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Abstract

A safe and effective use of nanoparticles in biology and medicine requires a thorough understanding, down to the molecular
level, of how nanoparticles interact with cells in the physiological environment. This study evaluated the two-way interaction
between inorganic nanomaterials (INMs) and cells from A549 human lung carcinoma cell line. The interaction between
silica and zinc oxide INMs and cells was investigated using both standard methods and advanced characterization
techniques. The effect of INMs on cell properties was evaluated in terms of cell viability, chemical modifications, and
volume changes. The effect of cells and culture medium on INMs was evaluated using dynamic light scattering (DLS),
scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS), high performance liquid
chromatography (HPLC), gas chromatography-mass spectroscopy (GC-MS), Fourier transform infrared spectroscopy
(FTIR), and thermogravimetric analysis (TGA). No cytotoxic effect was detected in the case of silicon oxide INMs, while for
high doses of zinc oxide INMs a reduction of cell survival was observed. Also, increased cell volume was recorded after 24 h
incubation of cells with zinc oxide INMs. A better dimensional homogeneity and colloidal stability was observed by DLS for
silicon oxide INMs than for zinc oxide INMs. SEM-EDS analysis showed the effectiveness of the adopted dispersion
procedure and confirmed in the case of zinc oxide INMs the presence of residual substances derived from organosilane
coating. HPLC and GC-MS performed on INMs aqueous dispersions after 24 h incubation showed an additional peak
related to the presence of an organic contaminant only in the case of zinc oxide INMs. FTIR Chemical Imaging carried out
directly on the cells showed, in case of incubation with zinc oxide INMs, a modification of the spectra in correspondence of
phospholipids, nucleic acids and proteins characteristic absorption bands when compared with untreated cells. Overall, our
results confirm the importance of developing new experimental methods and techniques for improving the knowledge about
the biosafety of nanomaterials.

1 Introduction

P4 C. Cristallini

caterina.cristallini@cnr.it In recent decades, the use of nanotechnology has increased
dramatically in various fields including optics, electronics,
energy conversion, personal care, and medicine. The most
important medical applications of nanotechnology are in
clinical diagnostic imaging and drug delivery systems
[1-4].

Nanotechnology entails the controlled synthesis of
materials having an ultra-small size, comparable to natural
biomacromolecules and cellular nanostructures. The most
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widely studied class of nanomaterials is nanoparticles
(NPs), thanks to the ease and efficiency of their production
from a variety of materials. Very promising appears the role
of NPs in the controlled delivery and targeting of pharma-
ceutical and diagnostics agents for cancer treatment.
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Research efforts focus increasingly on NPs based on inor-
ganic materials (INMs): gold NPs, quantum dots, silica
NPs, iron oxide NPs, carbon nanotubes, and other metal
oxide NPs, have emerged as promising alternatives to
organic systems for a wide range of biomedical applications
[5-7]. Compared to their micron-sized bulk counterparts,
nanoparticles present a higher surface/volume ratio [§]
maximizing the possibility to load them with therapeutic
drugs, and to deliver these agents to target cells and tissues.
In addition, nanoparticles can pass through physiological
barriers and penetrate deeply into tumor sites where they are
retained by a process recognized as enhanced permeation
and retention (EPR) effect [9, 10]. Recent in vitro obser-
vations indicate that certain types of metal oxide nano-
particles can preferentially kill cancer cells with strikingly
lower toxicity against normal cells. Zinc oxide nano-
particles, for instance, exhibit a high degree of cancer cell
selectivity, and exceed the therapeutic indices of some
commonly used chemotherapeutic agents [11, 12].

Although nanoparticles can be produced using many
different materials, concerns about their compatibility with
living cells limit the types of nanomaterials currently under
consideration for use in biomedical applications. A more
thorough and in-depth investigation about the cytotoxicity
of nanomaterials is required prior to their translation in
biomedicine [13].

The assessment of safety and impact of nanomaterials on
human health must be performed in accordance with reg-
ulatory issues. It is critical to provide legislators with a set
of tools for reliable and exhaustive risk assessment;
including new testing strategies, adapted to a wide range of
nanomaterials, and broadly accepted datasets. In particular,
in vitro methodologies providing predictive values for
regulatory purposes should be identified and used as an
alternative strategy for risk assessment in the direction of
replacing animal tests [14]. Advanced physico-chemical
characterization techniques and suitable cell lines must be
investigated for in vitro cytotoxicity assessments of nano-
materials with different size and chemical composition.

In particular, it is crucial to unravel the interactions
occurring at the molecular level between nanomaterials and
living cells. Studies evaluating the toxicity of nanomaterials
(NMs) on mammalian cells have produced contradictory
results [15-17].

Various studies have shown that zinc oxide nanoparticles
could directly damage pulmonary system [18] and can
induce oxidative stress, inflammation and DNA damage in
cell and animal models [19].

Most studies focused on the role of particle size and of
other parameters such as particle composition, agglomera-
tion and production methods. It is generally agreed that the
size of nanoparticles is negatively correlated with their
toxicity.
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It was found that zinc oxide particles with smaller size
are more toxic than same particles with a larger size at the
same dosage applied in cultured cell models [20]. A recent
study [21] showed that 50 nm zinc oxide nanoparticles
induced severe A549 cell death, while 200 nm zinc oxide
nanoparticles induced A549 cell death at a less extent
degree.

With regard to silica nanoparticles the extent and
mechanism of their cytotoxicity were found to be not only
size and dose dependent but also highly cell type dependent.
HepG2 cells resulted the least susceptible to the toxic
effects of silica nanoparticles while NIH/3T3 cells were
clearly the most susceptible. High doses of 60 nm silica
nanoparticles significantly reduced cell viability in three
different cell types (HepG2, NIH/3T3, and A549). 60 nm
SNPs affected cells much differently than nanoparticles of
other sizes, most likely due to enhanced uptake.

60 nm silica nanoparticles were preferentially endocy-
tosed by cells but at high doses caused a decrease in cell
viability. Therefore these particles may be ideal for bio-
medical applications requiring cellular uptake but fatal at
high doses [22].

The present study is part of the European Project
NANOREG aimed at determining the most appropriate
ways to assess the environmental, health, and safety effects
of nanomaterials.

Aim of the study is a comprehensive evaluation of the
two-way interactions between cells and inorganic nano-
particles from a morphological, physico-chemical and bio-
logical point of view, using several methods and advanced
techniques. A549 cells were selected, as cell model, for
their well-established use in toxicology and more recently in
pulmonary drug delivery strategies [23]. Nanomaterials
based on zinc oxide (NM111) and silica (NM203) were
employed and their effect on the cell properties was eval-
uated in terms of: (i) cell viability, by in vitro MTS assay;
(i1) chemical modifications using FTIR Chemical Imaging;
(iii) dimensional change using the Scepter 2.0 cell counter.
The effect of the cells on INMs was evaluated by
dimensional-morphological analysis (DLS and SEM), by
chemical analysis using HPLC, GC-MS and FTIR, and by
thermal analyses. The MTS assay and DLS analysis were
carried out using harmonized protocols (NANoREG).

2 Materials and methods

2.1 Materials

Inorganic nanoparticles of silica (fumed SiO,, NM203) and
zinc oxide (precipitated ZnO with hydrophobic organic

coating, NM111) were obtained from the European Com-
mission's Joint Research Centre (JRC) and identified as
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JRCNMO1101 (73 nm diameter primary particles with
hexagonal zincite crystal structure, 141 nm mean diameter
as measured by TEM analysis, aggregates/agglomerates in
aqueous dispersion with reported 253 nm z-average dia-
meter and broad polydispersity as measured by DLS) and
JRCNMO02003 (amorphous silica obtained by SiCl, com-
bustion, 24.7 nm diameter primary particles, aggregates/
agglomerates in aqueous dispersion with reported 176 nm z-
average diameter and broad polydispersity as measured by
DLS, zeta potential { ~—35 mV at pH =7), respectively
[24].

Cells from an A549 human lung carcinoma cell line,
employed for MTS assay and physico-chemical character-
ization, were provided by BAuA (Bundesanstalt Fuer
Arbeitsschutz und Arbeitsmedizin, Germany). The follow-
ing products were utilized: MEM-GlutaMAX culture med-
ium, Spg/mL streptomycin—penicillin (Gibco by Life
Technologies Corporation, Paisley, UK); Fetal Bovine
Serum (FBS), Bovine Serum Albumin (BSA), trypsin 0.05
% EDTA solution, and Dulbecco's phosphate buffered sal-
ine (PBS) (Sigma Aldrich, St. Louis, MO); CellTiter 96
Aqueous One Solution Cell Proliferation Assay (MTS)
(Promega Corporation, Madison, USA); ethanol (EtOH)
(Carlo Erba Reagenti, Italy).

2.2 Preparation of INMs batch dispersions

Nanoparticle stock dispersions for in vitro cytotoxicity
analysis were prepared by ultrasonication (according to the
NANOoREG protocol). In a sterile laminar flow hood, a 0.05
% (w/v) BSA aqueous solution was prepared as dispersion
medium. Pre-weighed amounts (15.36 mg) of NM203 and
NMI111 were inserted directly into clean vials, then 30 uL.
EtOH were added to each vial, followed by 970 uL of the
0.05% BSA solution. EtOH and BSA were introduced
mainly to improve the dispersion of NM111, having a
hydrophobic alkylsilane coating. A 5 mL volume of MilliQ
water was added by pipetting along the vial sidewalls to
obtain INMs dispersions with a final concentration of
2.56 mg/mL. The vials were placed in an ice water bath,
then a sonicator probe (13 mm diameter, model dr Hielscher
UP400s) was inserted for about one third into each dis-
persion. Sonication was performed in continuous mode for
12min at 20% amplitude of the 460 W/cm® nominal
acoustic power density.

2.3 Cell viability test

Complete culture medium (CCM) was prepared using
MEM-GlutaMAX supplemented with fetal bovine serum
(FBS) (10%) and penicillin/streptomycin (5 pg/mL). The
medium was sterile filtered using a Nalgene vacuum fil-
tration system (Sigma). A549 cells were grown in CCM in

75 cm? flasks, changing the medium every 3 days. After
reaching 90% confluence, they were trypsinized and seeded
in 96-well plates, at a density of 1 x 10* cells/well, to per-
form the MTS test.

Three independent MTS assays were performed, each in
triplicate, according to the NANoREG protocol. Cell via-
bility was assessed after 24 h incubation with NMl lor
NM203, both used at five different concentrations: 100, 50,
25, 10, and 1 pg/mL. Aqueous CdSO, solutions at five
different concentrations (150, 125, 100, 75, and 37.5 uM)
were used as positive control.

The cell survival percentage (CS%) was calculated as
follows: CS% = (individual absorbance of treated cells/
average absorbance of untreated cells) x 100. The raw data
obtained for each plate were analyzed. The values of EC50
were calculated for both types of INMs using a logistic fit of
the CS% values obtained from the three replicates at various
concentrations.

2.4 Cell culture for chromatographic analysis, FTIR,
and Scepter analysis

2.4.1 Cell cultivation

Complementary analyses (HPLC, GC-MS, FTIR, and
Scepter analysis) were carried out on both culture medium
and cells after 24 h incubation with INMs.

Doses of INMs and cell seeding densities were selected
in order to compare the results of these tests with that of the
MTS viability test. Batch dispersions of INMs were added,
24 h after seeding, to the cells cultured in a 48-well plate.
After 24h incubation, the supernatant was completely
removed from each well and used for chromatographic
tests, while the cells were detached from the wells by
treatment with trypsin-0.05% EDTA solution and used for
Scepter and FTIR Chemical Imaging analyses.

2.4.2 Analysis by Scepter cell counter

The effect on cell volume of both NM203 and NM111 was
evaluated using a Scepter 2.0 Cell Counter, the device has
sensors allowing rapid cell counting and giving quantitative
information on cell concentration, volume, and diameter
0.60 um sensors were used, compatible with the size of the
employed cell type.

After 24 h incubation with INMs, the cells were washed
three times using sterile PBS to remove INMs completely
and then trypsinized using a trypsin-0.05% EDTA solution.
After trypsinization, the obtained cell suspension was
transferred into a 15 mL centrifuge tube and centrifuged at
1200 rpm for 5 min. The supernatant was removed and the
cells were re-suspended in 1 mL of fresh CCM. A sample
was prepared for cell counting by diluting 20 uL of cell
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suspension with PBS to a final volume of 100 pL inside a
vial. Then, the Scepter sensor was introduced into the vial
and the sample was drawn by pipetting once.

2.5 Dimensional and morphological analysis
2.5.1 DLS analysis

Hydrodynamic size (z-average+SD) and polydispersity
index (PDI) of IMNs were determined by dynamic light
scattering (DLS) using a Zetasizer Malvern nano ZS90. A
general procedure was followed according to the
NANOREG protocol. The measurements were carried out at
two different temperatures: at 25 °C on the INMs batch
dispersions, and at 37 °C on the INMs dispersions in culture
medium at two different concentrations (10 and 100 pg/mL)
both at initial time (t0) and after 24 h incubation (t24).

2.5.2 SEM-EDS analysis

Scanning electron microscopy and energy-dispersive X-ray
spectroscopy (SEM-EDS) were employed to analyze INMs
in form of raw materials and batch dispersions, using a FEI
Quanta™ 450 FEG instrument. SEM analysis was done at
I15kV in high-vacuum mode, with manual aperture, 2.5
beam spot size, x120,000 magnification and horizontal field
width (HFW =3.45 um). The INMs were immobilized on
Si-free carbon tape and sputtered with gold to improve the
quality of the analyses. X-ray microanalysis (EDS) was
performed to analyze chemical composition and check for
the presence of organic contaminants.

2.6 FTIR analysis

FTIR analysis in ATR mode (Spectrum 400, Perkin Elmer)
was performed on the INMs as pristine powders, after contact
with the dispersion medium (0.05% BSA-water solution), upon
incubation with the culture medium at initial time (t0) and after
24 h (t24), and after thermogravimetric analysis (TGA).

Thermogravimetric analysis (TGA-6, Perkin Elmer) was
carried out on samples of ca. 10 mg heated from 25 to
800 °C at a rate of 10 °C/min with a nitrogen purge.

Chemical analysis was carried out by FTIR Chemical
Imaging (Perkin Elmer Spotlight 300). Spectral images
were acquired in transmission mode (spectral resolution
6cm™!, spatial resolution 20 um x 20 um).

FTIR analysis was performed directly on the cells after
incubation with INMs following the procedure described
above and specially designed for this purpose according to
literature [25]. After 24 h incubation with INMs, cells were
collected using trypsin-0.05% EDTA solution, subjected to
several PBS washings, centrifuged, seeded on a BaF,
(13 mm x 2 mm) plate, air dried for 5 min, and analyzed.
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The recorded spectral maps were elaborated using the
Spotlight 300 software to produce a correlation map and a
band absorbance ratio. The correlation map shows the areas
of an image where spectra are most similar to a reference
spectrum. Band ratio analysis is commonly used for quan-
tification in infrared spectroscopy. This involves the mea-
surement of either the peak absorbance or the band area of
an internal reference, with respect to the corresponding
values of a band of interest. The Spotlight software was
used to evaluate the presence and distribution of different
components and obtain chemical and correlation maps. The
use of second derivative and smoothing procedures of the
spectral maps provided more detailed information regarding
the protein secondary structure.

2.7 Chromatographic analysis

Release tests were performed using high-performance
liquid chromatography (HPLC, Perkin Elmer Series 200)
and gas chromatography coupled with mass spectrometry
(GC-MS, Agilent 7890A-5975C). INMs were placed in
tubes containing MilliQ water at 37 °C, under constant
stirring. After 24 h, the supernatant was collected and
analyzed to identify released substances. Moreover, as
previously described, the supernatants withdrawn from
cell plates treated with INMs were first diluted with
MilliQ water and desalted with Amberlite resins, then
centrifuged and filtered through 0.2 um cellulose acetate
filters. For HPLC analysis the supernatants were placed
into 1.5 mL HPLC vials. A 100 pl aliquot of filtrate from
each sample was then injected into the HPLC system. For
HPLC analysis, a C18 Phenomenex column, acetonitrile/
MilliQ water 80/20 as the mobile phase, UV detector set
at 210 nm wavelength, and 1 mL/min eluent flow rate
were used. GC-MS data were obtained using an Agilent
7890A gas chromatograph equipped with an Agilent
5975¢ mass spectrometer detector and a CTC CombiPAL
autosampler with SPME fiber. 1 mL of each sample in a
10 mL headspace vial (Agilent, P/N 8010-0139) was
incubated at 50 °C for 10 min following 5 min of pre-
concentration on PDMS-Carboxen SPME fiber of head-
space. The inlet was kept at 280 °C and the fiber was
desorbed for 10 min at a flow rate of 1 mL/min. The oven
was held at 30 °C for 6.5 min and then ramped to 240 °C
at 8 °C/min. GC separation was carried out on a high-
polarity column (DB-FFAP nitroterephthalic acid mod-
ified polyethylene glycol column: 60 m length, 0.250 mm
ID, 0.50 m Im). The transfer line was set at 230 °C.

2.8 Statistical analysis

Acceptance criteria for MTS tests included the following
conditions: the coefficient of variation of the average
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absorbance (Absc) of untreated cells had to be lower than
30% in all the experiments; the difference between the Absc
of the cells in untreated wells and Absc of the treated cells
had to be lower than 15%; the coefficient of variation of
Absc of technical replica measurements must be lower than
30% for INMs; at least one concentration of the applied
CdSO, doses must have a CS% < 70.

The values of half maximum effective concentration
(EC50) was calculated using GraphPad Prism software of
CS% values at 0—100 pg/ml concentrations (n = 3).

For FT-IR results a statistical analysis was performed by
Principal Component Analysis (PCA). This is a powerful
method for the analysis of large spectral data sets. It gathers
the spectra in data groups of similar multi-parameter
variability and allows the identification and differentiation
of dissimilar spectral groups, such as data sets corre-
sponding to different samples or regions of samples. Scatter
plots were drawn to identify clusters of data more sig-
nificantly associated with cells (positive score).

3 Results and discussion
3.1 Cell viability tests

Assessing the effect of size and composition of NMs on
cellular metabolic activity is very important for specific cell
lines (i.e. lung epithelial cells and monocytes), which are
considered key cell types for toxicological responses
to NMs.

To accurately evaluate the biosafety of NMs, in vitro
toxicological tests must be carried out according to specific
requirements and protocols in combination with a minimum
set of NMs characterizations in order to compare the results
with those obtained by other research groups on the same
materials and using the same assays. In this work, we
examined the effect of ZnO and SiO, INMs on cell viabi-
lity. Dose-dependent cytotoxicity was analyzed using cells
of A549 line according to a specific culture protocol in
which different procedural steps and experimental

Fig. 1 MTS analysis of cell
viability upon treatment with 0,
1, 10, 25, 50, 100 pg/mL of (a)
NM203 and (b) NM111 in A549
cells. CS% values are obtained
from three independent
experiments (n =3 for each
group) and values are expressed
in mean + SE

Cells survival (%)

0 1
NM203 concentration (ug/ml)

parameters (i.e. cell concentration, time, reagents, positive
control, culture medium composition) are well described, to
ensure high quality of measurements and maximum data
reproducibility. First, the quality and stability of INMs
dispersions were optimized with respect to a silica standard
nanomaterial. INMs were sonicated according to the
NANOREG protocol in order to define the optimal para-
meters for the apparatus used in this work, through the
calibration of the delivered acoustic power and of the de-
agglomeration efficiency.

Figure 1 shows percent cell survival rates (CS%) mea-
sured in the presence of the two different types of INMs
during three performed independent experiments.

In general, good agreement was observed among MTS
results for NM203 in the different experiments. For all
tested concentrations of NM203, the CS% values were close
to 100% (Fig. 1a).

On the other hand, in the NM111cytoxicity tests, CS%
results were consistently within a very low range (0—18%)
at the highest INMs concentrations (100 pg/mL and 50 pg/
mL, respectively) while for lower doses of NM111 (1, 10,
and 25 pg/mL) CS% was very high in all experiments
(>90%). These results indicate a toxic effect exerted by this
kind of INMs on A549 cells, but only at high doses. Con-
sidering the positive control, the measured CS% values
were low (2-28%) for all the experiments with the highest
CdSO, concentration (150 uM), indicating a toxic effect of
CdSOy at this concentration and confirming that the effect
of CdSOy on the cells is concentration dependent.

Our results meet the acceptance criteria of the
NANOREG protocol followed in all the experiments, con-
firming the validity of our method.

At the end of the exposure, cells cultured in untreated
wells were viable, showing no evidence of cytotoxicity in
all experiments. The coefficient of variation of the average
absorbance (Absc) of untreated cells resulted lower than
30% for both NM203 and NM111 in all the experiments.
The difference between the Absc of the cells in untreated
wells and Absc of the treated cells was lower than 15% for
both INMs. The coefficient of variation of Absc of

Cells survival (%)

10 25 50 100 0 1 10 25 50 100

NM111 concentration (pg/ml)
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technical replica measurements resulted lower than 30% for
both INMs. Finally, CS% in the wells containing positive
control (CdSO,4) at 75 and 150 uM concentrations, was
lower than 70% for all the experiments and for both
NM?203 and NM111. This is in accordance with the criteria
for which at least one of the applied CdSO, doses must
have a CS% < 70.

The values of half maximum effective concentration
(EC50) for NM111 obtained in three different experiments
and calculated using a logistic fit of CS% values (obtained
from three replicates at various concentrations) were 31.27,
38.34, and 27.85 pug/mL, respectively. These results confirm
the reproducibility of MTS data for both NM203 and
NM111; in addition, NM203 results are in agreement with a
previous study based on the MTT test [26]. On the contrary,
a dose-dependent cytotoxic effect of NM111 was detected,
differently from previous MTT results for this nanomaterial
[26]. Such apparently inconsistent results may be due to
impurities or contaminants in the silane coated
NMI111 sample used in this work. Indeed, the association
with organic toxic substances is one of the possible issues to
be checked by nanotoxicological assays.

A recent study [27] showed the dose dependent cyto-
toxicity of ZnO nanoparticles against A549 cells with a

Table 1 Hydrodynamic diameter values obtained by DLS analysis for
NM203 and NM111 in three independent experiments (expl, exp2,
exp3). The analysis was carried out in batch dispersion (2.56 mg/ml)
and in culture medium at 100 ug/ml (100) or 10 pg/ml (10) at initial
time (t0) and after 24h incubation (t24). Ten runs for each
measurement were performed

Sample NM111 Z-ave NM203 Z-ave
diameter diameter
(nm) (nm)
Batch 1779+3.4 197.2+1.6
dispersion_expl
Batch 2942 +4.8 200319
dispersion_exp2
Batch 288.0+3.0 211.3+2.1
dispersion_exp2
100_t0_expl 353.1+4.9 2069=+1. 8
100_t0_exp2 309.8+5.8 214.8+23
100_t0_exp3 214.8+8.1 217.1+10.1
100_t24_expl 343.7+74 296.8+8.9
100_t24_exp2 363.3+16.5 269.7+8.2
100_t24_exp3 194.4+10.5 210.2+8.7
10_t0_expl 71.1+32.2 47.6+1.8
10_t0_exp2 143.9+34.5 1259+3.9
10_t0_exp3 154.0+31.7 84.9+20.2
10_t24_expl 154.7+2.9 156.0+1.8
10_t24_exp2 1814+44 175.5+3.9
10_t24_exp3 172.6 +4.4 172.2+3.5
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TC50 value of 35.7 ug/mL, which is comparable to EC50
values obtained by us for NM111 (28.75-38.34 pg/mL). A
previous study demonstrated that ZnO nanoparticles
induced significant oxidative stress-related cytotoxicity and
genotoxicity in human lung fibroblasts in vitro and in D.
melanogaster in vivo. In particular, cell viability was con-
sistently found to be significantly decreased as early as 24 h
after treatment, and ZnO nanoparticles at a concentration of
50 pg/mL caused total cell death [28].

3.2 DLS analysis

Additional information to complement MTS tests, regarding
size and aggregation state of INMs under the same
experimental conditions, was obtained by DLS. The ana-
lyses were performed on nanoparticle batch dispersions (the
same used for MTS test) and on nanoparticle dispersions in
culture medium, both at initial time (t0) and after 24 h (24)
incubation. Based on prior experiments, two different con-
centrations were selected, 100 pg/mL and 10 pg/mL. The
100 pg/mL dose corresponds to the highest concentration
used in MTS assay. The 10 ug/mL dose was selected con-
sidering that the lowest dose used in MTS (1 pg/mL) did not
give reliable DLS results.

DLS analysis, performed on NM203 batch dispersion,
showed very similar Z-ave diameter values in the three
independent experiments (Table 1). In the case of NM111
batch dispersion, the values from the three experiments
were significantly different, indicating greater dimensional
homogeneity and stability for the batch dispersion of silica
oxide nanoparticles than for zinc oxide nanoparticles.

In the case of NM203, the values obtained after incu-
bation in culture medium at 37 °C at the highest con-
centration (100 pg/mL) and at initial time (t0) (100-t0) were
similar to those obtained for batch dispersion. On the con-
trary, after 24 h of incubation a Z-ave value higher than that
found at t0 was found in the first two experiments.

The analyses carried out at lower concentration (10 ug/
mL) and at the initial time (10-t0) showed in both experi-
ments a reduction of the hydrodynamic diameter with
respect to batch dispersion suggesting that dilution hinders
the agglomeration of the particles. A diameter increase was
observed after 24 h of incubation in culture medium. These
results suggest that both dilution and incubation time affect
nanoparticles agglomeration. Incubation time is know to
affect surface adsorption of culture medium components
[29].

In the case of NM111 the values obtained at tO and t24 at
higher concentration (100-t0) were higher with respect to
that observed for batch dispersion, while maintaining a
certain variability within the three experiments. Also, in the
case of NM111 the same effects of the dilution and incu-
bation time on size were observed. Dispersion in BSA
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Fig. 2 The effect on cell volume 184
of INMs was evaluated using 8
Scepter cell counter. Volume g_
and diameter of A549 cells T 84
untreated and treated with %
100 pg/ml of either NM203 or E 4]
NM111. The device Scepter 2.0 a o
cell counter has 60 um sensor

0 4

compatible with A549 cells.

Values are means + SE (n = 6) Cells A549

Fig. 3 Results of SEM-EDS analysis performed on NM203 and
NMI111, both investigated as raw materials (a, d) and as deposited
from batch dispersions (b, e). By comparing the images of the samples
from the batch dispersions of both NM203 (b) and NM211 (e) with
those from the raw materials (a, d) the effect of the adopted dispersion

solution and incubation in culture medium influenced the
hydrodynamic diameter resulting above the nanometer scale.

3.3 Analysis by Scepter cell counter

In order to clarify the effect of particles on the cells, an
evaluation of cell size after contact with INMs was per-
formed with the Scepter cell counter. The Scepter cell
counter is increasingly used for cell counting in vitro, as it
yields more accurate results than visual counting or hemo-
cytometry. Using the Scepter software, the counter also
provides quantitative data on cell volume and size, in
addition to relative concentrations [30].

Figure 2 shows volume and diameter of A549 cells both
untreated and treated with the highest dose (100 pg/mL) of
either NM203 or NM111. While an increase in both volume
and diameter of the cells after treatment with NM111 is
observed, contact of the cells with NM203 did not result in
any measurable change compared to untreated cells. A

cells treated

with NM203  with NM111

Volume (pL)
o o o o
N w » [4,]

o
e

Cells A549  cells treated cells treated
with NM203  with NM111

o
o

cells treated

cps/eV c
24

Energy (keV]
cps/eV f

™ LI e
3 4 S 6
Energy [keV]

~ -

procedure can be observed. EDS spectra of NM203 batch dispersion
(c) and zinc oxide batch dispersion (f) are compared and the presence
of a peak from Si atoms is evident (indicated by an arrow) in the case
of NMI111(f) attributable to residual substances derived from the
organosilane coating

variation in cell volume in the presence of zinc oxide
nanoparticles may be due to cellular alteration: a volume
increase is typical in the progression of a cell towards
necrosis reflecting ion unbalance in the cytosol [31] caused
by several factors related to the specific chemical structure
or to the size of particle agglomerates.

3.4 SEM-EDS analysis

In Fig. 3 the results are reported of SEM-EDS analysis on
samples NM203 and NM111 both as raw materials and as
deposited from batch dispersions. By comparing the images
of the samples from the batch dispersions with those from
the raw materials, the effect of our dispersion procedure is
observed. In the EDS spectrum of zinc oxide batch dis-
persion (Fig. 3f) the presence of a peak from Si atoms, not
attributable to the carbon tape used as support for the par-
ticles, can be attributed to residual substances derived from
the organosilane coating of NM111.
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Fig. 4 FTIR spectra were collected from the chemical maps obtained
for untreated cells and cells after incubation with NM203 and NM111,
respectively. The spectra of NM203 (a), NM111 (b), NM111 before

3.5 Physico-chemical characterization

Considering that zinc oxide nanoparticles at high doses
were found to produce a toxic effect on the cells according
to the results of cell viability test, Scepter and EDS analysis,
additional FTIR, TGA, and chromatographic analyses were
carried out to investigate the presence of toxic substances
released from the particles.

In the case of NM203 (Fig. 4a) the FTIR spectra of raw
nanomaterial, INM batch dispersion and INM dispersion in
culture medium, consistently show the characteristic Si-O
absorptions at 1093 and 813 cm™', without any evident
additional peak. On the contrary, in the case of NM111
(Fig. 4b) additional peaks, compared to those characteristic
for the spectrum of zinc oxide INM (main absorption at
450 cm™!, not visible in the explored spectral range), are
present at 3547 (OH), 3375 (OH, NH), 2963, 2924, 2853
(CH stretchings), 1464 (CH bending), 1200, and 850 (Si—O
groups) cm ™. These can be associated to the presence of
organosilane surface modifiers, as further confirmed by the
FTIR spectra obtained from the same NM111 sample before
and after thermogravimetric analysis (TGA). From the TGA
thermogram (not shown) a total weight loss of 2-3 wt %
occurs upon heating from 50°C to 600 °C; the FTIR
spectrum of the material collected from the crucible did not
show any absorption in the 3500-1300cm ™' range, indi-
cating complete pyrolytic removal of organic compounds,
while the bands typical of silica or silica-like groups are
present as in the pristine NM111 sample (spectrum in red in
Fig. 4c). This agrees with the previously reported results of
EDS analysis performed on NM111 batch dispersion.

The FTIR spectrum of NM111 obtained after incubation
of the particles in culture medium shows additional amide I
and amide II bands, suggesting the occurrence of protein
adsorption. This agrees with the prompt increase of
hydrodynamic size occurring upon contact of NM111 with
the culture medium, as detected by DLS analysis.

@ Springer
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and after TGA analysis (c) were analyzed, with particular reference to
the characteristic bands listed in Table 2

Adsorption of proteins by NM111 may be due to its higher
surface hydrophobicity compared to NM203.

HPLC analysis performed on the supernatants of INMs
dispersions in MilliQ water after 24 h incubation to check
for the possible presence of impurities loosely bound to the
INMs evidenced an additional peak only in the case of
NMI111 (data not shown). HPLC analysis was carried out
also on supernatants from culture of cells untreated and
treated with the nanoparticles. The chromatographic profiles
obtained for the samples treated with either NM203 or
NMI111 did not present any additional peak compared to
those obtained for samples from untreated cells.

A GC-MS analysis was carried out to identify the addi-
tional component observed in the supernatant of the NM111
dispersion in MilliQ water. The GC-MS chromatogram
reported in Fig. 5a shows the presence of an intense peak at
27.03 min r.t., its MS spectrum matching that of 1-octanal, or
caprylaldehyde, from the software library of the MS instru-
ment. Caprylaldehyde could result from partial degradation
of the organosilicon surface modifiers previously detected
through FTIR and EDS analyses on NM111. Actually, the
Si—C bond is very stable and decomposes only under parti-
cularly drastic conditions, as opposed to the Si—-OC groups
that are easily hydrolyzed with formation of the parent
alcohol and silanol. However, organosilicon species have
been reported to undergo enzymatic degradation involving
Si—C bond cleavage through an oxidative pathway [32, 33],
eventually resulting in the formation of an aldehyde as the
oxidized alkyl derivative. In Fig. 5b a representative GC-MS
chromatogram of the supernatant obtained from a NM111
dispersion in culture medium shows a series of peaks cor-
responding to the numerous cell metabolites (including
alcohols and ethyl acetate), while the peak at 27.03 is absent,
suggesting metabolic degradation of caprylaldehyde through
NADH-dependent enzymatic hydrogenation.

Of particular relevance is that caprylaldehyde, like most
aldehydes, can lead to a toxic effect, thus indirectly
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Fig. 5 A GC-MS analysis was carried out to identify the additional
component observed in the supernatant of the NM111 dispersion in
MilliQ water. GC-MS profiles of supernatants are reported for NM 111
in MilliQ water (a) and for NMI111 in culture medium (b). The
chromatogram of NMI111 in water (a) shows an intense peak at

confirming the results obtained by MTS for this specific
INM [18]. Recently, modification of mRNA expression in
A549 human lung epithelial cells was demonstrated after
in vitro exposure to octanal [34].

3.6 FTIR chemical imaging for cells

The molecular interactions occurring between the complex
cell microenvironment and INMs were further investigated
by FTIR Chemical Imaging, which is a useful tool for
evaluating the effects exerted by INMs on cell biochemical
composition [35]. One of the advantages of this technique is
the possibility to directly analyze the biological samples
without the need for staining procedures, thus reducing
possible artifacts and allowing rapid sample analysis. FTIR
spectroscopy is known for its unique sensitivity in identi-
fying vibrational structures of biological materials [36]. A
growing number of papers describe the use of FTIR to study
protein conformation, nucleic acids and other cell compo-
nents [37]. FTIR can be applied to the study of DNA
damage at chemical bond level in cells [25]. In our case,
FTIR was used for the identification of possible chemical
alterations of protein and nuclear components as induced by
the cell-INMs interaction. Figure 6 shows optical images
and chemical maps of untreated cells, cells treated with
NMI111 and cells treated with NM203. The spectra acquired
by the map of untreated cells show the typical bands
associated with the cell’s biomolecules. The frequency
values, registered for the absorption bands, are in good
agreement with values reported in the literature for healthy
cells [38, 39].

I N H
% 0
"

27.03 min r.t., matching the MS spectrum of 1-octanal. The chroma-
togram of NM111 in culture medium shows a series of peaks corre-
sponding to the numerous cell metabolites (including alcohols and
ethyl acetate), while the peak at 27.03 is absent

From the chemical maps obtained for untreated cells and
cells after incubation with NM203 and NM111, respectively,
the spectra were obtained (Fig. 7a) and analyzed, with par-
ticular reference to the characteristic bands listed in Table 2.
DNA spectral bands in the 980-1149cm™' and
1151-1350 cm ™! ranges are attributed to symmetric and
asymmetric PO, stretching vibrations, respectively [36]. The
typical bands of proteins are amide I at 1600—1700 cm ™' and
amide II at about 1550 cm ™.

The second derivative spectra acquired from the map of
untreated cells present the amide I absorption bands asso-
ciated with the secondary structure of cellular proteins such
as o-helical and B-turn conformations at 1685 (B-sheet),
1668 (p-turn), 1647 (a-helix), and 1630 (B-sheet) cm™! (Fig.
7b), in agreement with the secondary conformations that are
normally present in the cellular proteins. The protein con-
formations detected from the second derivative spectra
acquired from the map of cells treated with NM203 reflect
the same secondary structures as those observed for
untreated cells (Fig. 7c). On the contrary the second deri-
vative spectra acquired from the map of cells treated with
NMI111 show a broader and nearly featureless main
absorption band centered at 1552 cm™!, suggesting the loss
of a regular protein conformation.

Alterations concerning nucleic acids can be detected by
analyzing the DNA backbone characteristic bands [35]. Gen-
erally, an increased density of hydrogen bonds is associated
with a shift of the PO, asymmetric stretching from 1240 to
1220 cm ™. Moreover, the occurrence of a pathological phos-
phorylation process is evidenced by an increased intensity of the
corresponding bands. In order to evaluate the intensity
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Fig. 7 Spectra of untreated cells and cells treated with NM111 and
NM203 showing DNA spectral bands at 980-1149cm™!, PO,
stretching vibrations at 1151-1350 cm ™!, amide T at 1600-1700 cm ™
and amide II at about 1550 cm™' (a); second derivative spectra of
amide I for untreated cells (b), cells treated with NM203, showing the
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typical secondary structure of proteins with bands at 1685 (p-sheet),
1668 (p-turn), 1647 (a-helix), and 1630 (B-sheet) cm™! (¢) and cells
treated with NM111, showing a broader absorption band centered at
1552 cm™!, indicating the loss of a regular protein conformation (d)
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Table 2 Protein and DNA

spectral bands for untreated Amide [ Amide II PO, asymmetric stretching PO, symmetric stretching
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Fig. 8 Representative spectra (a) and correlation map (b) as a function
of nucleic acid (1144-1004 cm™")/amide 1I (1578-1480 cm™") band
ratio for untreated cells. The same analysis was performed for iden-
tifying numerical variations of spectral markers for cells treated with

variations, spectral maps as a function of band ratio between
nucleic acids (1144-1004 cm™") and amide II (1578-1480 cm
~1) were acquired for untreated cells and cells treated with either
NM203 or NM111. Figure 8 shows representative spectra and
their corresponding correlation map recorded as function of
such band ratio for untreated cells. By analyzing the numerical
variations of spectral markers, the following band ratio values
were obtained: R = (1144-1004)/(1578-1480)=0.82, for
untreated cells; R = (1144-1004)/(1578-1480) = 1.14-1.47, for
cells treated with NM111 and R = (1144-988)/(1578-1480) =
0.82 for cells treated with NM203. These results are indicative
of a possible alteration of nucleic acids only for the cells treated
with zinc oxide INMs at the highest concentration after 24 h
incubation, confirming the observations drawn from the results
of the previously described analyses.

The combination of FTIR with Chemical Imaging allowed
a fast and straightforward evaluation of modifications occur-
ring in cellular biomolecules (i.e. nucleic acids, proteins) by
comparative inspection of specific spectral profiles in normal
and in altered conditions, the latter possibly induced by NMs.
In addition, advanced analytical tools may be considered as an
alternative strategy for hazard assessment in the direction of
reducing in vivo experiments [14].

Concerning zinc oxide INMs, the presence of surface
contaminants may affect their biosafety, although pure zinc
oxide is considered as a very promising multifunctional
material for medical applications. Thus the comprehensive
concept of safer-by-design firstly includes the need for a
careful selection of synthesis/production methods for NMs.
In this respect, greener methods allowing the production of

Abs
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either NM203 or NM111. The band values obtained for all the samples
showed a possible alteration of nucleic acids only for the cells treated
with NM111 at 100 pg/ml after 24 h incubation

zinc oxide nanoparticles free of toxic contaminants could be
of interest for improving the suitability of these nanoma-
terials for biomedicine and therapeutic applications [40, 41].

4 Conclusion

A comprehensive study to evaluate the two-way cell-nano-
materials interaction was performed, involving a combination
of techniques to analyze the possible effects of the morpho-
logical, physico-chemical and biological features of such
complex systems. Good agreement was observed among the
results of MTS assay in several independent experiments for
both NM203 and NM111. For all concentrations of NM203,
high values of cell survival were found; on the contrary, a
toxic effect exerted by NM111 on A549 cells was detected at
high doses. The DLS analysis seems to indicate a poorer
dimensional stability as a result of a higher tendency to
aggregate after contact with culture medium for NMI111
compared to NM203. The DLS analysis, carried out in par-
allel with MTS assay, suggests that nanometer size is not
associated per se with cytotoxicity. Instead, a combination of
factors including chemical nature, agglomeration state and, in
particular, the presence of organic contaminants in NM111, as
revealed by FTIR and GC-MS analyses, could explain the
observed toxicity of NM111 at high doses. FTIR Chemical
Imaging allowed the evaluation of possible alterations of
protein secondary structure and nucleic acids in the cells
treated with this zinc oxide nanomaterial at the highest con-
centration after 24 h incubation.
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Overall, our results confirm the importance of developing
new experimental methods and techniques for improving
the knowledge about the biosafety of nanomaterials. Con-
cerning already established in vitro biological assay, such as
cell viability test, it is important to evaluate their suitability
for testing nano-sized materials, by reducing possible
interferences with test parameters. In addition, this study
demonstrates the added value of an integrated methodology
including well established methods and new advanced
characterization techniques for evaluating nanotoxicity
using the same in vitro human cell model and the same NM.
Chemical Imaging was used for the first time, to the best of
our knowledge, to identify molecular events induced either
directly by nanomaterials or by their contaminants. This
approach is very appealing since it gives biochemical
information without the need of time-consuming indirect
assays often leading to artifact issues.

Finally, the introduction of new complementary and
advanced techniques such as FTIR Chemical Imaging and
GC-MS improves our understanding of the interactions at
the molecular level between cells and nanomaterials, and
expands the testing protocols to be included in the toolbox
for regulatory purposes.
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