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A B S T R A C T

Metallic nanomaterials are utilized in an increasing number of applications in medicine and industry. Their
general toxicity was tested in numerous reports both in vitro and in vivo but limited data exist on how nano-
materials affect the activity of cellular signaling pathways activated by growth factors and cytokines. The aim of
the present work was to test the hypothesis predicting that silver, gold and superparamagnetic iron oxide na-
noparticles may interfere with cellular signaling activated by tumor necrosis factor (TNF) and change the final
cellular outcome of TNF action. Such interference may result in disruption of homeostasis and contribute to the
development of malignancies such as cancer or autoimmune diseases. Experiments were performed on HepG2
and A549 cell lines. We did not observe any interaction between nanoparticles and TNF at the level of clonogenic
growth, apoptosis/necrosis induction or cell cycle. At all these endpoints, the effects of TNF and nanoparticles
were additive. In contrast, gene expression analysis revealed synergistic effects. A group of genes was sig-
nificantly affected only by simultaneous treatment with TNF and nanoparticles and not by any of the factors
alone. Observed synergistic effect on IL10 and IL8 expression seems to be of particular importance since these
cytokines are often expressed by tumor cells to inhibit tumor-targeted immune response. The observed sy-
nergistic effects of TNF and nanoparticles on cytokines expression may have significant consequences for tissue
homeostasis and tumor promotion and therefore should be taken into account during development of new na-
noparticle-based anticancer therapies.

1. Introduction

Metallic nanomaterials are utilized in an increasing number of
applications in medicine and industry. Three of the most prevalent are
silver (AgNPs), gold (AuNPs) and superparamagnetic iron oxide na-
noparticles (SPIONs). AgNPs are incorporated into various products
such as textiles, cosmetics or wound dressings due to their anti-
microbial properties (Kruszewski et al., 2011; Bartlomiejczyk et al.,
2013). AuNPs are used for diagnostic and therapeutic purposes, in-
cluding biosensor applications, targeted delivery of anticancer drugs,
bioimaging and radio-sensitizers (Guo et al., 2017; Nagi et al., 2017).
SPIONs are attractive for numerous biomedical applications, such as
MRI contrast enhancement, detoxification of biological fluids and
drug delivery (Lyer et al., 2015; Panagiotopoulos et al., 2015). The
general toxicity of these nanoparticles was tested in numerous reports
both in vitro and in vivo. The toxicity of AgNPs is well established
while AuNPs and SPIONs are considered to be more biocompatible (De

Matteis, 2017; Patil et al., 2018).
In most of the nanotoxicology studies performed in vitro recognition

of nanoparticles as biocompatible or not is based on assays measuring
cell proliferation, metabolic activity, viability or apoptosis induction.
However, one has to keep in mind that although a nanomaterial may
not directly induce cell death or inhibit proliferation it can still alter
cell's normal behavior which may have consequences for the home-
ostasis on the tissue and organism level. Limited data exist on how
nanomaterials affect the activity of cellular signaling pathways acti-
vated by different growth factors and cytokines. It has been demon-
strated that AuNPs inhibit function of heparin-binding growth factors
such as VEGF165 and bFGF due to unfolding of the protein structure
after binding to nanoparticle (Arvizo et al., 2011). Comfort et al.
showed that nanoparticles can alter EGF - related signaling even at
doses that indicated no toxic response (Comfort et al., 2011). A detailed
analysis of possible interactions between nanoparticles and cellular
signal transduction pathways seems to be crucial for prediction of their
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effects in physiological environment.
Tumor necrosis factor (TNF, cachectin, TNF-α) is a highly pleio-

tropic cytokine involved in various inflammatory conditions, including
autoimmunity. It is related to progression of many diseases like
Alzheimer disease, diabetes type II, and cardiovascular, pulmonary or
neurological disorders. TNF plays a contextual role in driving either
tumor elimination or promotion since it can variously affect immunity
and tumor microenvironment. On the one hand it can promote immune
surveillance designed to eliminate tumors, whereas on the other hand
chronic inflammation, autoimmunity, and angiogenesis induced by TNF
promote tumor initiation and progression. Upon TNF binding to its
receptor, a series of intracellular events occur that can lead to activation
of pro-survival Nuclear Factor κB (NF-κB) and mitogen-activated pro-
tein kinase (MAPK) pathways or induction of death signaling leading to
apoptosis or necroptosis (Lebrec et al., 2015).

Our previous work showed that high concentrations of AgNPs
(100 μg/ml) induce NF-κB activity and expression of genes related to
this signaling pathway (Stepkowski et al., 2014). It is however inter-
esting to test whether lower concentration of nanoparticles affects gene
expression program activated by TNF and final cellular outcome of its
action. Therefore, the aim of the present work was to test the hypothesis
predicting that AgNPs, AuNPs and SPIONs may interfere with the cel-
lular signaling activated by TNF and change the final outcome of TNF
action on cellular level. Such interference may result in disruption of
homeostasis and contribute to development of malignancies, such as
cancer or autoimmune diseases. Possible interactions of nanoparticles
with TNF were measured on the level of clonogenicity, cell cycle,
apoptosis/necrosis induction and gene expression. The research was
performed on two cell lines: HepG2 and A549 which were used in our
previous studies and showed different sensitivity to nanoparticles due
to different NF-κB activity and expression of stress-response genes
(Stepkowski et al., 2014).

2. Materials and methods

2.1. Nanoparticle preparation and characterization

AgNPs of nominal size 20 nm were purchased from Plasmachem
GmbH, Germany. AgNPs stock solution was prepared as previously
described (Kruszewski et al., 2013). In brief, AgNPs (2mg) were sus-
pended in 800 μl of distilled water and sonicated in ice water bath with
dose of 4.2 kJ/ cm3. One hundred microlitres of 15% bovine serum
albumin and 100 μl of a 10× concentrated phosphate-buffered saline
(PBS) were added immediately after sonication. A detailed character-
istics of the AgNPs in different culture media, including hydrodynamic
size, zeta potential, aggregation rate and dissolution can be found in our
previous papers (Lankoff et al., 2012; Kruszewski et al., 2013).

Sodium citrate coated AuNPs and PVP coated magnetite nano-
particles of 20 nm nominal size were purchased from NanoComposix.
According to manufacturer's data their hydrodynamic diameter were
24 nm and 40 nm and zeta potential −43,6 mV and− 49,7mV, re-
spectively. AuNPs were diluted in cell culture media and used in the
experiments without additional processing. SPIONs stock solution
(20mg/ml) was diluted in sterile deionized water to 1mg/ml and so-
nicated for 10min in ice water bath with dose of 4.2 kJ/cm3.

Hydrodynamic diameter and stability of nanoparticles in cell culture
media were analyzed by a NanoSight LM10 apparatus with
Nanoparticle Tracking Analysis (NTA) 3.2 Build 16 software (Malvern
Instruments, Malvern, United Kingdom). Nanoparticles were incubated
in 2ml cell culture media in tissue culture plates in 5 μg/ml con-
centration. NTA was performed immediately after nanoparticles addi-
tion to media (0 h) and after 6, 24, 48 h of incubation in cell culture
incubator (37 °C, 5% CO2).

2.2. Evaluation of TNF-nanoparticle binding

Human recombinant TNF was obtained from Calbiochem. To assess
nanoparticle-TNF nonspecific binding, nanoparticles in concentration
5 μg/ml were incubated with TNF (10 ng/ml) in cell culture media for
2 h in cell culture incubator (37 °C, 5% CO2). The samples were then
centrifuged at 20000×g for 10min to remove the nanoparticles from
the media. The TNF concentration in the supernatant was quantified
using BD Cytometric Bead Array (CBA) Human Soluble Protein Master
Buffer and Human TNF Flex Set (BD Biosciences), following the man-
ufacturer's protocol. The analysis was performed in a BD LSR Fortessa
cytometer (BD Biosciences).

2.3. Cell culture

Human epithelial cell line A549 and human hepatic cell line HepG2
were purchased from the American Type Culture Collection (ATCC).
A549 cells were cultured in F12 Ham medium (Gibco) and HepG2 cells
were cultured in EMEM medium (ATCC). Both media were supple-
mented with 10% fetal calf serum (Gibco). The cells were incubated in a
5% CO2 atmosphere at 37 °C. Asynchronous cell cultures in the ex-
ponential phase of growth were used in all experiments.

2.4. Flow cytometry evaluation of cellular binding/uptake of nanoparticles
by cells

The potential of cellular binding/uptake of nanoparticles into A549
and HepG2 cells were examined by flow cytometry (Suzuki et al., 2007;
Zucker et al., 2010). The approach is based on measurement of side
scatter (SSC) values of cell population. Twenty-four hours after the cells
seeding onto 6-well plates, nanoparticles were added for the next 24 h
of incubation. After the treatment, cells were washed three times with
PBS to remove loosely bound particles, detached with the use of
trypsin-EDTA and spun down. The cell pellets were re-suspended in
1ml PBS for flow cytometry. The analysis was performed in a BD LSR
Fortessa cytometer (BD Biosciences) equipped with 488 nm laser, FSC
diode detector, and photomultiplier tube SSC detector. Following
gating on the FSC vs SSC chart, control and particle-exposed cells were
run at low flow rates. Data from 20,000 events per sample were stored.
The increase in SSC was calculated by dividing the mean SSC value of
the particle-treated cells by the mean SSC value of control cells.

2.5. Estimation of cell survival by clonogenic growth ability tests

The cells were seeded onto 60-mm cell culture dishes, together with
TNF and/or nanoparticles at various concentrations. According to the
predetermined plating efficiency, 700 of A549 or 2×103 of HepG2
cells were sown per dish. After 7–12 days of culture, the cells were fixed
with 3.7% buffered formaldehyde, Giemsa stained and visible clones
were counted. Cell survival in the treated samples was defined as a
percentage of the number of clones relative to the control (non-treated
cells).

2.6. Assessment of cell growth, apoptosis and necrosis

HepG2 and A549 cells at exponential phase of growth were in-
cubated for 24 h with various concentrations of TNF or/and nano-
particles. The cells incubated with camptothecin (0.5 μM for 4 h) were
used as a positive control. After treatment, cells were harvested from
the plates with the use of trypsin-EDTA. Samples were taken to de-
termine cell numbers and the percentages of dead cells by manual
counting with trypan blue. Analysis of apoptotic and necrotic cell death
was carried out according to manufacturer instructions, using Annexin
V Apoptosis Detection Kit (BD Pharmingen). Briefly, cells were washed
twice with cold PBS, and then resuspended in a 1× Binding Buffer at a
concentration of 1× 106 cells/ml. The cell suspension (100 μl) was
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incubated with 5 μl of propidium iodide (PI) and 5 μl of Annexin V-FITC
at room temperature for 15min in the dark. Then, 400 μl of 1× Binding
Buffer was added and the fluorescence was determined using a BD LSR
Fortessa cytometer (BD Biosciences). BD FACS Diva v. 8.0.1. software
(BD Biosciences) was used for data acquisition and analysis. Data for
20,000 events per point were stored. Four cell populations could be
distinguished within FITC/PI cytograms: living, non-fluorescent cells
(Annexin V−/PI−), early apoptotic cells that expressed green fluor-
escence (Annexin V+/PI−), late apoptotic/necrotic cells that were
positive for both Annexin V-FITC and PI (Annexin V+/PI+), and ne-
crotic cells that expressed orange fluorescence (Annexin V−/PI+). The
percentages of each subpopulation were calculated.

2.7. Cell cycle analysis

Cell cycle analysis by flow cytometry was performed to discover
possible arrest points that could give input to growth retardation.
Shortly, after 24-h treatment with TNF or/and NPs the cells were har-
vested by trypsinization, washed with cold PBS and fixed by injection of
1ml containing 106 cells into 9ml of frozen 80% EtOH. To analyze, the
cells were spun down (1000× g, 10min, 4 °C), resuspended in PBS and
incubated for 15min at room temperature for rehydration. RNA was
removed by incubation with RNase A (DNase free) for 1 h at 37 °C.
Then, 10 μl PI, 1 mg/ml was added to 1ml of the cell suspension for
30min at 4 °C in the dark. The measurement of DNA content in the cells
was conducted in a BD LSR Fortessa cytometer (BD Biosciences) with
the use of BD FACS Diva v. 8.0.1. software (BD Biosciences). For the
analysis of cell cycle distribution, ModFit LT v. 5.0 software (Verity
Software House) was used.

2.8. RNA isolation, reverse transcription and real-time PCR

For gene expression experiments, cells were seeded on 6-cm Petri
dishes and left to settle down without treatment for 24 h to obtain
optimal cell attachment to the surface. Subsequently, the fresh nano-
particles stock suspensions (or carrier mix for control plates) was added
together with TNF directly to the cell cultures to obtain the final con-
centrations (10 ng/ml TNF, 10 μg/ml AgNPs, 10 μg/ml AuNPs, 5 μg/ml
SPIONs for HepG2; 10 ng/ml TNF, 50 μg/ml AgNPs, 10 μg/ml AuNPs,
10 μg/ml SPIONs for A549). After incubation for 6 or 24 h, the plates
were washed twice with 5ml of PBS and cells were trypsinized and
harvested for RNA isolation.

Total RNA was extracted from cell pellets using the ReliaPrep RNA
Cell Miniprep System (Promega) according to the manufacturer's pro-
tocol. RNA concentration was measured using Quantus Fluorometer
(Promega) and QuantiFluor RNA System (Promega). RNA integrity was
tested by agarose gel electrophoresis. For PCR Array analysis, 1 μg of
total RNA was converted to cDNA in a 20 μl reaction volume using High
Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific)
following the manufacturer's instructions. The cDNA was diluted with
180 μl distilled water and used for the expression profiling using the
Human Apoptosis Primer Library and Human NF-KappaB Primer
Library (RealTimePrimers.com) according to the manufacturer's in-
structions. Briefly: a total volume of 20 μl of PCR reaction mixture,
which included 10 μl of FastStart Universal SYBR Green Master (Rox)
from Roche (containing HotStart DNA Taq polymerase, SYBR Green dye
and the ROX reference dye), 6 μl of double-distilled H2O, 2 μl of diluted
template cDNA and 2 μl of primer set (final primer concentration
0,1 μM) was used for each primer set in each well of the PCR array. One
technical replicate was performed for each sample. PCR amplification
was carried out using 7500 Real-Time PCR System (ThermoFisher
Scientific) with an initial 10min step at 95 °C followed by 40 cycles of
95 °C for 15 s and 58 °C for 1min. Relative gene expression was calcu-
lated using the ΔΔCt method. ACTB, HPRT1, PGK1, and PPIA were used
as reference controls in A549 cells, while GUSB, HPRT1 and PPIA were
used as a reference controls in HepG2 cells. Calculations were done

using Relative Quantification Software version 3.2.1-PRC-build1
(Thermo Fisher Cloud). Statistical differences were examined by
Student's t-test with P < 0.05 considered to be statistically significant.

2.9. Measurement of IL8 and IL10 concentration in cell culture medium

Cells were seeded on 6-well cell culture plates and left for 24 h to
obtain optimal cell attachment to the surface. Subsequently, fresh
AgNPs stock suspension (or carrier mix for control plates) was added
together with TNF directly to the cell cultures to obtain the final con-
centrations (10 ng/ml TNF, 10 μg/ml AgNPs). After incubation for 6 or
24 h, the cell culture medium was collected and centrifuged at
20000×g for 10min to remove the nanoparticles. IL8 and IL10 con-
centration in the supernatant was quantified using BD Cytometric Bead
Array (CBA) Human Inflammatory Cytokines Kit (BD Biosciences),
following the manufacturer's protocol. The analysis was performed in a
BD LSR Fortessa cytometer (BD Biosciences).

2.10. Statistical evaluation

With the exception of the PCR Array data, statistical analysis of the
obtained data was performed using Statistica 7.1 software (StatSoft).
The data were expressed as means ± standard deviations from at least
three independent experiments. Statistical significance was evaluated
using the analysis of variance (ANOVA) followed by a post hoc Tukey's
test. Differences were considered statistically significant when the P
value was<0.05. Venn diagrams were drawn using online web tool
available at http://bioinformatics.psb.ugent.be/webtools/Venn/.

3. Results

3.1. Stability of nanoparticles in cell culture media

All of the particles used in the study had a nominal size of 20 nm. To
check the agglomeration rate and stability in complete cell culture
media, hydrodynamic diameter and concentration of nanoparticles was
measured by NTA after incubation for up to 48 h. As expected, the
hydrodynamic diameters of nanoparticles in cell culture media were
significantly higher than their nominal size. This was due to the protein
corona formation and agglomeration of nanoparticles.

The mean hydrodynamic diameter (approx. 200 nm) and con-
centration of AgNPs were not affected by incubation neither in EMEM
nor F12 media. In the same time significant changes in modal values
were observed. Mode hydrodynamic diameter observed immediately
after AgNPs addition to EMEM medium was half lower than values
observed at later time points. Similar effect was observed during in-
cubation in F12 medium but this time the observed differences were not
statistically significant (Table 1).

For AuNPs and SPIONs we did not observed any significant changes
in mean and mode hydrodynamic diameter or concentration during
48 h incubation in media. Mean AuNPs and SPIONs hydrodynamic
diameters were approx. 100 nm and 160 nm respectively. In both cases
mode values were slightly lower. Detailed results are presented in
Table 1.

3.2. Evaluation of TNF-nanoparticle binding

Previously published data show that proteins from heparin binding
growth factors family have strong affinity to AuNPs - the effect that was
dependent on AuNPs size and was the most pronounced for 20 nm
AuNPs (Arvizo et al., 2011). To determine if the presence of nano-
particles altered TNF level via a nonspecific binding in our experi-
mental setup, the particles were incubated with TNF in complete cell
culture media for 2 h, following centrifugation and measurement of
TNF concentration in supernatant. As shown in Fig. 1, in all cases, the
presence of nanoparticles did not diminish TNF concentration, hence
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the TNF dose available to the cells was equivalent whether adminis-
tered alone or with nanoparticles.

3.3. Impact of TNF on cellular binding/uptake of nanoparticles

In both cell lines 24 h incubation with nanoparticles fresulted in
statistically significant increase in SSC which was not affected by TNF
treatment (Fig. 2).

3.4. Long term effect of nanoparticles and TNF on reproductive growth

In both cell lines, TNF, AgNPs, and AuNPs had significant impact on
reproductive growth (clonogenicity). All factors significantly decreased

cell's ability to form clones but there was no significant interaction
between factors in ANOVA which means that their effects were ad-
ditive. As expected, the effect of AgNPs was stronger than AuNPs and
HepG2 cells were more sensitive than A549 (Fig. 3).

SPIONs had no significant impact on A549 cells viability. In con-
trast, HepG2 cells showed statistically significant increase in clono-
genicity after treatment with 5 μg/ml SPIONs. Similarly to other par-
ticles there was no significant interaction between TNF and SPIONs
(Fig. 4).

3.5. TNF and nanoparticles block cell-cycle progression at different
checkpoints

To further investigate possible interactions between TNF and na-
noparticles we analyzed their impact on cell cycle. Since SPIONs did not
inhibit cells growth, only AgNPs and AuNPs were used in this experi-
ment.

Analysis of cell-cycle distribution showed that in HepG2 cells TNF
stops cell cycle progression at G1 checkpoint before DNA synthesis
whereas AgNPs stop cell cycle at G2/M checkpoint before mitosis. In
dual treatment the effects of both factors were additive (no interaction
in ANOVA). AuNPs had no significant effect on cell cycle distribution in
HepG2 cells (Fig. 5). In A549 cells, TNF also blocked cell cycle pro-
gression at G1 checkpoint although the effect was less pronounced than
in HepG2. AuNPs blocked A549 in S-phase and AgNPs had no sig-
nificant impact. Effects of TNF and AuNPs were additive (Fig. 5).

3.6. Assessment of apoptosis and necrosis after incubation with TNF and
nanoparticles

The percent of viable cells together with early apoptotic, late
apoptotic and necrotic cells was measured by flow cytometry after 24 h

Fig. 1. TNF concentration in EMEM and F12 cell culture media after incubation
with nanoparticles. Means ± standard deviations from three independent ex-
periments.

Table 1
Hydrodynamic diameter of AgNPs, AuNPs and SPIONs in complete EMEM and F12 medium after incubation for up to 48 h. Means± standard deviations from three
independent experiments.

AgNPs

Medium Parameter 0 h 6 h 24 h 48 h

EMEM Mean (nm) 208.57 ± 17.47 225.67 ± 15.49 222.87 ± 11.35 215.47 ± 21.46
Mode (nm) 97.97 ± 12.93 191.87 ± 27.50 201.20 ± 33.99 196.93 ± 14.32
Concentration (particles/ml) 4.24E+08±

3.18E+07
3.94E+08 ± 1.36E+08 3.57E+08 ± 4.40E+07 3.53E+08 ± 7.38E+07

F12 Mean size (nm) 215.70 ± 11.76 217.30 ± 12.72 252.90 ± 29.57 216.60 ± 6.66
Mode size (nm) 148.17 ± 57.17 199.33 ± 57.52 226.70 ± 38.51 168.00 ± 11.17
Concentration (particles/ml) 4.56E+08 ± 4.31E+07 4.33E+08 ± 8.29E+07 3.26E+08 ± 5.37E+07 4.03E+08 ± 5.55E+07

AuNPs

Medium Parameter 0 h 6 h 24 h 48 h

EMEM Mean size (nm) 98.43 ± 5.03 100.40 ± 2.43 100.27 ± 2.44 103.53 ± 2.40
Mode size (nm) 63.07 ± 3.89 75.03 ± 13.27 81.97 ± 8.83 84.73 ± 12.37
Concentration (particles/ml) 4.60E+09 ± 1.10E+09 5.43E+09 ± 8.52E+08 5.74E+09 ± 3.52E+08 5.52E+09 ± 1.32E+09

F12 Mean size (nm) 101.93 ± 11.82 103.20 ± 17.72 104.77 ± 22.46 108.50 ± 20.20
Mode size (nm) 85.50 ± 19.30 86.00 ± 10.62 84.83 ± 17.78 79.97 ± 20.30
Concentration (particles/ml) 5.78E+09 ± 1.08E+09 5.88E+09 ± 1.62E+09 5.41E+09 ± 6.57E+08 5.11E+09 ± 9.92E+08

SPIONs

Medium Parameter 0 h 6 h 24 h 48 h

EMEM Mean size (nm) 168.67 ± 2.21 163.43 ± 6.70 167.43 ± 7.87 161.17 ± 12.20
Mode size (nm) 136.67 ± 10.52 155.07 ± 8.87 140.70 ± 26.05 143.60 ± 19.99
Concentration (particles/ml) 5.97E+09 ± 1.42E+08 6.30E+09 ± 2.90E+08 7.18E+09 ± 8.87E+08 6.43E+09 ± 7.16E+08

F12 Mean size (nm) 153.40 ± 3.76 155.37 ± 8.13 150.30 ± 2.19 151.07 ± 4.60
Mode size (nm) 150.33 ± 1.91 133.43 ± 3.39 140.80 ± 8.42 133.90 ± 10.40
Concentration (particles/ml) 6.04E+09 ± 6.45E+08 6.31E+09 ± 2.10E+08 6.30E+09 ± 3.93E+08 5.99E+09 ± 8.52E+08

K. Brzóska et al. Toxicology and Applied Pharmacology 356 (2018) 140–150

143



incubation with TNF and/or AgNPs and AuNPs. AgNPs treatment de-
creased the percent of viable cells and increased amount of late apop-
totic cells in both cell lines (Fig. 6). As expected the effect was much
more pronounced in HepG2 cells. AuNPs had no effect on percent of
viable and apoptotic/necrotic cells. The effect of TNF was not statisti-
cally significant in any of the cell lines. No interaction between TNF and
nanoparticles has been found at this endpoint.

3.7. Impact of nanoparticles on TNF-induced gene expression

To assess the impact of nanoparticles on gene expression changes
induced by TNF, HepG2 and A549 cells were treated with nano-
particles, TNF or the mixture of both and the expression of genes related
to NF-κB signaling and cell death was measured by real-time PCR after
6 h (for all nanoparticles under study) and 24 h (for AgNPs only). The
number of genes significantly affected by each treatment is presented
on Venn diagrams (Figs. 7 and 8). Interestingly, a portion of genes was

Fig. 2. TNF had no effect on cellular binding and uptake of nanoparticles into HepG2 and A549 cells. The cells were treated for 24 h with 10 ng/ml TNF and the
following concentrations of nanoparticles: HepG2–2, 5, 10 μg/ml AgNPs, 10 μg/ml AuNPs, 10 μg/ml SPIONs; A549–50 μg/ml AgNPs, 50 μg/ml AuNPs, 10 μg/ml
SPIONs. Side scatter (SSC) was chosen as a measure of cellular binding/uptake. Data are expressed as means ± standard deviations from three independent
experiments. Asterisks denote statistically significant difference versus control group.

Fig. 3. Colony forming ability of HepG2 and A549 cells treated with TNF and/or AgNPs and AuNPs. Data are expressed as means ± standard deviations from four
independent experiments.
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affected only by simultaneous treatment with nanoparticles and TNF
and not by the nanoparticles or TNF alone. In HepG2 cells this effect
was most pronounced for AgNPs (10 and 22 genes affected only by

simultaneous treatment after 6 h and 24 h respectively). For AuNPs and
SPIONs four genes were affected only by simultaneous treatment in
HepG2. In A549 the numbers of genes affected only by simultaneous

Fig. 4. Colony forming ability of HepG2 and A549 cells treated with TNF and/or SPIONs. Left panel shows the effects of TNF and SPIONs. Right panel shows the
effect of SPIONs only. Data are expressed as means ± standard deviations from four independent experiments. Asterisk denote statistically significant difference
versus control group.

Fig. 5. Analysis of cell cycle in HepG2 and A549 cells after 24 h incubation with TNF, nanoparticles or the mixture of both. TNF was used in concentration 10 ng/ml,
AgNPs 10 μg/ml (HepG2) or 50 μg/ml (A549), AuNPs 10 μg/ml (HepG2) or 50 μg/ml (A549). Data are expressed as means ± standard deviations from three
independent experiments. Asterisks denote statistically significant difference versus control group.
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Fig. 6. Percent of viable, apoptotic and necrotic cells after 24 h incubation with TNF, nanoparticles or the mixture of both. TNF was used in concentration 10 ng/ml,
AgNPs 10 μg/ml (HepG2) or 50 μg/ml (A549), AuNPs 10 μg/ml (HepG2) or 50 μg/ml (A549). Data are expressed as means ± standard deviations from three
independent experiments. Asterisks denote statistically significant difference versus control group.

Fig. 7. Venn diagrams depicting number of genes significantly affected (p < 0.05) by nanoparticles, TNF or the mixture of both in A549 cells.
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treatment were as follows: 4 (6 h) and 12 (24 h) for AgNPs, 5 for AuNPs
and 8 for SPIONs. The complete list of genes affected only by si-
multaneous treatment with nanoparticles and TNF is given in Table 2.
Interestingly, the overlap between cell lines and treatments is small. List
of all genes affected by individual and simultaneous treatments in both
cell lines is given in Supplementary Table 1. Fold changes and p-values
for all significantly affected genes are given in Supplementary Tables
2–7.

Synergistic effect of AgNPs and TNF on expression of genes en-
coding cytokines IL10, TNFSF8, TNFSF9 and TNFSF15, was particularly
evident in HepG2 cells (Fig. 9). Interestingly, it occurred after longer
treatment (24 h) and not short, 6 h treatment. We attempted to confirm
this effect on protein level by measuring IL10 concentration in cell
culture medium but due to generally low IL10 expression and secretion
by HepG2, we were unable to obtain reliable results. However, we have
observed that HepG2 cells exhibit relatively high IL8 expression and
synergistic effect of TNF and AgNPs on mRNA level was also observed
for this chemokine (Fig. 10). Analysis of IL8 concentration in medium

confirmed that the synergistic effect of TNF and AgNPs is present on
protein level. Fig. 10 shows that IL8 expression was significantly af-
fected by AgNPs neither at mRNA nor protein level. In contrast, TNF
induced IL8 up-regulation both on mRNA and protein level. This effect
was stronger in the presence of AgNPs. On mRNA level the effect was
statistically significant both after 6 h and 24 h treatment. As could be
expected, the effect on the IL8 concentration in medium was delayed
and reached the level of statistical significance after 24 h, although the
similar trend was observed after 6 h as well.

4. Discussion

Proper functioning of intracellular signaling pathways activated in
response to growth factors, hormones, cytokines or stress and cell da-
mage is crucial for maintenance of homeostasis on cellular, tissue and
organ level. It has been previously reported that nanoparticles can in-
terfere with such signaling pathways and modify final result of their
activation. Comfort et al. have shown that silver, gold, and iron oxide

Fig. 8. Venn diagrams depicting number of genes significantly affected (p < 0.05) by nanoparticles, TNF or the mixture of both in HepG2 cells.

Table 2
Genes significantly affected only by simultaneous treatment with TNF and nanoparticles.

Treatment HepG2 A549

TNF+AgNPs 6 h CSF3, RAF1, IKBKG, CASP4, TRADD, TNFSF10, IL1B, IL1R1, TNFRSF10B, TNFSF15 CSF3, TP73L, RELA, BIRC5
TNF+AgNPs 24 h MAP3K1, BCL2L2, TNFSF9, CASP5, CHEK2, BNIP3, MCL1, TNFRSF11B, CASP8AP2, TLR9,

TNFSF8, BIRC1, IL1B, JUN, CASP10, MMP9, CASP8, HTR2B, FADD, BIRC4, TANK, NLRP12
RIPK2, MYD88, CFLAR, TRAF3, BCL10, TNFRSF10B,
CD40, TNFRSF8, BRE, RELA, CASP10, TANK

TNF+AuNPs 6 h BIRC2, RELA, IKBKG, BAG1 IKBKG, MYD88, IL1R1, BIRC2, CSF2
TNF+ SPIONs 6 h BCL2L11, RELA, CASP2, BAG1 BCL2L2, MYD88, TNFSF9, BCL2L1, BIRC2, CSF2, STAT1,

FADD
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nanoparticles can interfere with cellular response to epidermal growth
factor (EGF) via alterations in Akt and Erk phosphorylation and tran-
scription of genes related to cell proliferation, migration, and EGF re-
ceptor expression. The authors concluded that “nanoparticles reduced
the effectiveness, performance, and consistency of the cellular response
to EGF” and called for further investigation into the impact of nano-
materials on biological processes such as response to growth factors and
cytokines (Comfort et al., 2011).

In the present work we have tested whether nanoparticles affect
gene expression program activated by TNF and final cellular outcome of
its action. Signaling pathways activated by TNF can lead to different
cellular responses: cell survival and proliferation; as well as apoptotic
or necrotic cell death. Pro-survival effect of TNF is achieved mainly by
activation of the NF-κB pathway, which induces transcription of pro-
survival genes. In most cases, exposure to TNF is lethal only if NF-κB
signaling is inhibited (Waters et al., 2013). Recently, Lai et al. have
shown that AuNPs can inhibit TNF-induced cell adhesion molecules

(CAM) expression which have a protective effect on vascular injury in
vivo. The inhibition was due to interaction with NF-κB signaling
pathway and enhancement of CAM protein degradation by increasing
their ubiquitination (Lai et al., 2016).

In the present work, we did not observed any interaction between
nanoparticles and TNF on the level of clonogenic growth. TNF as well as
AgNPs and AuNPs inhibited clonogenic ability of cells but their effects
were additive (Fig. 3). In contrast, SPIONs did not affect colony forming
ability of A549 cells and their effect on HepG2 cells was even positive
(Fig. 4), which can be attributed to increased iron availability to cells or
induction of low level of reactive oxygen species which is known to
have pro-proliferative effect (Schieber and Chandel, 2014).

Similarly, no interaction between TNF and nanoparticles was ob-
served at the level of apoptosis induction. In relatively short treatment
(24 h) only AgNPs, and not TNF or other nanoparticles, induced
apoptosis (Fig. 6). This is in contrast to clonogenicity assay in which
TNF and AuNPs had significant effects, and suggests that clonogenicity

Fig. 9. Expression of TNFSF8, TNFSF9, TNFSF15 and IL10 at mRNA level in HepG2 cells treated with TNF, AgNPs or the mixture of both. Data are expressed as
means± standard deviations from three independent experiments. Asterisks denote statistically significant (p < 0.05) difference versus control group. Hash denotes
statistically significant (p < 0.05) difference versus “TNF” group.

Fig. 10. Expression of IL8 at mRNA level and concentration of IL8 in cell culture medium after HepG2 treatment with TNF (10 ng/ml), AgNPs (10 μg/ml) or the
mixture of both. Data are expressed as means± standard deviations from three independent experiments. Asterisks denote statistically significant (p < 0.05)
difference versus control group. Hash denotes statistically significant (p < 0.05) difference versus “TNF” group.
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assay should be more often included in nanotoxicological studies as it
enables to study effects of long time exposure to low doses of nano-
particles. Moreover, colony forming assay overcomes the problem of
interference between nanoparticles and dyes or reagents included in
many popular assays used in nanotoxicological studies (Tournebize
et al., 2013).

Additivity of TNF and nanoparticles effects was clearly visible in cell
cycle analysis. TNF blocks cell cycle progression at G1 checkpoint
whereas AgNPs induce G2/M block and AuNPs stops cells at S phase.
After the simultaneous treatment, part of the cells was blocked in G1
and some cells in G2/M or S phases (Fig. 5). Inhibition of cell cycle in
particular point seems to be characteristic for given type of nano-
particles as G2/M blockade induced by AgNPs was reported before (Che
et al., 2017; Panzarini et al., 2017). Blockade in S phase was observed
for tryptone stabilized AuNPs (Mahaddalkar et al., 2017) whereas for
citrate stabilized AuNPs, mostly inhibition in G1 occurred (Choudhury
et al., 2013; Liu et al., 2014). It can be supposed that the mechanism of
cell cycle inhibition by nanoparticles depends on nanoparticle-induced
ROS formation which directly affects the activity of intracellular sig-
naling cascades such as MAPKs resulting in cell cycle inhibition. Other
possible mechanism involves DNA damage induction leading to acti-
vation of DNA damage response comprising of cell cycle inhibition and
activation of DNA repair (Mahmoudi et al., 2011).

In contrast to clonogenicity and cell cycle, analysis of gene ex-
pression revealed some synergistic effects of TNF and nanoparticles. In
all cases, a group of genes was significantly affected only by simulta-
neous treatment with TNF and nanoparticles and not by any of the
factors alone (Figs. 7 and 8). These genes are different for each particle
type, cell line and time point, which makes it difficult to draw clear
conclusions regarding the nature of the synergistic interaction of TNF
and nanoparticles on gene expression level. This synergistic effect was
most pronounced in HepG2 cells in expression of IL8, IL10, TNFSF8,
TNFSF9, TNFSF15 (Figs. 9 and 10). Although in our experimental setup
this synergistic effects seem not to affect the final cellular outcome of
TNF action, one can suspect that they may have impact on homeostasis
and development of inflammatory response on the organism level. In
particular, such effects may be important for interaction between
cancer cells and immune system in the context of development of an-
ticancer therapies utilizing both nanoparticles and TNF. Observed sy-
nergistic effect on IL8 and IL10 expression seems to be of particular
importance since both cytokines are often expressed by tumors to in-
duce immunosuppressive cells (e.g., myeloid-derived suppressor cells,
tumor-associated macrophages, and regulatory T cells) and inhibit
tumor-targeted immune response (Kim et al., 2006; Poschke et al.,
2011; David et al., 2016). Furthermore, it has been also shown that IL8
produced by the tumor can induce epithelial-to-mesenchymal transition
– an important step in initiation of metastasis (David et al., 2016)

Clinical and experimental data demonstrate that TNF can both
promote and prevent tumor formation and that a complex integration
of different signals drives a cellular response to TNF toward cell death
or survival and growth promotion. The results of the present study
showed that silver, gold and iron oxide nanoparticles have no effect on
final cellular outcome of TNF action in HepG2 and A549 cells.
However, analysis of gene expression revealed that nanoparticles can
significantly modify cellular response to TNF on transcriptional level.
Observed synergistic effect of TNF and nanoparticles on cytokines ex-
pression may have significant consequences for tissue homeostasis and
tumor promotion and should be taken into account during development
of new nanoparticle-based anticancer therapies.
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