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A B S T R A C T   

Molybdenum trioxide (MoO3) nanoparticles (NPs) embedded in polymer films have been proposed as a cheap 
way of producing antibacterial coatings on external surfaces. Recently, we synthesized MoO3 nanowires in a 
unique shape and degree of anisotropy, which enables their fast water dissolution and quick antimicrobial re
action. Potential human health risks following the exposure to MoO3 NPs however need to be assessed prior their 
wide use. We therefore, investigated the biological effect of these newly synthesized MoO3 NPs on the human 
keratinocyte cell line HaCaT, used here as a model for the human skin. Exposure of HaCaT cells to 1 mg/mL 
MoO3 NPs concentration for 1 h showed no effect on cell survival, had no influence on reactive oxygen species 
production, expression of proteins involved in antioxidant defense, secretion of pro-inflammatory cytokines, nor 
induced DNA damage. Interestingly however, ERK and p38 MAP kinases were activated, and upon longer time 
exposure, induced a moderate release of the pro-inflammatory cytokine interleukin 6, increased DNA damage 
and increased the level of caspase independent cell death. Our study indicates that exposing HaCaT cells to 
antibacterial MoO3 NPs water-based solution in durations less than 1 h exhibits no cytotoxicity, but rather 
triggers cell signalling involved in cell survival and inflammation; which should be taken into consideration 
when evaluating MoO3 NPs for medical applications.   

1. Introduction 

Due to their unique physical and chemical characteristics, nano
particles have been broadly used in electronics, textile industry, cos
metics, tissue engineering and nanomedicine (Dastjerdi and Montazer 
2010; Hasan et al. 2018; Karim et al. 2019; Raj et al. 2012). Recently, 
metal and metal-oxide-based nanoparticles have gained increased 
attention in the biomedical field because of their antimicrobial activity, 
which is evidenced at even very low concentrations (Hajipour et al. 
2012). Moreover, it has been shown that most mechanisms involved in 
antibiotic resistance do not affect antimicrobial activity of nanoparticles 
(Gold et al. 2018; Wang et al. 2017). Out of the different nanomaterials 
exhibiting antibacterial properties, MoO3 in the form of NPs has become 
very attractive (Zollfrank et al. 2012). 

In one study, the antibacterial efficiency of MoO3 nanoplates was 
evaluated against four types of pathogens. The minimum inhibitory 
concentrations of MoO3 at 8 μg/mL (against Escherichia coli, Salmonella 

typhimurium and Bacillus subtilis), and 16 μg/mL (against Enterococcus 
faecalis), showed that MoO3 nanoplates have a predominant antibacte
rial activity compared to the standard antibiotic, kanamycin (Krishna
moorthy et al. 2013). It was also shown that MoO3 NPs create an acidic 
pH and display a universal antimicrobial activity against 
antibiotic-susceptible and resistant isolates belonging to the most rele
vant bacterial species responsible for hospital-acquired infections (Lopes 
et al. 2018). 

Hospitalized patients are often immunocompromised and prone to 
infections, thus finding a permanent solution to prevent accumulation 
and spread of infectious agents is warranted. Covering the surfaces of 
susceptible environments with an antimicrobial coating could be a 
successful way to avoid bacterial growth. For this purposes, MoO3 NPs 
can be embedded in films made of different materials (Krishnamoorthy 
et al. 2014; Picarra et al. 2019). 

One of the major concerns regarding medicinal usage of MoO3 NPs is 
their biocompatibility. Studied in vitro, MoO3 NPs showed cytotoxic 
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effects on rat liver cells (Hussain et al. 2005), along with lung and breast 
cancer cell lines (Fakhri and Nejad 2016). Exposure of the invasive 
breast cancer cell line iMCF-7 to MoO3 at 0.4 mg/mL concentration, 
induced apoptosis and generated reactive oxygen species (ROS) in these 
cells (Anh Tran et al. 2014). A similar effect was observed in G361 
melanoma cells, where cell viability was reduced by more than 50% 
when exposed to 5 mg/mL of molybdenum oxide-polycaprolactone 
nanofiber. Probable mechanism was induction of 
mitochondria-dependent apoptosis (Janani et al. 2018). Conversely, no 
cytotoxic effect was observed when human macrophages were exposed 
to a 0.1 mg/mL concentration of MoO3 2D nanoribbons (Gray et al. 
2018). 

Recently, we synthesized MoO3 nanowires and nanotubes from 
Mo6S2I8 nanowires via oxidation in air. Nanowire morphology of this 
starting material is preserved during oxidation, but the resulting MoO3 
nanowires are polycrystalline and porous. Scanning and transmission 
electron microscopy shows that these MoO3 nanowires have grown into 
a semi-cylindrical shape with hollow or partially filled interior, 
depending on the diameter of the precursor nanowire (Varlec et al. 
2016). These nanomaterials have unique shapes and degree of anisot
ropy and are patent protected (Mrzel et al. 2011) and one of their future 
applications could be contact nanocomposite coating aimed at using in 
public spaces. Therefore, assessing biocompatibility, i.e. functional re
sponses of living cells exposed to these newly synthesized MoO3 NPs, is 
needed. 

Herein, we investigated the biological effect of MoO3 NPs on human 
keratinocytes. We used HaCaT cells as a cell model of human skin which 
would be the first cells that come in contact with MoO3 NPs containing 
polymer coating. To assess the biocompatibility of MoO3 NPs, their ef
fect on cytotoxicity, induction of apoptosis, DNA damage, production of 
ROS and changes in major cell-survival and inflammatory signaling- 
pathways was investigated. The short time exposure of up to 1 h, of 
HaCaT cells to MoO3 NPs in an antimicrobial concentration of 1 mg/mL 
had no influence on cell survival nor did it induce changes in the amount 
of ROS or proteins involved in antioxidant defence. We detected no 
significant DNA damage or release of pro-inflammatory cytokines. 
Activation of the p38 and ERK MAP-kinase pathway was however 
noticed. Upon longer time exposure, namely 6 h and 24 h, we observed 
moderate release of the pro-inflammatory cytokine interleukin 6 (IL-6), 
increased DNA damage and increased percentage of caspase- 
independent apoptosis. Data presented here provide valuable informa
tion on the potential mechanisms involved in the MoO3 NPs-induced 
cytotoxicity. Overall, this study allows us to conclude that short expo
sure of keratinocytes to MoO3 NPs, especially for periods up to 1 h, has 
no significant impact on cell survival. However, exposing HaCaT cells to 
MoO3 NPs did induce secretion of IL-6 and activated MAP kinases, 
therefore, further studies are needed in order to be able to propose that 
MoO3 NPs pose no threat to human health. 

2. Materials and methods 

2.1. Preparation and characterization of MoO3 NPs 

The MoO3 nanowires were synthesized from Mo6S2I8 nanowires 
(Nanotul Ltd.) by oxidation at 285 ◦C for 24 h. The morphology of the 
nanowires was assessed using a SEM Supra 36 V P, Carl Zeiss. For SEM 
studies, the as-grown MoO3 nanowires were put onto a carbon adhesive 
tape. For SEM analysis of MoO3 nanowires dissolved in cell culture 
growth medium, Dulbecco Modified Eagle’s Medium (DMEM; Sigma 
Aldrich, USA) or Eagle’s Minimum Essential Medium (EMEM; Sigma 
Aldrich, USA) in a concentration of 1 mg/mL, were mixed for 6 h on a 
magnetic stirrer at 132 x g at room temperature (RT), left for 18 h, and 
then centrifuged at 661 x g for 3 min for separation from the growth 
medium. The residual was washed three times in isopropanol and drop 
casted directly onto a SEM aluminium holder. The pH values and con
ductivity were measured by Seven Excellence Multiparameter, (Mettler 

Toledo) with the probe InLab Expert Pro-ISM for pH and InLab 731-ISM 
probe for conductance measurements. 

2.2. Cell culture 

Spontaneously immortalized human keratinocyte HaCaT cells 
(Boukamp et al. 1988) were grown in DMEM supplemented with 10% of 
fetal bovine serum (FBS; Sigma Aldrich, USA; DMEM-FBS or exposed to 
MoO3 NP in EMEM supplemented with 10% FBS (EMEM-FBS), and 
incubated at 37 ◦C with 5% CO2 in a humidified atmosphere. Cells were 
regularly screened for mycoplasma presence with Hoechst 33258 
staining. 

2.3. Treatment design 

MoO3 powder was dissolved in EMEM, and the resulting solution was 
vigorously mixed by vortexing for at least two times, every 30 min, at 
RT. Solution was incubated at 4 ◦C overnight, and then filtered using a 
filter with 0.45 μm pores. Filtering did not affect the concentration of 
MoO3 dissolved in EMEM, as determined by UV–vis absorption spec
troscopy (data not shown). The filtered solution was further supple
mented with 10% FBS and stock solutions with final concentrations of 2 
mg/mL were prepared. Depending on the experimental set-up, cells 
were grown in DMEM-FBS and exposed to the appropriate concentration 
of MoO3 dissolved in EMEM-FBS. Treatment lasted for 1 h, 6 h or 24 h, 
and cells were further cultured in DMEM-FBS. For each analysis, three 
biological replicates were performed. 

2.4. Cell viability assay 

To determine a possible cytotoxic effect of MoO3 on human HaCaT 
cells, the MTT assay (Mosmann 1983) was performed. Cells were seeded 
in 96-well tissue culture plates (7 × 103 cells/well), and 24 h later, 
treated with MoO3 (concentration range of 0.25–2 mg/mL). After 
treatment, medium was replaced with fresh DMEM-FBS and cells were 
grown for a further 72 h. Media was removed, and 1X MTT solution was 
added into each well and the plate incubated (37 ◦C, 5% CO2) for 4 h, 
allowing formazan crystals to form. After 4 h, the resulting 
MTT-formazan products were dissolved using DMSO, and their absor
bance measured using a microplate reader at 600 nm. 

2.5. Quantitative polymerase chain reaction and ELISA assay 

Expression of pro-inflammatory cytokines was assessed on gene 
expression levels by a quantitative polymerase chain reaction (qPCR) 
following reverse transcription of total RNA, which was isolated from 
cells. The amount of secreted cytokines on the other hand was measured 
by ELISA. Cells were seeded in 6-well tissue culture plates (5 × 105 cells/ 
well), and 24 h later, treated with MoO3 or a bacterial lipopolysaccha
ride (LPS) solution as positive control. After treatment, cells were 
collected and total RNA was isolated using a High Pure RNA Isolation kit 
(Roche, USA). Supernatants from the corresponding wells were used for 
ELISA. RNA was reverse-transcribed into first strand complementary 
DNA (cDNA) by a High-Capacity cDNA Reverse Transcription kit 
(Applied Biosystems, USA). cDNA was then analysed by qPCR on a 
StepOnePlusTM Real-Time PCR System (Thermo Fischer Scientific, 
USA) using the Sybr®Green reagent (Applied Biosystems, USA). PCR 
conditions were as follows: initial denaturation for 10 min at 95 ◦C, 40 
cycles of 15 s at 95 ◦C and 1 min annealing at 60 ◦C. The StepOne 
Software (v 2.3) (Applied Biosystems, USA) was used to determine Ct 
values. The housekeeping gene GAPDH was used for assessing ΔΔCt, 
and fold changes were calculated using the standard 2-ΔΔCt method 
(Livak and Schmittgen 2001). The PCR primers for analysed genes are 
listed in Table 1. Human IL-6 Uncoated Elisa, Human IL-8 Uncoated 
Elisa and Human IL-1 beta ELISA Ready-SET-Go!™ (Invitrogen, USA) 
were used according to the manufacturer’s instructions. For IL-8 
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analysis, samples were diluted 5 times in growth medium. 

2.6. Western blot 

We used Western blot for analyse activation or amount of tran
scription factors and other proteins involved in cell survival, ROS 
pathway or immune response. Cells seeded in 6-well tissue culture plates 
(5 × 105 cells/well) were treated with MoO3 solution or appropriate 
positive control (0.002% H2O2 solution), and after treatment, lysed with 
Laemmli buffer (heated to 95 ◦C), scraped off the plate, sonicated and 
boiled for 3 min. Proteins were separated using 10% SDS-PAGE and 
transferred to nitrocellulose membrane (Amersham Protran, GE 
Healthcare, USA). Membrane was blocked with 5% milk in Tris-Buffered 
Saline containing 1% Tween-20 and probed with the following primary 
antibodies: p-p38 (Santa Cruz Biotechnology, sc-166182); p38 (Santa 
Cruz Biotechnology, sc-535), pERK (Santa Cruz Biotechnology, sc- 
7383), ERK (Santa Cruz Biotechnology, sc-94), pJNK (Santa Cruz 
Biotechnology, sc-6254), JNK (Santa Cruz Biotechnology, sc-7345) 
Caspase-3 (Cell Signaling Technology, #9662), Caspase-8 (Cell 
Signaling Technology, #9746), Caspase-9 (Cell Signaling Technology, 
#9502), Sod2/MnSod (Abcam, #13533) and catalase (Abcam, #1877). 
Following incubation, blots were visualized with the appropriate 
horseradish peroxidase-conjugated IgG antibody. Detection was done 
with a Pierce™ ECL Western Blotting Substrate (Thermo Fischer Sci
entific, USA), while signals were detected using a ChemiDoc™ Imaging 
System (Bio-Rad, USA). Densitometry was performed with the ImageJ 
software (J52.A). Proteins were normalized to the total protein stained 
with amidoblack and the results were presented as relative expression or 
activation of proteins in treated samples compared to control samples. 

2.7. Immunofluorescence 

Activation of the NF-κB signalling pathway and induction of DNA 
damage following MoO3 exposure were both determined by immuno
fluorescence. DNA damage was assessed via the amount of γ-H2AX foci, 
which is a hallmark of double DNA strand breaks (Bressy et al. 2017). 
HaCaT cells were seeded on coverslips in 24-well tissue culture plates (3 
× 104 cells/well), which were incubated in FBS for 2 h (37 ◦C, 5% CO2) 
prior seeding. 48 h later, cells were treated with MoO3, or with LPS or 
H2O2 (0.002%). The latter two served as positive controls for deter
mining NF-κB activation and induction of DNA damage, respectively. 
After treatment, cells were washed with PBS and incubated in cold 96% 
methanol for 10 min at − 20 ◦C (NF-κB) or 2% paraformaldehyde in PBS 
for 12 min at RT and 0.5% Triton X-100/PBS for 10 min (γ-H2AX). After 
fixation and permeabilization, samples were washed with PBS, blocked 
with 3% bovine serum albumin in PBS for 30 min at RT and incubated 
with a primary antibody specific for pNF-κβ (Santa Cruz Biotechnology, 
sc-166748) or γ-H2AX (Abcam, ab11174) in 5% BSA in PBS for 1 h at RT. 
Samples were again washed with PBS and then incubated with the 
appropriate Alexa Fluor-conjugated secondary antibody in 5% BSA in 
PBS for 1 h, at RT and in the dark. Coverslips were mounted in mounting 
medium containing DAPI (Fluoromount G, Southern Biotech). Confocal 
microscopy analyses were performed using the Leica TCS SP8 X (Leica, 

Germany) with a 63x objective. Approximately 50 cells per glass were 
imaged throughout all sample slides. Images were processed with the 
Leica Application Suite X (LAS X, Leica, Germany) software platform. To 
measure activation of the NF-κB signalling pathway, the percentage of 
nuclei with pNF-κB signal was determined. For DNA damage analysis on 
the other hand, images were interpreted based on the number of γ-H2AX 
foci, where nuclei with more than 10 foci per nucleus were considered as 
positive. 

2.8. Detecting apoptosis via AO/PI staining 

To test whether MoO3 induces apoptosis, Acridine Orange (AO)/ 
Propidium Iodide (PI) assay was performed. HaCaT cells were seeded in 
24-well tissue culture plates (1 × 104 cells/well) and the next day, 
treated with MoO3 or 0.002% H2O2 (as positive control). After 24 h of 
treatment, cells were stained with AO (4 μg/mL) and PI (4 μg/mL) 
mixture for 10 min in an incubator (37 ◦C, 5% CO2). Cells were then 
washed once with warm PBS to remove any unbound AO, and PBS was 
again added to all the wells. Cells were visualized by the FLoid™ Cell 
Imaging Station (Thermo Fischer Scientific, USA). An average of 3 im
ages per sample has been made. 

2.9. Detection of ROS 

HaCaT cells were seeded in 12-well tissue culture plates (2,5 × 104 

cells/well). After 48 h, cells were treated with either MoO3 solution or 
0.002% H2O2 solution (as a positive control). After treatment, cells were 
washed with PBS, trypsinized, resuspended with cold PBS supplemented 
with 10% FBS (FBS-PBS) and centrifuged for 5 min (RT, 1100 g). Cell 
pellets were resuspended in 5 μM 2’,7’–dichlorofluorescin diacetate 
(H2DCFDA, Sigma) which is oxidized to dichlorofluorescin (DCF) by 
ROS. Unstained cells were resuspended in PBS-FBS. Cells were then 
incubated for 30 min at 37 ◦C and 5% CO2 and the signal was analysed 
by flow cytometry using FACSCalibur (BD Biosciences, USA). 

2.10. Statistical analyses 

All biological data were collected in triplicates and expressed as 
mean ± SD. Statistical analyses (one way ANOVA or Student t test) were 
performed in GraphPad. Differences were considered to be statistically 
significant when p < 0.05. 

3. Results 

3.1. Comparison of MoO3 NPs dissolved in EMEM and DMEM 

The MoO3 nanowires used in this study are synthesized from Mo6S2I8 
nanowires. They keep the characteristic sea urchin shape of precursor 
agglomerates and grow in the orthorhombic crystal structure (JCPD 76- 
1003). A single MoO3 nanowire is up to 200 nm in diameter and up to 3 
μm in length (Fig. 1). The specific surface area of a MoO3 nanowire is 
12,06 ± 0.05 m2/g (Gradǐsar Centa et al. 2020). 

In order to test their biological effects, MoO3 NPs were dissolved in 
two commonly used cell culture media, EMEM and DMEM. DMEM 
contains up to four times more vitamins and amino acids, and two to 
four times more glucose than EMEM. HaCaT cells can however be 
equally grown in both media. We exposed MoO3 nanowires for 24 h to 
either EMEM or DMEM and observed their morphology by SEM. In 
DMEM, dissolving of MoO3 nanowires was less pronounced and the sea 
urchin morphology was preserved, while in EMEM, the nanowires dis
solved better, and the sea urchin morphology fell apart to individual 
nanowires (Fig. 2, A). The MoO3 NPs surfaces were porous, especially 
when dissolved in EMEM. The observed increased porosity could rather 
be attributed to washing in isopropanol, which always contains residuals 
of water, than exposure to growth medium, or an inadequate dissolving 
in the growth medium. 

Table 1 
Primer sequences for qPCR analysis of IL-6, IL-8, IL-1β and TNF-α gene 
expression.  

Gene ID Primer sequences 

IL-6 F: 5’CAATGAGGAGACTTGCCTGG3’ 

R: 5’GCACAGCTCTGGCTTGTTCC3’ 

IL-8 F: 5’GTTTTTGAAGAGGGCTGAGAATTC3’ 

R: 5’ATGAAGTGTTGAAGTAGATTTGCTTG3’ 

IL-1β F: 5’TGGCAATGAGGATGACTTGTTC3’ 

R: 5’CTGTAGTGGTGGTCGGAGATT3’ 

TNF-α F: 5’AACCTCCTCTCTGCCATCAA3’ 

R: 5’GGAAGACCCCTCCCAGATAG3’  
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Dissolving MoO3 nanowires in growth medium caused an initial drop 
in pH value in 15 min; from 8.3 to 6.8 in DMEM, and in 18 min; from 7.8 
to 6.3 in EMEM. The pH values however, start to increase, and in 
approximately 110 min, reached the starting values before MoO3 NPs 
insertion. The pH values increase even further all the way to the end of 
the dissolving test (350 min), where the pH values were: 8.4 (EMEM) 

and 8.7 (DMEM) (Fig. 2, B). From the steeper slope of the DMEM curve, 
it is possible to conclude lower concentration of dissolved MoO3, which 
is in accordance with SEM observations. 

The observation that growth medium can influence MoO3 NPs sol
ubility was further supported by the data obtained in our conductivity 
measurement. Showed in Fig. 2, B, during dissolving of MoO3 in DMEM, 

Fig. 1. Scanning electron microscopy images of MoO3 nanowires, self-assembled in a sea urchin growth morphology.  

Fig. 2. Characterization of MoO3 nanowires dissolving in cell growth medium. Scanning electron microscopy images of MoO3 nanowires after dissolving in DMEM 
(a) or EMEM (b) (A). The inserts show porous surfaces of the nanowires in both cases. Time evolution of conductivity and pH values during dissolution of MoO3 
nanowires in DMEM (a) or EMEM (b) (B). 
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conductivity increased at first, then reached a saturation plateau, before 
starting to decrease. A sudden drop in conductivity 160 min after MoO3 
insertion could be explained with an artefact measurement in dynamic 
vicinity of the electrode. Decrease in conductivity with time implies 
reduction in the number of ions (H3O+, MoO4

2-) due to their neutrali
zation by components in DMEM. Unlike DMEM, the conductivity in 
EMEM steadily increased from the time of MoO3 insertion until the end 
of the experiment. Thus, MoO3 NPs were dissolved in EMEM for all 
subsequent experiments. 

3.2. Short time exposure to MoO3 NPs in concentration of 1 mg/mL had 
no influence on HaCaT cells survival 

In order to study the cytotoxic effect of MoO3 NPs, the MTT assay was 
performed following exposure of HaCaT cells to different concentrations 
of MoO3 NPs (0.25 mg/mL-2 mg/mL). These concentrations were cho
sen based on their antimicrobial properties obtained in our previous 
research (Gradǐsar Centa U. et al. unpublished data) with these com
pounds. As shown in the Fig. 3, exposing HaCaT cells to MoO3 NPs for 1 
h had no significant influence on cell survival in any of the studied 
concentrations. However, after 6 h of exposure, a toxic effect was 
observed with the 2 mg/mL MoO3 NPs concentration. At this time point 
and concentration, 20% of the cells died, and after 24 h, none of the cells 
survived. Lower concentrations showed a similar trend, but the toxicity 
was conversely much lower even after longer periods of exposure. 
Compared to controls, treatment of cells with 1.5 mg/mL MoO3 NPs for 
6 h and 24 h resulted in cell deaths of 8% and 62%, respectively, while 
treatment with 1 mg/mL for the same time periods resulted in a cell 
death of 2% and 55%, respectively. Concentrations lower than 1 mg/mL 
had no significant influence on cell survival. 

Since MoO3 NPs at 1 mg/mL concentration still exhibited antimi
crobial properties (Gradǐsar Centa U. et al. unpublished data) but 
showed no significant toxic effects on HaCaT cells survival during the 
short time exposure (up to 6 h), we decided to use this concentration in 
order to further investigate the biological effects of MoO3 NPs. 

3.3. MoO3 NPs trigger the increase of pro-inflammatory cytokine IL-6 
gene expression and protein secretion 

It is known that nanoparticles can communicate with various bio
logical components of the immune system (Liu et al. 2017), thus, we 
assessed gene expression of pro-inflammatory cytokines not only on 
transcriptional levels, but also on the level of cytokine secretion in 
HaCaT cells exposed to MoO3 NPs. Long-term exposure, namely 24 h, to 
1 mg/mL of MoO3, profoundly increased expression of the 
pro-inflammatory cytokines IL-6, IL-8, IL-1β and TNF-α. Short term 
exposure on the other hand, influenced only IL-6 gene expression, which 
was 2 fold higher compared to control samples, while after 24 h, 
expression of the IL-6 gene was 25 fold higher in cells exposed to MoO3 
NPs (Fig. 4A) compared to control treated cells. Exposing HaCaT cells to 
MoO3 NPs caused elevated secretion of IL-6 after 6 h and 24 h, 2.5 and 
2.2 fold respectively, compared to the control. One hour of exposure did 
not cause any significant change in secreted amount of IL-6. Exposing 
HaCaT cells to 1 mg/mL of MoO3 NPs did not induce secretion of IL-8 
and IL-1β in any observed time point (Fig. 4B). 

3.4. Exposure to MoO3 NPs induced activation of p38 and ERK mitogen- 
activated protein kinases 

Mitogen-activated protein kinase (MAPK) signalling cascades are 
known to regulate cellular responses to external stresses as well as 
expression of multiple genes that regulate the inflammatory response 
and cytokine production (Arthur and Ley 2013). As shown in Fig. 5A, we 
observed increased phosphorylation of p38 and ERK, but not of JNK, 
when HaCaT cells were exposed to 1 mg/mL of MoO3 NPs. Phosphory
lation of p38 was the strongest 1 h after the exposure, and even though 
phosphorylation decreased over time, it was still increased 24 h after 
exposure. Relative activation of p38, expressed as a ratio of p-p38/p38 
in the MoO3 NPs exposed cells, compared to control cells, was 4.4, 3.2 
and 2.7 fold higher after 1 h, 6 h and 24 h, respectively. On the contrary, 
ERK phosphorylation was time dependent, i.e. it increased with longer 
exposure times. Relative activation of ERK expressed as a ratio of 

Fig. 3. Cell survival of HaCaT cells exposed for 1 h, 6 h and 24 h to different concentrations of MoO3 NPs. Data are presented as mean ± SD made in four replicates, 
relative to the control samples. Representative data of three independent experiments which yielded similar results are shown. *, P < 0.05; **, P < 0.01; ***, P 
< 0.001. 
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pERK/ERK in MoO3 NPs exposed cells compared to control cells, was 
2.1, 3.3 and 2.9 fold higher after 1 h, 6 h and 24 h, respectively. 

Once p38 is phosphorylated, the NF-κB transcription factor gets 
activated (Sakai et al. 2002), which in turn leads to gene expression of 
cytokines and other inflammatory molecules (Lawrence 2009). In order 
to determine whether exposure to MoO3 NPs is capable of inducing the 
activation of NF-κB, the amount of cells which demonstrate nuclear 
localization of the p65 subunit of NF-κB was determined by immuno
fluorescence. Unexpectedly, compared to non-treated cells, we detected 
decreased activation of NF-κB in all time points following exposure of 
HaCat cells to MoO3 NPs (Fig. 5B). 

3.5. Short time exposure of human keratinocytes to MoO3 NPs did not 
induce DNA damage or ROS production 

Exposing human cells to metal nanoparticles may result in an 
increased production of ROS and subsequently DNA damage (Wan et al. 
2012). We therefore, assessed both the generation of ROS and induction 
of DNA damage after exposing HaCaT cells to MoO3 NPs. As shown in 
Fig. 6, only long-term exposure to MoO3 NPs significantly induced DNA 
double strand breaks, evidenced as phosphorylation of histone H2 
(γ-H2AX) in HaCaT cells. Compared to control cells, 7.5 fold more cells 
exposed to MoO3 NPs for 24 h were positive for the γ-H2AX foci. At 
shorter exposure, up to 1 h, DNA damage was not detected, while 6 h of 
exposure induced a 2.8 fold more of cells positive for the γ-H2AX foci, 
when compared to the control samples. 

Interestingly, exposure to MoO3 NPs induced production of intra
cellular ROS only after 24 h. This increase was moderate but distinctive. 
No significant change in ROS level was detected between control cells 
and cells exposed to MoO3 NPs for 1 h or 6 h (Fig. 7A). Increase in ROS 
production following 24 h of exposure to MoO3 NPs could be attributed 
to the decreased level of superoxide dismutase 2 (SOD2), which is one of 

the primary mitochondrial antioxidants (Fig. 7B). Contrary to SOD2 
amount, expression of catalase was slightly increased following expo
sure to MoO3 NPs (6 h and 24 h). These data imply that long term 
exposure to 1 mg/mL MoO3 NP might alter the antioxidant system in 
human keratinocytes. 

3.6. Increased percentage of apoptotic cells after long time exposure to 
MoO3 NP is caspase independent 

Since a decreased survival of HaCaT cells at longer exposure to MoO3 
NPs was observed, the mechanisms of cell death were investigated. The 
AO/PI staining, which allows differentiation between live and 
apoptotic/necrotic cells, was performed. Cells exposed to MoO3 NPs for 
1 h exhibited meagre cell death (3.7% cells in apoptosis). When the cells 
were exposed to MoO3 NPs for 6 h or 24 h, an increased but yet minimal 
cell death (13.5% and 20.1% of apoptotic cells, respectively) was again 
observed (Fig. 8A). 

To assess the mechanism behind the observed increase in apoptosis, 
activation of caspases, proteins playing an essential role in programmed 
cell death, was studied in HaCaT cells exposed to MoO3 NPs. Only 
procaspase-3 and procaspase-8, without their cleaved products (i.e. 
active forms), were detected (Fig. 8B). We did detect cleaved caspase-9 
but only after a longer exposure (24 h) to MoO3 NPs. When cells were 
exposed to MoO3 NPs for 1 h and 6 h, the same amount as in the control 
cells, of cleaved caspase-9 was detected. Longer exposure to MoO3 NPs, 
i.e. 24 h, decreased amount of cleaved caspase-9. Hence, the analysis of 
procaspase-3, -8 and -9 revealed that MoO3 NPs exposure did not induce 
activation of caspase-3, also known as executioner caspase, but only the 
initiator caspase, caspase-9. Since caspase-3 activation induces the 
apoptosis process, we can conclude that the observed cell death 6 h or 24 
h after exposure to MoO3 NPs is caspase-independent. 

4. Discussion 

An innovative approach to preventing the dissemination of micro
organisms in healthcare units and public environments by applying 
transition metal oxides as antimicrobial agents in surface coatings has 
recently been proposed. One of the promising candidates for 
manufacturing this type of coatings is MoO3 (Zollfrank et al. 2012). 
Recently, synthesis of MoO3 nanowires and nanotubes via trans
formation of molybdenum-sulfur-iodine nanowires was reported. This 
unique synthesis route results in an interesting morphology, comprises 
porous nanowires and nanotubes (Varlec et al. 2016), hence, could be 
considered for possible future applications, such as antimicrobial sur
face coatings. The potential human health risks following exposure to 
MoO3 NPs is a very important issue and needs to be assessed prior their 
potential application. 

Here, we investigated the biological effects of MoO3 NPs on human 
keratinocytes. HaCaT cells were used as a cell model for human skin due 
to the assumption that any future application of MoO3 NPs will be in 
surface coatings, and as such, they could come in contact with the 
human skin. HaCaT cell line is a non-tumorigenic monoclonal cell line, 
adapted to long term growth without feed-layer or supplemented 
growth factors. It exhibits normal morphogenesis and expresses all the 
major surface markers and functional activities of isolated keratino
cytes, and as such is appropriate model for studying human skin 
(Colombo et al. 2017). 

In order to be exposed to the cells, the MoO3 NPs were dissolved in 
two commonly used media for growing HaCaT cells, DMEM and EMEM. 
MoO3 NPs dissolved in DMEM did not create a stable dissolution and had 
a steeper slope of the pH curve; indicating a lower concentration of 
dissolved MoO3, which is in accordance with SEM observations. Since 
conductivity is directly linked to the total amount of solids dissolved 
(Rusydi 2018), a strong decrease in conductivity was able to further 
corroborate the lower solubility of MoO3 NPs in DMEM. When dissolved 
in DMEM, MoO3 NPs also became very toxic for the cells (data not 

Fig. 4. Gene expression (A) and release of pro-inflamatory cytokines (B) in 
HaCaT cells exposed to 1 mg/mL MoO3 NPs for 1 h, 6 h and 24 h. Relative gene 
expression is presented as a fold change relative to control samples. Analysis of 
cytokine release was performed by ELISA. Secretion of cytokines is presented as 
relative to the control samples. Representative data of two independent ex
periments which yielded similar results are shown. *, P < 0.05; **, P < 0.01; 
***, P < 0.001. 
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shown), however further investigation of the observed effect is out of 
scope of this study. Hence, for all subsequent evaluations of the bio
logical effects of MoO3 in this study, MoO3 NPs were dissolved in EMEM. 

The impact of MoO3 NPs cytotoxicity on HaCaT cells, which was 
evaluated by the MTT assay showed that a concentration of 1 mg/mL 
had no distinctive influence on HaCaT cell survival at shorter time ex
posures. So far there is only one report regarding MoO3 NPs toxicity in 
HaCaT cells. The IC50 values of MoO3, prepared with a wet chemical 
method using ammonium molybdate as a starting precursor, for HaCaT 
cells was found to be around 400 mg/mL (Indrakumar and Korrapati 
2019), which is approximately 200 fold higher than in our study. MoO3 
nanoparticles were considered mildly toxic in immortalized rat liver 
cells; as concentrations higher than 0.1 mg/mL caused a decrease in cell 
viability (Hussain et al. 2005). However, the same concentration of 
MoO3 nanoparticles had no significant influence on spermatogonial 
stem cell growth; even at very low concentrations, 0.005-0.1 mg/mL 
(Braydich-Stolle et al. 2005). MoO3 also proved to be toxic on cancer 
cells in lower concentrations spanning from 0.05 to 0.4 mg/mL (Anh 

Tran et al. 2014; Sivan et al. 2019). The discrepancy observed between 
different reports may be explained by differences in experimental 
environment, namely, the cell lines employed. Observed also indicates 
that MoO3 NPs cytotoxicity highly depend on the synthesis procedure 
along with the physical properties of MoO3 NPs. Regarding a possible 
cell death mechanism, our data suggests that the increased percentage of 
apoptotic cells observed after long time exposure to MoO3 NPs is 
caspase-independent; which is contrary to what was reported in invasive 
human breast cancer iMCF-7 cells exposed to MoO3 (Anh Tran et al. 
2014). 

Our study revealed that exposing HaCaT cells to MoO3 NPs for 24 h 
increases the gene expression of pro-inflammatory cytokines IL-6, IL-8, 
IL-1β and TNF-α. In terms of MoO3 NPs-induced cytokine secretion 
however, only IL-6 was increased when HaCat cells were exposed to the 
same concentration of MoO3 NPs for 24 h. To the best of our knowledge 
there is only one report regarding chemokine expression after exposing 
cells to MoO3 reporting no change in expression of IL-8 in human lung 
carcinoma cells A549 after exposing them to MoO3, which is in line with 

Fig. 5. Activation of mitogen activated protein kinases and NFκB in HaCaT cells exposed to 1 mg/mL MoO3 NPs for 1 h, 6 h and 24 h. Phosphorylation of p38, ERK, 
and JNK in HaCaT cells treated with MoO3 (A). Densitometry analysis is shown on the right hand side. Data are expressed as means ± SD from three independent 
experiments, and are presented as fold increase over control in phosphorylated protein levels normalized to total protein levels. Amidoblack staining was used as a 
control for gel loading. *, P < 0.05; **, P < 0.01; ***, P < 0.001. NF-κB nuclear translocation in control and HaCaT cells treated with MoO3, and observed by confocal 
microscopy (B). Full arrows indicate positive nuclear signal for pNF-κB p65, while empty arrows indicate cells without nuclear pNF-κB p65 signal. The percentage of 
cells with a positive nuclear signal for pNF-κB p65 is shown in the upper right corner of each panel. A representative data of two independent experiments which 
yielded similar results is shown. 
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our data (Horie et al. 2018). Other cytokines that we have analysed here, 
until now, have not been assessed. IL-6 is characterized as a pleiotropic 
cytokine and has context-dependent pro- and anti-inflammatory prop
erties (Hunter and Jones 2015). Since it is required for normal wound 
repair, IL-6 is produced by normal human keratinocyte and may be 
associated rather with modulation of keratinocyte differentiation than 
proliferation (Sugawara et al. 2001). Hence, one could speculate that 
increased secretion of IL-6 following exposure to MoO3 NPs should not 
be considered as a potential risk to human health. Additionally, it should 
be stressed out that increased secretion of IL-6 was observed after longer 
exposure, i.e. after 6 h and 24 h, and not after 1 h. We assume the latter 
to be the optimal time frame in which potential MoO3 containing 
coatings would be in contact with the skin. 

It is known that nanoparticles can activate MAP kinases (Marano 
et al. 2011), which in turn can influence expression of genes that are 
involved in cell survival, inflammatory response and cytokine produc
tion (Arthur and Ley 2013). We found, that exposure to MoO3 NPs 
induced phosphorylation, and hence, activation of ERK and p38, but not 
JNK. Since both p38 and ERK converge towards NF-κB we also 

determined activation status of this transcription factor. In HaCaT cells 
exposed to MoO3 NPs, we observed decreased activation of NF-κB. A 
similar outcome was reported for zinc oxide nanoparticles (Kim and 
Jeong 2015). Even though all three signalling molecules, p38, ERK and 
NF-κB can be involved in the induction of IL-6 gene expression and 
secretion (Craig et al. 2000; Perez et al. 2009), we assume that the 
increased IL-6 secretion observed in our study is p38/ERK- and not 
NF-κB-mediated. To the best of our knowledge, this study is the first to 
demonstrate MoO3 NPs-induced activation of MAPKs. 

Oxidative stress is one of the most important mechanisms governing 
nanomaterial-mediated toxicity (Fu et al. 2014). To the best of our 
knowledge there are only few studies regarding MoO3 nanoparticles and 
ROS production, including our research. We detected increased ROS 
production in HaCaT cells only after 24 h exposure to MoO3 NPs, which 
is in agreement with what was observed in not only invasive human 
breast cancer iMCF-7 cells following exposure to MoO3 nanoplates (Anh 
Tran et al. 2014), but also in the human squamous carcinoma A431 cells 
treated with MoO3 (Indrakumar and Korrapati 2019). The authors did 
not reflect on possible mechanism. A possible reason for the increase in 

Fig. 6. DNA damage in HaCaT cells exposed to 1 mg/mL MoO3 NPs for 1 h, 6 h and 24 h. Double strand DNA breaks evidenced as γ-H2AX staining (green) visualized 
by confocal microscopy. Cell nuclei are stained by DAPI (blue). The ratio between the percentage of nuclei positive for γ-H2AX staining in cells exposed to MoO3 NPs, 
to that of the control cells, is presented in the lower panel. *, P < 0.05; **, P < 0.01; ***, P < 0.001. A representative data of two independent experiments which 
yielded similar results is shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ROS production following MoO3 treatment observed in our research 
could be decreased SOD2 levels; as SOD2 is one of the primary mito
chondrial antioxidants (Fukai and Ushio-Fukai 2011). There are several 
transcriptional factors, including NF-κB, FOXO3a, SIRT, AP-2 and Sp1, 
that have been shown to play important roles in regulating the consti
tutive or inductive expression levels of SOD2 (Kim et al. 2017; Miao and 
St Clair 2009). We assume that the decreased expression of SOD2 
observed in our study could be due to the decreased activation of NF-κB 
that we saw in HaCaT cells after exposing them to MoO3 NPs. Decreased 
SOD2 level was reported also for osteoblast cells exposed to titanium 
dioxide nanoparticles. Authors attributed this to decreased SIR3 protein 
level (Niska et al. 2015). Current literature suggests that the nanowire 
internalization is taking place through both phagocytosis and micro
pinocytosis (Abariute et al. 2019; Safi et al. 2011; Zimmerman et al. 
2016). Depending on their size nanowires can localize to lysosomes 
where they can puncture the enclosing membrane and cause lysosomal 
damage (Ji et al. 2012; Lehmann et al. 2019) leading to ROS production 
as well as cell death. It has been shown that MoO3 nanoribbons inter
nalized by macrophages are localized within lysosomes but do not 
disrupt lysosomal membrane integrity (Gray et al. 2018). Studying 
MoO3 NPs cell localization was beyond our study. Data obtained in our 
study suggests that long term exposure to 1 mg/mL MoO3 NPs might 
alter the antioxidant system in human keratinocytes. The increased ROS 
production observed in these HaCaT cells after 24 h exposure to MoO3 
NPs could be the cause of DNA damage induction. Increased DNA 
damage was also reported in invasive human breast cancer iMCF-7 cells 
exposed to MoO3 (Anh Tran et al. 2014). 

The secretion of IL-6, increased DNA damage and ROS production in 

HaCaT cells after long-term exposure to MoO3 NPs indicates that these 
NPs can promote oxidative-inflammatory effects in human keratino
cytes, and therefore, suggests that long-term exposure to MoO3 NPs 
could induce production of pro-inflammatory mediators on human skin. 
In order to reveal the exact mechanism of how MoO3 NPs affects HaCaT 
cells under long term exposure, further study is necessary. 

5. Conclusion 

Exposing HaCaT cells to MoO3 NPs at a concentration of 1 mg/mL 
during short periods, namely up to 6 h, had no significant effect on cell 
survival, ROS production or the expression of proteins involved in 
antioxidant defence. Although DNA damage was not significantly 
induced, the activation of ERK and p38 MAP kinases, along with a 
moderate release of the pro-inflammatory cytokine IL-6 and increased 
level of caspase-independent apoptosis were observed. Overall, our data 
indicate that exposing keratinocytes to 1 mg/mL MoO3 NPs antimicro
bial water-based solution in durations that are less than 1 h, exhibits no 
significant cytotoxicity. The MoO3 NPs do however trigger cell signal
ling cascades that are involved in cell proliferation and inflammation, 
which should be taken into consideration when evaluating possible 
medical usage of MoO3 NPs. 
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Fig. 7. The amount of ROS (A) and antioxidant proteins (B) in HaCaT cells exposed to 1 mg/mL MoO3 NPs for 1 h, 6 h and 24 h. Levels of ROS were measured by 
measuring the fluorescence intensity of DCF in each treated sample by flow cytometry. Black line represents cells exposed to MoO3 NPs, grey shaded histogram 
represents control cells. A representative data of two independent experiments which yielded similar results is shown. SOD2 and catalase protein levels in control and 
HaCaT cells treated with MoO3 were analysed by Western blot. Densitometric analysis is shown in the lower panel. Data are expressed as means ± SD from two 
independent experiments, and are presented as fold increase over control samples normalized to total protein levels. Amidoblack staining was used as control for gel 
loading. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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