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A B S T R A C T

The toxicity of TiO2 nanoparticles (NPs) is controversial, while it is widely accepted for Co3O4 NPs. We present a
comparative study concerning the uptake of these NPs and their effect on cytoplasmic organelles and autophagy
in a human lung carcinoma cell line (A549), including assays on the expression of autophagy-related microRNAs.
The NP accumulation caused a fast dose- and time-dependent change of flow cytometry physical parameters par-
ticularly after TiO2 NP exposure. The intracellular levels of metals confirmed it, but the Co concentration was
ten times higher than that of Ti. Both NPs caused neither necrosis nor apoptosis, but cytotoxicity was mainly
evident for Co3O4 NPs in the first 72 h. TiO2 NPs caused autophagy, contrarily to Co3O4 NPs. Furthermore, a sig-
nificant and persistent downregulation of miRNA-21 and miRNA-30a was observed only in TiO2 NPs-treated cul-
tures. The expression of miRNA-155 was similar for both NPs. Oxidative stress was evident only for Co3O4 NPs,
while both NPs perturbed endoplasmic reticulum and p-53 expression. In conclusion, the oxidative stress caused
by Co3O4 NPs can influence energy homeostasis and hamper the ability to detoxify and to repair the resulting
damage, thus preventing the induction of autophagy, while TiO2 NPs elicit autophagy also under sub-toxic con-
ditions.

1. Introduction

Nano-sized TiO2 is used in a wide range of applications, mainly due
to its ability to confer whiteness and opacity onto various products
(e.g. paints, papers and cosmetics) and to its light-scattering properties
and very high refractive index (EPA, 2009). Over the last few years,
the potential hazard of TiO2 nanoparticles (NPs) has been debated and
questioned (Skocaj et al., 2011). There is evidence that respirable TiO2
particles may persist in the lung of exposed workers some years after

the end of exposure with local macrophagic responses and mild fibro-
sis (NIOSH, 2011). Furthermore, a small but significant increase in lung
cancer mortality among exposed workers was found (Boffetta et al.,
2004). Based on experimental data, IARC has classified generically TiO2
as a Group 2B carcinogen (possibly carcinogenic to humans) by inhala-
tion (IARC, 2010). On the other hand, NIOSH concluded that there is
insufficient evidence to classify TiO2 in any form as a potential occupa-
tional carcinogen (NIOSH, 2011).

Several animal studies have shown that TiO2 NPs cause chronic in-
flammation and lung tissue damage, which can lead to lung-tumor de
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buffer solution; ROS, Reactive oxygen species; RT-PCR, Reverse transcription-polymerase chain reaction; SEM, scanning electron microscope; SSC, Side-scattered light; TBARS, Thiobarbi-
turic Acid Reactive Substances; TEM, transmission electron microscope.
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velopment (Lindberg et al., 2012; Sager et al., 2008; Sycheva et al.,
2011). Furthermore, TiO2 NPs induce dose-dependent hyperplasia, in-
flammation, but also disruption or dysfunction of endoplasmic reticu-
lum (ER) and mitochondria, leading to abnormal autophagy (Yu et al.,
2015b). Other studies in the literature report in vivo and in vitro effects
of TiO2 NPs (Han et al., 2013; Kenzaoui et al., 2012; Montiel-Davalos
et al., 2012), but in many cases no cytotoxic effects were observed
(Moschini et al., 2013; Prasad et al., 2013; Shi et al., 2013; Zhang et
al., 2015). The mechanisms underlying TiO2 NPs toxic responses are not
clear, although oxidative stress and DNA damage induction may be re-
sponsible for adverse biological effects (Skocaj et al., 2011). Consider-
ing A549 as a model of epithelial pulmonary cells, previous studies have
reported the genotoxic and cytotoxic effects of TiO2 NPs (Jugan et al.,
2012; Karlsson et al., 2008; Srivastava et al., 2013; Ursini et al., 2014).

For a better comprehension of the mechanisms underlining pul-
monary toxicity of TiO2 NPs, we used the A549 cells focusing on the up-
take and metabolic responses/adaptation to the internalized NPs, look-
ing at the cytoplasmic organelles perturbation and autophagic process.
Different NPs may induce autophagy, so that they are considered to be
a new class of autophagy activators (Chatterjee et al., 2014; Stern et al.,
2012).

In this study we compare TiO2 with Co3O4 NPs. Co3O4 NPs have been
increasingly used in biomedical applications, orthopaedics, electronics,
energy storage, electrochemistry, pigments, etc. for their unique mag-
netic, size- and shape-dependent properties. Presently they are raising
concerns about their potential health effects and risk in occupational
environment (Alarifi et al., 2013; Colognato et al., 2008; Horev-Azaria
et al., 2011; Papis et al., 2009). This comparison is particularly inter-
esting for two main reasons: (1) their extensive production and wide-
spread use, potential workplace exposure, commercial availability and
existing information on such materials; (2) the need to gather informa-
tion about specific targets (heart, lung, bowel, skin), with existing re-
cent data about in vitro effects (Alinovi et al., 2015; Cavallo et al., 2015;
Crosera et al., 2015; Larese Filon et al., 2013; Spigoni et al., 2015; Titma
et al., 2016; Ursini et al., 2014).

Finally, we have explored the relationship between autophagy and
microRNAs (miRNAs) which is poorly studied in literature with NPs.
MiRNAs are endogenous short non-coding RNAs able to regulate gene
expression at post-transcriptional and translational levels via comple-
mentary base-pairing with mRNA. MiRNAs play a critical role in a
broad range of biological processes including proliferation, differentia-
tion, apoptosis and stress response. Single miRNAs can simultaneously
regulate a multitude of targets and biological networks. Autophagy is
post-transcriptionally regulated by small non-coding miRNAs and can
be crucial in tumorigenesis (Frankel and Lund, 2012; Yao et al., 2016).
For this reason, our study has been focused on autophagy including the
evaluation of some miRNAs controlling different functions and mecha-
nisms.

2. Materials and methods

2.1. Reagents

Sterile plastic material for cell culture was purchased from Costar,
Corning (Amsterdam, The Netherlands). ApoTox-Glo™ Triplex Assay,
CytoTox-One™ Homogeneous Membrane Integrity Assay,
CellTiter-Glo® Luminescent Cell viability Assay were obtained from
Promega (Madison, WI, USA) and Annexin V/FITC kit Assay from Ben-
der MedSystems GmbH (Vienna, Austria). DCFH-DA was provided from
Molecular Probes (Eugene, OR, USA), GSH colorimetric kit and
Cyto-ID® Autophagy Detection kit from Enzo Life Sciences Interna-
tional Inc. (Plymouth Meeting, PA, USA), BCA Protein Assay from
Thermo Scientific (Rockford, IL, USA). FITC mouse anti-human p53 an

tibody was purchased from Dako Italia s.r.l. (Milan, Italy), along with
their respective isotype controls. Cobalt (II,III) oxide nanopowder
(< 50 nm) and TiO2 nanopowder (< 100 nm) are commercially avail-
able and were provided with physicochemical characterization by
Sigma (St. Louis, MO, USA). All other reagents were from Sigma (St.
Louis, MO, USA), unless otherwise specified.

2.2. Characterization of TiO2 and Co3O4 NPs

The characterization of NPs has been already published (Alinovi et
al., 2015). Briefly, Co3O4 NPs had an irregular non spherical shape,
forming agglomerates of tens of NPs in water. Size distribution was cen-
tered around a mean value of 17 nm (diameter). TiO2 NPs had a regular
spherical shape and were slightly aggregated, with a wide size distribu-
tion centered around a value of 38 nm. Mean surface areas of TiO2 and
Co3O4 NPs were respectively 13.8 m2/g and 46.7 m2/g. In culture me-
dia, TiO2 NPs tended to form larger clusters than in water. The contrary
was observed for Co3O4 NPs. TiO2 NPs had lower zeta potential than
Co3O4 NPs in water (− 31.7 vs. − 19.1 mV), with similar values in cul-
ture media.

2.3. Preparation of NPs

Co3O4 and TiO2 NPs were prepared as already reported (Alinovi et
al., 2015).

2.4. Ti and Co determination

Intracellular total Ti and Co concentrations were determined after
24 h-exposure. A549 were washed three times with PBS, harvested, pel-
leted and digested in 30% nitric acid overnight at 65 °C, then analyzed
by means of ICP-MS (Elmer ELAN DRC II instrument Perkin Elmer Sciex,
Woodbridge, ON, Canada). The limit of detection (LOD) was 0.1 μg/l.
Metal concentrations were referred to the cell number and expressed
as ng per 106 cells. Regarding the solubility, NPs at 20–50–100 μg/
ml were left 24 h the culture medium at 37 °C. After centrifugation
(12,000g ∗ 10 min), the supernatant was collected and Co-Ti were mea-
sured by means of ICP-MS. The intra-sample variability was always
< 3%. Regarding Co dissolution, cells were exposed for 24 h to the su-
pernatant of NPs after centrifugation (12,000g ∗ 10 min) and to 50 μg/
ml NPs. Then, A549 were harvested, pelleted, re-suspended in 1000 μl
of water, freeze/thawed three times, sonicated and finally centrifuged
(12,000g ∗ 10 min). The supernatant was used to measure intracellular
ionic Co.

2.5. Adsorption of serum proteins on NPs

The coating “corona” was analyzed by incubation NPs with FBS or
complete medium containing 10% FBS. NPs were normalized for the to-
tal particle surface (0.08 m2) and incubated with 500 μl FBS, or medium
or water, at 37 °C for 30 min. Afterward, samples were purified by 5 cy-
cles of centrifugation (16,000g) and the pellet was dispersed in water to
remove unabsorbed proteins. NPs were then re-suspended overnight in
100 μl reducing loading buffer, centrifuged and the supernatants were
heated to 95° for 10 min. A 1:100 dilution of FBS in purified water was
used as a positive control. Identical volumes (50 μl) of supernatants, as
well as the protein markers and the diluted FBS, were applied on 10%
polyacrylamide gel prepared on a Mini-Protean Electrophoresis System
(Bio-Rad, Hercules, CA, USA) and ran at constant voltage. The protein
bands were stained with Coomassie Blue, processed by Fluor-S Multi-
Imager and analyzed by Quantity-One software (Bio-Rad, Hercules, CA,
USA).
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2.6. Cell culture

A549 cells were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated FBS, 100 U penicillin ml− 1 and 100 μg strepto-
mycin ml− 1, 2 μM l-glutamine and incubated at 37 °C with humidified
air containing 5% CO2. Exponentially growing cells were used for all as-
says.

2.7. SEM morphological analysis

For SEM analysis NPs treated and control cells were fixed at with
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3). They
were then dehydrated through a series of alcohols and then criti-
cal-point-dried with liquid CO2 (CPD 030 Baltec). Specimens were then
sputter-coated with a gold–palladium layer using a SCD 040 coating de-
vice (Balzer Union) (Ravanetti et al., 2010). Samples were observed us-
ing a Zeiss DSM 950 scanning electron microscope at an accelerating
voltage of 10 kV (Zeiss).

2.8. TEM ultrastructural analysis

NPs treated and control cell fixed in 2.5% glutaraldehyde/0.1 M PBS
buffer pH 7.2 for 1 h and then dehydrated through the graded series
of acetone and embedded in Durcupan (Fluka Chemie, Buchs, Switzer-
land). The polymerization occurred after 24 h at 65 °C. Sections of 2 μm
were prepared using ultramicrotome Reichert (Pabisch-Wien, Austria),
colored with Toluidin blue 0.5% sodium carbonate, and observed under
a light microscope. Ultrathin sections (~ 70 nm) were cut with a dia-
mond blade, gathered on slotted copper grills, stained with 3% uranyl
acetate and lead citrate 6 (Cacchioli et al., 2014) and observed by a
JEOL (JEM 2200 FS, Tokyo, Japan)) transmission electron microscope
operated at 80 keV.

2.9. Cell proliferation/viability assays

Viability and cytotoxicity of A549 cells treated with NPs were de-
termined by three different assays: ApoTox-Glo™ Triplex Assay, Cyto-
Tox-One™ Homogeneous Membrane Integrity Assay and CellTiter-Glo
Luminescent Cell Viability Assay, following the manufacturer's instruc-
tions. Luminescence/fluorescence was detected by a Cary Eclipse fluo-
rescence spectrophotometer (Varian, Inc., Palo Alto, CA, USA) and the
data were normalized against control values. Cell number was also eval-
uated by cell counting in a Burker hemocytometer. Experiments with
TiO2 NPs were repeated after pre-treatment of cells with 5 mM 3-methyl
adenine (3MA) as autophagy blocker.

2.10. Clonogenic survival assay

Exponentially growing A549 cells were diluted to have an appro-
priate plating density, seeded in 6-well plates and allowed to adhere
overnight. After addition of increasing concentrations of NPs, cells were
cultured for 10 days. Colonies were fixed with methanol/acetic acid
(3:1) and stained with crystal violet (0.5% w/v in methanol). Colonies
consisting of 50 cells or more were counted using the Fluor-S MultiIm-
ager (Bio-Rad, Hercules, CA, USA). The surviving fraction was calcu-
lated relative to the mean plating efficiency of untreated control cells.
Experiments with TiO2 NPs were repeated after pre-treatment of cells
with 5 mM 3MA.

2.11. Apoptosis assays

Apoptosis was evaluated by phosphatidylserine translocation from
the inner to the outer leaflet of the membrane and by caspase-3 activa-
tion, as already described (Alinovi et al., 2015.

2.12. Flow cytometric analysis

A FC500™ flow cytometer (Instrumentation Laboratory, Bedford,
MA, USA) was used in this study. The analysis was performed using
the FlowJo software package (Tree Star Inc., Ashland, OR, U.S.A.). The
mean of SSC values was calculated, referred to the SSC mean of control
samples (treated/control) and represented as the “mean SSC ratio”.

2.13. Autophagy

Autophagic cells were stained by Cyto-ID Green Detection Reagent
for 30 min, according to manufacturer's protocol. For flow cytometry af-
ter 24 h treatment with NPs, cell suspensions were incubated with the
probe before the analysis. Cells grown on glasses were exposed to NPs
for 24 h, then incubated with Cyto-ID Green Detection Reagent before
fixation with 4% paraformaldehyde for 20 min. Finally, the nuclear dye
DRAQ5® (Cell Signaling Technologies, Danvers, MA, USA) was applied
to slides. The confocal system was the LSM 510 Meta scan head inte-
grated with the Axiovert 200 M inverted microscope (Carl Zeiss, Jena,
Germany). Specimens were observed through a 63 ×, /1.30 oil objective
The green-emitting fluorescent probe to highlight the vacuolar compo-
nents of the autophagy pathway and the nuclear dye were excited with
488 nm argon and 633 nm He-Ne laser lines, respectively. Image acqui-
sition was carried out in a multitrack mode through consecutive and in-
dependent optical pathways. A series of x-y sections was acquired with
a z-step of 0.5 μm, to cover the whole height of the samples.

2.14. Oxidative stress

Intracellular ROS levels were quantified by flow cytometer using
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (Alinovi et al.,
2015).

The well-established method ‘Thiobarbituric Acid Reactive Sub-
stances’ (TBARS) allowed to monitoring lipid peroxidation, as already
described (Alinovi et al., 2015), using a Cary Eclipse fluorescence spec-
trophotometer (Varian, Inc., Palo Alto, CA, USA) (excitation 515 nm,
emission 545 nm). All values were normalized for the protein concen-
trations and expressed as percentage of control. Experiments with TiO2
NPs were repeated after pre-treatment of cells with 5 mM 3MA.

2.15. p53 expression

After treatment with NPs for 4, 8, 12, and 24 h, A549 cells were re-
suspended in PerFix assay kit (Beckman Coulter) for 15 min at RT, ac-
cording with the manufacturer's instructions, before the incubation with
the mouse anti-human p53-FITC antibody for 30 min in the dark. La-
beled cells were sorted by flow cytometer.

2.16. GRP78 enzyme-linked immunosorbent assay

Glucose-regulated protein (GRP78) or binding immunoglobulin pro-
tein (BiP), was quantified in lysates of treated and control cells using a
commercially available competitive enzyme-linked immunosorbent as-
say (ELISA), according with the manufacturer's instructions. All values
were referred to protein concentrations.
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2.17. Protein determination

In cellular lysates total protein concentrations were quantified by the
BCA (bicinchoninic acid) Protein Assay, according to the manufacturer's
microwell plate protocol.

2.18. Total RNA isolation

RNA was isolated from cultured cells using TRIzol reagent (Thermo
Fisher Scientific, MA USA) according to the manufacturer's instructions.
The extracted RNA was digested with DNase I (DNA-free kit; Thermo
Fisher Scientific, MA USA) to remove any genomic DNA contamina-
tion. Total RNA was quantified using a NanoDrop spectrophotometer
(Thermo Scientific, DE).

2.19. Reverse transcription and quantification of miRNA expression by
qRT-PCR

Total RNA was reverse transcribed using a TaqMan MicroRNA RT
kit (Thermo Fisher Scientific, MA USA) according to the manufacturer's
instruction. The reaction included 3 μl of stem-loop RT primer 50 nM,
1.5 μl of 10 × RT buffer, 0.15 μl of dNTPs 100 mM, 0.19 μl RNase In-
hibitor 20 U/μl, 1 μl of MultiScribe reverse transcriptase 50 U/μl and
5 μl of RNA sample in a total volume of 15 μl. Quantitative PCR was
performed using an iCycler iQ Real-Time Detection System (Bio-Rad,
Hercules, CA). The reaction consisted of one step at 95 °C for 10 min,
followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. All of the
assays were made in duplicate, and one no-template and two interpo-
late controls were used in each experiment. The expression of the miR-
NAs was calculated using the comparative cycle threshold (Ct) method.
The threshold cycle (Ct) was defined as the fractional cycle number at
which the fluorescence passed the fixed threshold. The Ct values of the
target miRNAs were normalized to sno-RNU6B and the fold-change in
expression of each miRNA were calculated using the equation 2− ΔΔCt

(Livak and Schmittgen, 2001). Experiments with TiO2 NPs (24 h-expo-
sure) were repeated after pre-treatment of cells with 5 mM 3MA.

2.20. Statistical analysis

Data were expressed as mean ± SD (standard deviation) of at least
three independent experiments (at least five replicates for each exper-
iment). One-way ANOVA followed by Dunnett post-hoc test was per-
formed to detect the differences among different culture conditions. Sta-
tistical significance was set at p < 0.05 (two-sided). Data analysis was
performed using SPSS version 20.0 (SPSS Inc./IBM, Chicago, Ill, USA).

3. Results

The results concerning the protein corona are shown in Supple-
mentary material (Fig. S1A). The diluted FBS showed mainly one pro-
tein band according to the molecular weight of albumin (67 kDa). By
comparing the results of the two different NP preparation, protein
bands clearly revealed a higher amount of corona proteins on TiO2 NPs
[6.92 ± 0.94 higher than Co3O4 NPs]. For both NPs, pre-incubation with
medium containing 10% FBS caused an almost “saturation” effect. The
corona-originated protein profiles for both NPs had similar molecular
weight distributions, where the medium-sized proteins (30–100 kDa)
were predominant (Fig. S1B and Table S1).

3.1. Cellular uptake

The percent of solubility of NPs was not concentration-dependent
in the range 10-100 μg/ml (Fig. S2) and overall it was 0.78 (SD: 0.08)
% for Co3O4 NPs and 2.21 (SD: 0.07) % for TiO2 NPs. The concentra-
tion of dissolved Co in culture medium + FBS at 50 μg/ml was 280 (SD:
27) μg/l (4.75 μM) and that of Ti was 840 (SD: 60) μg/l (17.5 μM).

Regarding Co3O4 NPs, single NP or small groups of NPs were ab-
sorbed by the cell membrane via macro pinocytosis. Small endosomes
typified the first step of the internalization process. Regarding TiO2 NPs,
the internalization usually occurred for clusters of NPs of some hundreds
nm in diameter. Different types of cytoplasmic vesicles were observed;
as for Co3O4 NPs, endosomes typified the first step of the internalization
process, thereafter NPs were compartmentalized into round big vesicles
in the cytoplasm. Evidence of the presence of autophagosome was de-
tected only for TiO2 NPs (Fig. 1A–B).

The intracellular NP accumulation caused a dose- and time-depen-
dent modification of physical parameters. The cytogram distribution,
for instance, increased in SSC intensity (Fig. 2A–B). These changes in
SSC distributions were dramatically evident for TiO2 NPs starting from
30 min after the beginning of exposure. Inhibition of type III Phos-
phatidylinositol 3-kinases (PI-K3) by incubation with 3MA completely
blocked these self-degradative processes and significantly reduced SSC
changes (Fig. 2B). The mean SSC ratio over 24 h of A549 treated with
NPs is shown in Fig. 2C. For both NPs, this increase was very fast and
reached a plateau for the following 4 h. There was a 3.7-fold increase
in SSC between 20 μg/ml and control for Co3O4 NPs and a 24.4-fold in-
crease for TiO2 NPs after 4 h. The intracellular levels of the metals con-
firmed a dose-dependent adsorption, but the intracellular Co concentra-
tion was ten time higher than that of Ti (Fig. 2D). The overall amount of
internalized Co3O4 NPs was about 1/6 of the initial one, about 1/60 for
TiO2 NPs. When cells were exposed only to the supernatant, the intracel-
lular soluble Co concentration was 3.3 (SD: 0.1) ng/106 cells, while was
23.6 (SD: 3.5) ng/106 cells after 24 h–NP exposure at 50 μg/ml subtract-
ing the fraction of soluble Co spontaneously released by NPs during the
preparation of samples. No cytotoxic effects of Co ions were observed
until to 100 μM (data not shown).

3.2. Cellular viability and proliferation

From the analysis carried out through the scanning electron mi-
croscopy, no alterations in cell morphology between cells treated with
Co3O4 and TiO2 NPs and their controls were detected. As shown in Fig.
S3, in all the tested conditions cells displayed a healthy heterogeneous
morphology; round, polygonal or bipolar morphology and spread and
flattened cells were detected. In the concentration range used in the test
(1–100 μg/ml) A549 presented different patterns of response to Co3O4
and TiO2 NPs (Fig. S4). Both NPs did not cause necrosis, evaluated by
LDH spontaneous release of LDH in the medium (not shown), but in cul-
tures of A549 exposed to Co3O4 NPs, significant decreases in the cell
number and of intracellular ATP started from 24 h and continued after
72 h. The same was not observed during TiO2 NPs treatment, except for
a significant reduction in the number of cells after 72 h. The pre-treat-
ment with 3-MA induced a significant decrease in cell number after 24 h
of exposure at TiO2 NPs concentration of 50 and 100 μg/ml, with no sig-
nificant later effects (Fig. S5).

Caspase-3 activation and phosphatidylserine translocation were
evaluated after 24 h, but no significant activation and no apoptosis were
observed (Fig. S6).

The long-term effects of NPs on cell survival were assessed by clono-
genic assay. The persistent presence of both NPs resulted in a sig
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Fig. 1. TEM micrographs of NPs internalization. (A) Co3O4 NPs. Black arrow = small NP aggregates.(B) TiO2 NPs. Different types of cytoplasmic vesicles are observed. Evidence of au-
tophagosome (white arrows).

Fig. 2. Cellular uptake. (A) and (B) flow-cytometry analysis of side scatter (SSC) in A549 cells. Unexposed cells were scanned as control (continuous line) and compared to cells exposed to
NPs for 4 h (dashed line). (C) SSC was measured over a 24 h period [NPs = 50 μg/ml]. (D) Evaluation of intracellular Co and Ti in A549 cells treated for 24 h with different concentration
of NPs. Results are shown as means ± SD. Significant differences from controls: a:p < 0.05; b:p < 0.01; c:p < 0.001.

nificant decrease of clonogenic activity (Fig. S7), while the removal of
NPs after a 24 h pretreatment restored the plating efficiency and the cell
survival (not shown).

3.3. Autophagy

The changes in cellular parameter SSC during treatment with TiO2
NPs was further explored considering the autophagy pathway. No ev
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idence of autophagy activity was detected during exposure to Co3O4 NPs
(Fig. 3A and C). On the contrary, TiO2 NPs caused a significant increase
of autophagosomes as assessed by flow cytometry (increase 49,2 ± 5,3%
of mean fluorescence at 20 μg/ml as compared to control, Fig. 3B–C)
confirming microscopy observations (a clear difference in cytoplasmic
dye, Fig. 4). The presence of multiple autophagic vesicles containing
NPs was observed only in the TiO2 NPs treated samples.

The expression of miRNA-30a and miRNA-21 in cells exposed to
NPs was also tested. A significant and persistent downregulation of

these autophagy-related miRNAs in TiO2 NPs treated cultures was ob-
served, although this response occurred at different times and to a dif-
ferent extent. During Co3O4 NPs treatments decreases were lower and
temporary (Fig. 5A-B), with a recovery at 24 h for miRNA-21 and an up-
regulation for miRNA-30a. Pre-treatment of cells with 3-MA suppressed
downregulation at 24 h due to TiO2 (Fig. S8). On the other hand, the
expression of miRNA-155 is similar for both NPs. An increase was ob-
served after 2 h (2–4 h for Co3O4 NPs) with a subsequent decrease at
longer times of exposure (Fig. 5C).

Fig. 3. Flow cytometry-based analysis of autophagy induction in A549 cells treated with Co3O4 (A) and TiO2 NPs (B) for 24 h. Results are presented as histogram overlay. (C) Quantitative
results. Grey bars: Co3O4 NPs at 20, 50 and 50 + 3-MA μg/ml. White bars: the same for TiO2 NPs. Significantly different from untreated control: a: p < 0.05; b: p < 0.01; c: p < 0.001.

Fig. 4. Morphological phenomena of autophagy in TiO2 NPs-treated lung cancer cells (50 μg/ml for 24 h) looking at nuclear dye, cytoplasm dye and merged imagine. Samples stained
with autophagy probe were examined under confocal microscope.
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Fig. 5. Relative expression changes of miRNA-21, miRNA-30a miRNA-155 (vs. untreated controls) in human A549 cells during NPs exposure. Significantly different from control: a:
p < 0.05; b: p < 0.01; c: p < 0.001.

3.4. Cellular function/activity

Co3O4 NPs induced intracellular ROS generation, reaching a highly
significant increase after 30 min (Fig. 6A). ROS production was accom-
panied by an increase of lipid peroxidation (TBARS), protein oxidation
and induction of HO-1 expression after 24 h–exposure. TiO2 NPs showed
only a significant effect on TBARS at 24 h–exposure, with no effects of
a pre-treatment with 3-MA (not shown).

Finally, GRP78 concentration significantly increased in cells treated
with both NPs than in the controls (Fig. 6B). At the same time-points the
intracellular levels of p53 were enhanced for both NPs (Fig. 6C).

4. Discussion

Very high concentrations of TiO2 NPs have few cytotoxic effects
on endothelial cells, whereas Co3O4 NPs impair cell metabolism in a
concentration- and time-dependent manner and induce oxidative stress,
without evident cellular death or apoptosis induction (Alinovi et al.,
2015). However, both NPs significantly induced expression of adhesion

Fig. 6. (A) Oxidative stress during exposure of cells to NPs (50 μg/ml). Values are mean ± SD of three separate experiments, each carried out in triplicate and expressed as percentage of
control. Significantly different from untreated control: a: p < 0.05; b: p < 0.01; c: p < 0.001. (B) Effects of NPs on endoplasmic reticulum. Significantly different from untreated control:
a:p < 0.05; b: p < 0.01; c: p < 0.001. (C) Flow cytometry-based evaluation of p53 expression in A549 cells treated with NPs. Data are expressed as Mean (treated/control) ± SD. Signifi-
cantly different from untreated control: a:p < 0.05; b: p < 0.01; c: p < 0.001.
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molecules and release of inflammation mediators. Based on these find-
ings, we propose here a model to study the effects of the same NPs
on a pulmonary cell line. Cell line A549 cell line was chosen because
it is widely used in toxicological studies due to its xenobiotic meta-
bolic properties that are characteristic of normal human alveolar type
2 epithelial cells (Vulimiri et al., 2009). A recent study reported direct
and oxidative DNA damage without any cytotoxic effect or increased
cytokine release in A549 cells treated with Co3O4 NPs (Cavallo et al.,
2015), while it has been recently demonstrated that TiO2 NPs are not
cytotoxic to human alveolar A549 cells (Moschini et al., 2013). Fur-
thermore, modest viability reduction and moderate membrane damage
at the concentration of 40 μg/ml were observed (Ursini et al., 2014).
Therefore, the concentrations of NPs used in this study are consistent
with literature. Although it is improbable that such an accumulation of
NPs is present in “real life exposure”, it should be noted that in in vivo
studies with animals the accumulation of NPs in the lung is not homoge-
neous. Some metals (Ag, Zn) accumulate in spots of tens of μg/g (Baek
et al., 2012; Smulders et al., 2015), and Ti in the range of 4–20 μg/g
(Krystek et al., 2014). Given that the specific weight of pulmonary tissue
is slightly above 1 g/ml at rest, local pulmonary exposure in the same
order of magnitude is plausible.

Our aim was to further explore cellular alterations induced by TiO2
NPs also in the absence of evident cellular cytotoxic effects, by using
Co3O4 NPs as comparison term. Both NPs tend to aggregate both in wa-
ter and in culture media, and therefore the interaction between rela-
tively strongly bonded aggregates or soft agglomerates of NPs contain-
ing metals and live cells may be a key passage in justifying NP toxicity.
A limitation of the study is that A549 cells were not grown at the air-liq-
uid interface (ALI), an emerging cell culture practice where particles can
maintain their intrinsic characteristics until they reach the cells, and the
in vitro exposure mimics better the in vivo one. Studies on TiO2 NPs sup-
port their ability to induce direct dose-dependent damage at the air–liq-
uid interface on A549 cells (Steinritz et al., 2013). However, ALI needs
further optimization and standardization (Latvala et al., 2016; Secondo
et al., 2016), and we preferred to perform our experiments in the tradi-
tional but highly reproducible submerged culture, with the intention to
contribute, in a near future, to standardize an ALI system to deal with
pulmonary cells.

A first difference observed between these two NPs tested concerns
the “corona”. Based on literature reports, it is expected that NPs are cov-
ered by a protein corona upon application to a biological system or in a
culture medium containing FBS (Lundqvist et al., 2008; Monopoli et al.,
2011). The composition of this corona may have a major influence on
the cellular uptake or cytotoxicity (Aggarwal et al., 2009; Monopoli et
al., 2011). The amount of proteins bound to TiO2 NPs was much higher
than that of Co3O4 NPs, explainable by a difference in diameter/surface
values and zeta potential. It is interesting to note an opposite effect of
protein corona on the aggregation state in culture media: TiO2 NPs form
larger aggregates than Co3O4 NPs (Alinovi et al., 2015). These results
should be cautiously interpreted, as no in-depth study on the composi-
tion of the corona has been performed here. It is evident that the com-
position was similar for the most abundant serum proteins, but we have
no information about specific and less abundant proteins, which might
have a role in NPs uptake. Further studies are therefore necessary in this
field with these commercially available NPs.

The internalization of both NPs is rapid (Alinovi et al., 2015; Janer
et al., 2014). However, a discrepancy is evident: the concentration of
the absorbed Co was ten-time higher than Ti and this is not explain-
able in terms of a difference in the chemical composition and in the sol-
ubility of NPs (TiO2 NPs were more soluble than Co3O4 NPs). On the
other hand, flow cytometry showed a more significant modification of
SSC in cells treated with TiO2 NPs, explainable as a change the inter-
nal structure of the cell and its granulometry due to autophagy, which
influences the SSC signal. Therefore, this may limit the use of flow cy

tometry to a unique qualitative assessment of NPs uptake. Given the
possible toxicity of soluble Co3 + ions, some experiments about disso-
lution of Co were performed. The internal cellular solubility of Co in-
creased its uptake from about 3.3 (SD: 0.1) ng/106 cells [cells only
exposed to ions released by NPs in solution, estimated concentration
4.75 μM] to 23.6 (SD: 3.5) ng/106, like the nominal exposure to soluble
Co was 34 μM [soluble intracellular Co fraction after 24 h-NP exposure
at 50 μg/ml]. Since (a) no cytotoxic effects of Co salts were observed un-
til to 100 μM, as also expected by literature (Horev-Azaria et al., 2011)
and (b) the Co concentration in the pellet was three orders of magni-
tude higher that the soluble fraction, contrarily to other highly soluble
Co NPs used in literature (Horev-Azaria et al., 2011), the observed ef-
fects must be prevalently due to Co3O4 in the NP form.

Our findings clearly demonstrate that even very high concentrations
of NPs have few cytotoxic effects on A549 cells. However, Co3O4 NPs
impaired cell metabolism in a concentration- and time-dependent man-
ner. These observations are in agreement with other studies (Moschini
et al., 2013; Prasad et al., 2013; Pujalte et al., 2011; Strobel et al.,
2014). However, the internalization of both NPs reduced the prolifera-
tive capacity of the cells at late time, as observed in the clonogenic as-
say. Furthermore, both tested NPs elicited similar impact on endoplas-
mic reticulum, as suggested by some authors (Chen et al., 2014; Yu et
al., 2015a). In line with other studies (Alarifi et al., 2013; Colognato et
al., 2008; Papis et al., 2009), we found that Co3O4 NPs rapidly induced
ROS and the formation of peroxidized products, contrarily to TiO2 NPs
(few modest effects only at 24 h-exposure). The decreased cell number
after treatment with the NPs, given the absence of effects on apoptosis
and necrosis markers, is probably due to an effect of NPs on cell cycle.
Further experiments are in progress to shed light on the phenomenon.

Currently, attention is being paid to the relationship between NPs
and autophagy (Kenzaoui et al., 2012; Mao et al., 2016; Nowak et
al., 2014; Zhang et al., 2016). Autophagy might be considered a pro-
tective mechanism in cells. There are several forms of autophagy, but
all involve the delivery of cell components to lysosomes in response
to sub-lethal cell stress. Generalized high vacuolization of cells is an
autophagy characteristic that is observed in cells exposed to the NPs.
NP-mediated autophagy may be an adaptive cellular response, aiding
in the degradation and clearance of nanomaterials, but may also cause
harmful cellular dysfunction. Our observations on TiO2 NPs are consis-
tent with literature (Lopes et al., 2016). It has been recently observed
that inhaled TiO2 nanoparticles led to autophagic response in murine
lung associated with ER swelling and mitochondrial disruption (Yu et
al., 2015b). Importantly, autophagy may depend on the dispersity of
NPs (Huang et al., 2015). Our results are in line with the tendency
of TiO2 NPs to form aggregates of hundreds of nm, increasing there-
fore the NP dispersity and activate autophagic mechanisms. Co3O4 NPs
form lesser aggregates in culture media. This observation, together with
the high Co intracellular accumulation, may indicate that aggregates of
Co3O4 NPs may release a higher number of dispersed NPs as compared
to TiO2 NPs, and therefore aggregation and NP uptake may be compet-
itive processes. This hypothesis is well sustained by TEM images (Fig.
1A–B): Co3O4 NPs were highly dispersed as compared to the aggregates
observed for TiO2 NPs. Therefore, autophagy may be differentially in-
duced by NP aggregates of different dimensions. It has been recently
demonstrated that TiO2 NPs in podocytes induce autophagy with the ac-
tivation of AMPK, and it protects cells from oxidative stress (Zhang et
al., 2016). The link between autophagy and oxidative stress is present
with other NPs (Petrache Voicu et al., 2015). However, in our experi-
ments oxidative stress seems to be only marginally involved in the toxi-
city of TiO2 NPs on A549 cells, independently from authopagy.

Autophagic response can be modulated by the expression of miR-
NAs. Several miRNAs have been identified as suppressors of factors
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involved in different stages of autophagy while others have been shown
to induce autophagy (Yu et al., 2012; Zheng et al., 2015). MiRNA-21
(hsa-miRNA-21) is up-regulated in all types of human cancer includ-
ing lung carcinoma (Yang et al., 2014). It is involved in all cancer-re-
lated processes including tumorigenesis, progression and metastasis and
its expression is associated with clinical-pathological factors and prog-
nosis (Markou et al., 2008). Inhibition of miRNA-21 can induce cell
cycle arrest, and increase chemosensitivity to anticancer agents
(Papagiannakopoulos et al., 2008). MiRNA-21 plays a role also in au-
tophagy (Liu et al., 2015; Seca et al., 2013), and its silencing enhances
autophagic cell death (Gwak et al., 2012; Yu et al., 2016). Furthermore,
miRNA-21 inhibition reduces proliferation, migration, and invasion of
A549 cells (Yang et al., 2015). Importantly, miRNA-21 overexpression
can inhibit autophagy, only partially mediated by the Akt/mTOR sig-
naling pathway (Huang et al., 2016). Similar inhibitory activity is sug-
gested for miRNA-30a: it was shown to inhibit Beclin-1 activity, thereby
blocking autophagic vesicle nucleation and autophagy initiation (Yu et
al., 2012; Zhu et al., 2009).

Recent studies revealed that also miRNA-155 can impact the au-
tophagic cascade: an inverse correlation between the miRNA-155 lev-
els and autophagic flux in human chondrocytes has been demonstrated
(D'Adamo et al., 2016) and increased levels of miRNA-155 drastically
suppress autophagy. On the contrary, other authors reported its pro-au-
tophagy effects in human nasopharyngeal and cervical cancer cells
(Wan et al., 2014). Interplays and feedback loops between these miRNA
and the p53 pathway has been unveiled (Bouamar et al., 2015; Park et
al., 2016). A fundamental factor controlling these processes involved in
cellular response to noxa is the tumor suppressor p53, which primarily
acts as a transcription factor (Ryan, 2011).

Only TiO2 NPs were able to stimulate the autophagic pathway,
which was accompanied by a reduced expression of miRNA-21 and
miRNA-30a at all time-points tested (50 μg/ml), while it was transient
with Co3O4 NPs. Interestingly, no significant differences between 24-h
exposure to TiO2 NPs and controls were observed when autophagy
was blocked by 3-MA, indicating an inverse relationship between these
miRNA expression and autophagy induction. Differently, miRNA-155
had the same time trend in both exposures, indicating that its expression
is not related to autophagy induction. Cells react to particle exposure
inducing an increase of miRNA-155 expression, as observed with other
tumoral cell lines in response to chemotherapic agents. However, cells
are not capable of detoxifying from NPs, that persist in the cytoplasm,
justifying so the under-expression observed later.

In summary, both NPs caused in A549 cells similar effects on ER
stress, and the most evident cytotoxic effects were observed for Co3O4
NPs at time exposure ≤ 72 h. The production of ROS was evident in
Co3O4 NP, but only marginal in TiO2 NP exposure. The oxidative stress
caused by Co3O4 NPs can influence energy homeostasis and drive the
cellular response and the ability to detoxify and to repair the resulting
damage, thus preventing the induction of the autophagic pathway. TiO2
NPs elicit autophagy accumulation in lung cells also under sub-toxic
conditions. Defense mechanisms often save the cell but might trigger
harmful late responses. Therefore, the modifications of organelles bal-
ance induced by TiO2 NPs should not be underestimated, suggesting the
potential of these NPs to elicit adverse effects over prolonged exposure
conditions. Finally, we provided further evidences linking miRNAs un-
der-expression and the induction of the autophagy pathway.
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