different concen-
trations and maltose as a reducing agent. In the case of
reduction using NaBH,, AgNPs with an average size of 10
nm were prepared (Figure 1A). The average particle size
of AgNPs prepared at different concentrations of PAA and
with different reducing agents in the reaction system was
monitored by DLS and by recording the absorption spectra.

The size of the prepared NPs was subsequently confirmed by
electron microscopy. PAA proved to be a very effective tool
for controlling the size of the prepared silver NPs reduced by
maltose, even at very low PAA concentrations, as published
in earlier work [23]. In the absence of PAA, the reaction
yielded AgNPs with an average size of 28 nm. In the presence
of PAA at a very low concentration of 10'° mol/l, the average
size increased only slightly to 30 nm (Figure 1B). Such an
extremely low concentration of PAA has only a minimal
impact on the final size of the AgNPs. In the case of a higher
PAA concentration of 2.5x10™ mol/l, larger particles were
prepared with an average size of 45 nm (Figure 1C). The
changes in the sizes of the prepared AgNPs depending on
the concentration of PAA and the type of reducing agent in
the reaction system are also reflected in their optical proper-
ties. In the absorption spectra, there was a shift of the surface
plasmon maxima towards higher wavelengths (Figure 1D).
The surface plasmon of spherical AgNPs with a mean size of
10 nm is localized at 396 nm and shifts towards 411 nm and
423 nm for nanoparticles of 30 nm and 45 nm, respectively,
with increasing nanoparticle size.

10 nm but not 30 nm or 45 nm PAA-AgNPs inhibit cell
growth of A549 and HEL299 cells. To analyze the cytotoxic
effects associated with the size of PAA-AgNPs (10 nm, 30 nm,
and 45 nm Ag core), cell viability was determined in lung
cancer cell line A549 and lung fibroblast non-cancer cell line
HEL299 following 24 h exposure. PAA-AgNPs(10) lowered
the viability of A549 cells at 6.3ug/ml and the highest
concentration of 50 pug/ml showed an almost 100% decrease
(Figure 2A). The viability of HEL299 cells was decreased by
about 50% already at 3.1 pg/ml, with 12.5 ug/ml and higher
concentrations of PAA-AgNPs being detrimental for the
cells (Figure 2A). PAA-AgNPs(30) and PAA-AgNPs(45) did
not affect dramatically the cell viability of either, HEL299
and A549 cells (Figure 2A). Therefore, for the next experi-
ments, concentrations up to 5 pg/ml PAA-AgNPs were
chosen to analyze the biological effects of the three types of
nanoparticles. At first, the proliferation activity of A549 cells
was estimated for 48 h revealing the marked inhibition of
growth by PAA-AgNPs(10) compared to 30 nm and 45 nm
nanoparticles (Figure 2B). As visible from the confluency

Table 1. Primer sequences used for qRT-PCR analyses.

gene primer sequence (5°>3’)

TNFA forward TGGAGAAGGGTGACCGACTC
Tumor necrosis factor alpha  reverse  TCCTCACAGGGCAATGATCC

IL-10 forward CTTCCATTCCAAGCCTGACC
Interleukin 10 reverse  CCCAAGCCCAGAGACAAGATAA
SOD1 forward CATTGCATCATTGGCCGCACACTG
Superoxide dismutase 1 reverse  GGCGATCCCAATTACACCACAAGC
FNI1 forward AAGACCAGCAGAGGCATAAG
Fibronectin reverse CCAACGGCATAATGGGAAAC
POLR2A forward GCACCACGTCCAATGACAT

RNA polymerase II subunit A reverse GTGCGGCTGCTTCCATAA
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Figure 1. Characterization of PAA-AgNPs. Electron microscopy images of PAA-AgNPs reduced by A) NaBH4 at 2.5x10~° mol/ PAA, B) maltose at 10~
mol/ PAA, C) maltose at 2.5x10° PAA, and D) corresponding absorption spectra of prepared PAA-AgNPs dispersions with various sizes.

mask images, the cells were viable but did not proliferate in
the presence of PAA-AgNPs(10) (Figure 2B). Unlike A549
cells, HEL299 cells represent normal lung fibroblasts growing
naturally slower than cancer cells. To analyze the growth till
80% confluency as in the case of A549, the initial density of
HEL299 cells was set to 40% (toward 20% in A549 cells).
Similarly, as in the case of A549, PAA-AgNPs(10) retarded
the growth of HEL299 cells, while the nanoparticles of bigger
sizes had no effect on proliferation (Figure 2C).
PAA-AgNPs(10) induce apoptosis and changes in the
cell cycle in A549 and HEL299 cells. To understand the
results from the proliferation assay, the cell cycle of A549
cells after the incubation with PAA-AgNPs was determined.
As expected, the exposure to PAA-AgNPs(10) was associ-
ated with a smaller proportion of A549 cells in the G1 phase
and a bigger proportion in the G2 phase when higher (4 and
5ug/ml) concentrations were used (Figures 3A, 3C; Supple-
mentary Figure S1A). No changes in the cell cycle of A549
cells were detected after incubation with PAA-AgNPs(30)
or PAA-AgNPs(45) (Figure 3A; Supplementary Figures
S1A, S1C). Whether or not the G2/M arrest observed with
PAA-AgNPs(10) might have been associated with the induc-
tion of apoptosis in A549 cells was further investigated by the

analysis of annexin V. Flow cytometry for annexin V revealed
that indeed, A549 cells exposed to PAA-AgNPs(10) for 24 h
showed a higher rate of apoptosis (Figures 3B, 3D; Supple-
mentary Figure S1B). No degree of apoptosis was detected
after the exposure to PAA-AgNPs(30), and with 5 ug/ml of
PAA-AgNPs(45) alow number of apoptotic cells was detected
(Figure 3B; Supplementary Figures S1B, S1D). Accordingly,
the cell cycle was determined in HEL299 cells after exposure
to PAA-AgNPs. Already 3 ug/ml of PAA-AgNPs(10) was
responsible for the decline of cell proportion in the Gl
phase and the increase in S and G2 phases in HEL299
cells (Figure 4A; Supplementary Figure S2A). Interest-
ingly, a concentration of 5 ug/ml PAA-AgNPs(10) (already
highly toxic for HEL299 as shown in Figure 4A) caused an
opposite effect, an increase in the G1 and a reduction in the
S phases (Figure 4A; Supplementary Figure S2A). Addition-
ally, there was a population of aneuploid cells detected at
this highest concentration reaching almost 45%, observed
mostly in the G1 phase (Figure 4C). Also, in HEL299 cells,
the G2/M arrest caused by PAA-AgNPs(10) has been linked
to apoptosis as 4 pg/ml and 5 pg/ml concentrations caused a
dramatic increase in apoptotic cells (Figures 4B, 4D; Supple-
mentary Figure S2B). Incubation with PAA-AgNPs(30)
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Figure 2. A) Cytotoxicity of PAA-AgNPs in A549 and HEL299 cells. Cytotoxicity was determined by MTT assay shown as a percentage of viable cells
after 24 h exposure with defined extracellular concentrations of nanoparticles. The proliferation of A549 (B) and HEL299 (C) cell lines treated with
PAA-AgNPs for 48 h. The bottom panels of images show the confluency mask. The scale bar represents 500 um. The data are given as means + SEM from
the three independent experiments. *p<0.05, **p<0.01, and ***p<0.001 vs. a non-exposed control

and PAA-AgNPs(45) led to no visible changes in cell cycle
progression or apoptosis induction in HEL299 cells (Figures
4A, 4B; Supplementary Figures S2A-S2D).
PAA-AgNPs-induced mRNA shows a different pattern
for each size of the silver core. In addition to apoptosis
and cell cycle changes caused by PAA-AgNPs, changes in
mRNA expression induced by nanoparticle presence have
been estimated in A549 and HEL299 cells. qRT-PCR results
showed that PAA-AgNPs are able to induce an inflammatory
response in both, A549 and HEL299 cells, however following

different expression patterns in regard to the size of the
silver core. PAA-AgNPs(10) induced the strongest TNFA
response from the three types of AgNPs which was followed
by an increase in its anti-inflammatory counterpart IL-10 in
A549 cells (Figure 5A). PAA-AgNPs(10) also increased the
level of FNI mRNA and SODI mRNA (Figure 5A). Expres-
sion patterns of mRNAs induced by PAA-AgNPs(30) were
much weaker. TNFA and IL-10 mRNA showed a minimal
increase, while FNI and SOD1 were unchanged (Figure 5B).
PAA-AgNPs(45) predominantly activated the synthesis
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Figure 4. Cell cycle and apoptosis detection in HEL299 cells. Cell cycle analysis (A) and apoptosis (B) of HEL299 cells treated with PAA-AgNPs deter-
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of TNFA and IL-10 mRNA in longer time-point with no
change in FNI and SODI (Figure 5C). In HEL299 cells,
PAA-AgNPs(10) induced a much stronger inflammatory
response with high levels of TNFA and IL-10 mRNA already
5 h after treatment compared to A549 cells (Figure 6A). Inter-
estingly, no increase in FNI and SODI mRNA was measured
(Figure 6A). Similarly, no induction of FNI and SODI
has been detected after exposure to PAA-AgNPs(30) and

PAA-AgNPs(45), and only a mild increase in TNFA mRNA
was observed (Figure 6B). Only PAA-AgNPs(45) incubation
lead to the synthesis of IL-10 mRNA (Figure 6C).
PAA-AgNPs induce cell cytoskeleton changes in A549
as well as in HEL299 cells. Apart from the changes occur-
ring at the molecular level, the alterations in cell structural
properties induced by PAA-AgNPs in A549 (Figure 7A) and
HEL299 (Figure 7E) cells were investigated. Interestingly,
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Figure 6. PAA-AgNP-induced genes in HEL299 cells, QRT-PCR for TNFA, IL-10, FN1, and SODI in HEL299 cells after the short- (5 h) and long-term
(24 h) exposure with defined extracellular concentrations of PAA-AgNPs(10) (A), PAA-AgNPs(30) (B), and PAA-AgNPs(45) (C). The data are given as
means + SEM from the three independent experiments. *p<0.05, **p<0.01, and ***p<0.001 vs. a non-exposed control

PAA-AgNPs(10) caused the strongest actin cytoskeleton
remodeling effects in both, A549 as well as HEL299 cells.
PAA-AgNPs(10) at 5 pg/ml initiated redistribution of actin
filaments and stress fibers in A549 cells after 24 h (Figure 7B),
while it caused actin cytoskeleton rearrangement and forma-
tion of large intracellular actin-rich vesicles in HEL299
cells (Figure 7F). Incubation of A549 cells with 5pg/ml
PAA-AgNPs(30) resulted in a marked disruption of actin

cytoskeleton structure with F-actin visible in separate clusters
rather than filaments (Figure 7C), and in HEL299 cells actin
depolymerization has been observed with complete disap-
pearance of F-actin assembly (Figure 7G). Treatment of A549
cells with 5 pg/ml PAA-AgNPs(45) led to similar changes as
observed for 30 nm nanoparticles (Figure 7D), nevertheless,
the same nanoparticles led to no visible F-actin alterations in
HEL299 cells (Figure 7H).
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Discussion proved to be the strongest of the three nanoparticle types,
dramatically reducing cell growth when compared to bigger

Nanomaterials with antimicrobial properties have nanoparticle types. Considerable dose-dependent inhibi-

been suggested as an alternative to traditional antibiotics,
especially noble metal nanoparticles like AgNPs [17].
Despite the reported cytotoxicity of AgNPs in lung cancer
cells A549, as well as other cancer cell lines, they are consid-
ered promising therapeutic agents against cancer [24, 25]. In
our study, we focused on AgNPs-induced biological effects
not only in cancer A549 cells but also in normal lung fibro-
blast HEL299 cells to understand how biologically effective
doses of AgNPs that can potentially lead to the elimination
of lung tumor tissue may affect non-cancer neighboring
lung tissue. For the purpose of this study, we used a previ-
ously published modified Tollens reduction method for
the preparation of AgNPs with different sizes in order to
evaluate the biological effects of AgNPs depending on the
particle size. PAA-coated nanoparticles with three sizes of
the silver core (10 nm, 30 nm, 45 nm) were incubated with
both types of cells to compare their impact on viability,
cell cycle progression, apoptosis, mRNA induction, and
cytoskeletal remodeling. Size is usually not considered a
factor that may lead to the striking toxicological impact of
particles at the large scale, however, our results show that by
certain types of nanoparticles, such as PAA-AgNPs, the size
of metal core might have a substantial impact on nanopar-
ticle cytotoxicity. The impact of PAA-AgNPs(10) on cells

Control PAA-AgNPs(10)

A549

HEL299

tion of A549 cell proliferation in response to AgNPs which
was shown previously [22], was confirmed in our study for
PAA-AgNPs(10) not only in the case of A549 but also in
non-cancer HEL299 cells. The cell cycle analysis revealed
a lower proportion of cells in the G1 phase indicating the
cell cycle arrest in the G2/M checkpoint in A549 as well
as HEL299 cells treated with higher concentrations of
PAA-AgNPs(10). These results correlate with other data
showing AgNPs causing cell cycle arrest in the G2/M phase
[26-28]. Results of cell cycle estimation in HEL299 cells
showing a dramatic increase of cell number in the G1 phase
and a dramatic decrease in S and G2 phases after exposure
to 5 ug/ml PAA-AgNPs(10) was at least partially caused by
the formation of aneuploidy. Such genotoxic effect of the
AgNPs resulting in aneuploidy has been previously shown
[28-31]. Whether or not these cell cycle alterations were
associated with the induction of apoptosis was further
analyzed. Higher concentrations of PAA-AgNPs(10) led
to an increase in apoptotic cell numbers in A549 as well
as HEL299 cells. PAA-AgNPs(30) neither affected viability
nor initiated apoptosis in both cell types. PAA-AgNPs(45)
increased the number of apoptotic A549 cells only with
the highest concentration used, while no apoptosis induc-
tion for HEL299 cells was measured. This is an interesting

PAA-AgNPs(30) PAA-AgNPs(45)

..

Figure 7. Changes in the cytoskeleton of A549 and HEL299 cells caused by PAA-AgNPs. Immunofluorescence showing PAA-AgNPs core size-depen-
dent remodeling of the actin cytoskeleton in A549 and HEL299 cells. Phalloidin staining of the actin cytoskeleton in A549 (A-D) and HEL299 (E-H)
cells with 5 ug/ml PAA-AgNPs for 24 h. Notes: red-phalloidin, blue-DAPI; magnification: 200x
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observation, which may point to the potential of this type of
PAA-AgNPs to induce apoptosis with higher concentrations
in cancer cells, while not affecting (or to a lower degree)
the survival of non-cancer cells. Oxidative stress is one of
the typical biological effects caused by cell — nanoparticle
interaction that may lead to the expression of inflammatory
mediators [32]. A549 and HEL299 cells were incubated with
PAA-AgNPs for short (5 h) and long (24 h) time points to
analyze the induction of mRNA synthesis. PAA-AgNPs(10)
were shown to induce early as well as late inflamma-
tory and fibrotic responses. Cells responded strongly to
PAA-AgNPs(10) expressing high TNFA mRNA levels in
A549 as well as HEL299 cells. This strong proinflamma-
tory reaction led to elevated levels of anti-inflammatory
IL-10 probably in an attempt to temper the inflammatory
process. Interestingly, the responses to PAA-AgNPs(30)
and PAA-AgNPs(45) were rather moderate with TNFA
and IL-10 much lower than in the case of PAA-AgNPs(10)
in A549 as well as HEL299 cells. Fibrotic tissue damage is
another reported endpoint following nanoparticle deposi-
tion in lung cells [33]. Physical and chemical properties of
nanomaterials including size, shape, surface modification,
and stability importantly contribute to the development of
such pathological processes [34]. Fibronectin mRNA was
elevated after exposure to PAA-AgNPs(10) in A549 cells.
However, no elevation was observed in HEL299 cells with
PAA-AgNPs. The lung fibroblast cytoskeletal organiza-
tion has been shown to be different between normal and
fibrotic lung tissue [35]. To determine how PAA-AgNPs
may impact cell cytoskeletal structure in A549 as well as
in HEL299 cells, the actin cytoskeleton was compared
with and without PAA-AgNPs treatment. Incubation of
PAA-AgNPs with the cells resulted in actin cytoskeleton
remodeling. A comparison of A549 and HEL299 cells
revealed that the cytoskeleton stability of cells exposed to
PAA-AgNPs is similar between the two cell types. HEL299
cells as typical fibroblasts were flat and possessed a spindle-
like shape, whereas A549 cells displayed a cobblestone
appearance. PAA-AgNPs(10) showed the most intensive
actin cytoskeletal rearrangement involving stress fibers
formation in A549 cells and the formation of intracel-
lular actin-rich vesicles in HEL299 cells, which was in line
with a strong impact of PAA-AgNPs(10) on the viability
and apoptosis of these cells. PAA-AgNPs(30) also induced
weaker cytoskeletal remodeling in A549 and HEL299
cells than PAA-AgNPs(10). Interestingly, PAA-AgNPs(45)
caused changes in cell cytoskeleton only in A549 cells,
whereas they did not affect the cytoskeletal structure
of HEL299 cells. This is very interesting, as this with the
induction of apoptosis in A549 but not in HEL299 cells
points to a certain advantage of PAA-AgNPs(45) affecting
more cancer A549 and less not non-cancer HEL299 cells at
higher concentrations. Our results suggest that the initia-
tion of inflammatory response in pulmonary cells (cancer
and non-cancer) and associated changes in the morphology

of these cells represented by actin cytoskeleton remodeling
belong to the biological effects caused by AgNPs coated with
PAA. From the nanoparticle types tested, PAA-AgNPs(30)
and PAA-AgNPs(45) showed fewer undesirable effects on
pulmonary cells compared to PAA-AgNPs(10).

The rapid development of nanomaterials engineered for
medical purposes brings novel treatment possibilities also
into lung disease therapy. Additionally, to all other routes of
entering the tissues, nanoparticles may reach lung cells also
by inhalation, which on the one hand side may increase the
spectrum of therapeutical approaches, on the other hand,
it may increase the risk of potential lung tissue damage
[36]. Nanoparticle-delivery systems developed to override
conventional cancer chemotherapeutics must therefore be
carefully checked for their toxicity to become an effective
cure for respiratory diseases [37]. The therapeutic potential
of PAA-AgNPs in the treatment possibilities of lung cancer
has been confirmed by our study and the results suggested
that AgNPs like PAA-AgNPs might be considered for cancer
chemotherapy. Moreover, we have defined their anti-cancer
effects with respect to non-cancer lung cells, something, that
is missing in the current literature. Evaluation of anti-cancer
effects in comparison to non-cancer cells can help to accel-
erate safe-by-design approaches in nanomedicine.

Supplementary information is available in the online version
of the paper.
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Supplementary Figure S1. Cell cycle and apoptosis detection in A549 cells. Cell cycle (A) and apoptosis (B) analyses of A549 cells treated with PAA-
AgNPs determined by flow cytometry shown as percentage of cells after 24 h exposure with defined extracellular concentrations of nanoparticles. Cell
distribution in the phases of the cell cycle shown for 5 pg/ml PAA-AgNPs concentration (C). Early apoptosis detection using annexin V shown in cells
treated with 5 ug/ml PAA-AgNPs (D). The data are given as means + SEM from the three independent experiments. *p<0.05, **p<0.01, **p<0.001 vs.
non-exposed control
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Supplementary Figure S2. Cell cycle and apoptosis detection in HEL299 cells. Cell cycle analysis (A) and apoptosis (B) of HEL299 cells treated with
PAA-AgNPs determined by flow cytometry shown as percentage of cells after 24 h exposure with defined extracellular concentrations of nanoparticles.
Cell distribution in the phases of the cell cycle shown for 5 ug/ml PAA-AgNPs concentration (C). Early apoptosis detection using annexin V shown in
cells treated with 5 pg/ml PAA-AgNPs (D). The data are given as means + SEM from the three independent experiments. *p<0.05, **p<0.01, **p<0.001

vs. non-exposed control



