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Dependence of the Ce(i)/Ce(iv) ratio on intracellular
localization in ceria nanoparticles internalized by
human cells¥

Daniela Ferraro,? llenia G. Tredici,® Paolo Ghigna,® Hiram Castillio-Michel,
Andrea Falqui,? Cristiano Di Benedetto,® Giancarla Alberti,” Vittorio Ricci, 2
Umberto Anselmi-Tamburinii® and Patrizia Sommi*$?

CeO, nanoparticles (CNPs) have been investigated as promising antioxidant agents with significant activity
in the therapy of diseases involving free radicals or oxidative stress. However, the exact mechanism
responsible for CNP activity has not been completely elucidated. In particular, in situ evidence of modifi-
cation of the oxidative state of CNPs in human cells and their evolution during cell internalization and
subsequent intracellular distribution has never been presented. In this study we investigated modification
of the Ce(m)/Ce(v) ratio following internalization in human cells by X-ray absorption near edge spectro-
scopy (XANES). From this analysis on cell pellets, we observed that CNPs incubated for 24 h showed a
significant increase in Ce(in). By coupling on individual cells synchrotron micro-X-ray fluorescence (uXRF)
with micro-XANES (upXANES) we demonstrated that the Ce()/Ce(iv) ratio is also dependent on CNP intra-
cellular localization. The regions with the highest CNP concentrations, suggested to be endolysosomes
by transmission electron microscopy, were characterized by Ce atoms in the Ce(iv) oxidation state, while a
higher Ce(in) content was observed in regions surrounding these areas. These observations suggest that
the interaction of CNPs with cells involves a complex mechanism in which different cellular areas play
different roles.

Reactive oxygen species (ROS) and reactive nitrogen species
(RNS) derive from free radicals originating from metabolic
reactions. The extent and severity of the cellular damage
exerted by ROS/RNS largely depends on the ability of the cells
to neutralize these reactive species through physiological free
radical scavengers, such as superoxide dismutase (SOD), cata-
lase and glutathione peroxidase. When free radical concen-
trations exceed the antioxidant capacity of the cells, normal
cell physiology is altered, causing the condition known as
oxidative stress. Oxidative stress and generation of free radicals
are associated with neurodegenerative conditions, such as
Alzheimer’s and Parkinson’s diseases. High levels of ROS can
also alter the immune response, causing chronic inflam-

“Department of Molecular Medicine, Human Physiology Unit, University of Pavia,
27100 Pavia, Italy. E-mail: patrizia.sommi@unipv.it; Fax: +39-0382-987664;

Tel: +39-0382-987665

bDepartment of Chemistry, University of Pavia, 27100 Pavia, Italy

‘European Synchrotron Radiation Facility, 38000 Grenoble, France

“Biological and Environmental Sciences and Engineering Division, King Adullah
University of Science and Technology, 23955-6900 Thuwal, Saudi Arabia
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c6nr07701c

1P.S., A-T. U., and V. R. share last authorship.

This journal is © The Royal Society of Chemistry 2017

mation and immunological disorder, induce DNA damage,
activate oncogenes and inactivate suppressor genes."

CeO, nanoparticles (CNPs) are under active investigation as
promising agents in the therapy of several diseases involving
free radicals or oxidative stress.>® CNPs are effective free
radical scavengers with almost no toxicity. CNPs reduce
inflammation caused by ROS or RNS,’ prevent radiation-
induced damage,'® and have selective anticancer activity."*
Moreover, CNPs seem to exert a neuroprotective effect on
neuronal cells and are effective in the treatment of Alzheimer’s
disease,™® as well as cerebral ischemia or hypoxia caused by
stroke.”'* Besides that, the free radical scavenging mechanism
exerted by CNPs is not yet fully understood.

It has been suggested that the CNP scavenging properties
are associated with the equilibrium between the two oxidation
states of cerium, Ce(m) and Ce(wv), which is strongly dependent
on the external environment/stimuli. According to this model,
during oxidative stress, CNPs can react with excess superoxide
and H,0, and serve as cellular antioxidant agents, exerting
a SOD/catalase mimetic activity via a self-regenerating mecha-
nism."® However, to date, this regenerative redox mechanism
has been supported mostly by abiotic studies'>™* and cannot
be considered completely proven. In fact, Cafun and colleagues"’
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have recently excluded, by an abiotic experiment under con-
trolled conditions, the formation of a significant fraction of
Ce(m) during catalase mimetic activity, showing instead that
Ce(w) is the prevalent oxidation state. Abiotic experiments are
typically performed under different conditions from those
expected in a real, more complex biological environment, and
CNP activity in vivo, especially at the cellular level, is far from
being clarified. Several questions are still open: how the evolu-
tion of the oxidative state of the CNP occurs during cell inter-
nalization and intracellular distribution; whether the catalytic
activity changes are based on the intracellular localization;
how such activity is influenced by the initial Ce(ur)/Ce(wv) ratio;
and how the presence of a protein corona and surface
functionalization can modify the response of the CNP. Coating
and surface charge have been shown to greatly affect CNP
physicochemical characteristics and influence their anti-
oxidant ability and biological activity.'®'” Asati et al,'® for
example, showed that modifying the surface charge by varying
the type of coating could influence the intracellular distri-
bution of the CNPs, directing them mostly to the lysosomes or
favoring their cytoplasmic localization.

Investigation of some of these aspects has started, mainly
in nematodes and plants.'®' In an in vivo study on
Caenorhabditis elegans, Collin and colleagues'® showed the
influence of the superficial properties of NPs on cell internaliz-
ation/localization, observing that initial surface chemistry
favors specific sites of accumulation in tissues and organs.
They also observed that the surface chemistry of CNPs has a
profound impact on their toxicity and how the environment
can modify it. In an investigation of the biodistribution and
transformation of CNPs, the macroinvertebrate Planorbarius
corneus was administered CNPs that initially only had Ce(iv).>°
Inside the digestive gland of the snail, the Ce(iv) was mostly
reduced to Ce(m) (~78%). The authors speculated that the
reduction occurred after CNP ingestion/internalization due to
the interaction with the enzymes and metalloproteins present
in the digestive gland, where digestion and detoxification take
place. Ma and colleagues® investigated the Ce speciation in
cucumber plants at the cellular level, finding that the short
time incubations favored Ce(wv) in all of the plant tissues,
while prolonged exposures increased Ce(m) in the above-
ground tissues. They suggested that the physicochemical inter-
action of the root exudates and CNPs at the nanobio interface
is the necessary condition for the transformation of CNPs.>"

However, a complete description of the mechanism of action
of CNPs in human cells is still lacking. The present study aimed
to bridge this gap, by investigating, in human cells, the modifi-
cation of the Ce(m)/Ce(wv) ratio following internalization and its
dependence on intracellular localization.

Experimental
CNP synthesis and characterization

CNPs were produced by direct precipitation from aqueous
solution and stabilized by polyacrylic acid (PAA). Ce(NO;);-
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6H,0 (1.085 g, puriss. p.a. >99.0%) was dissolved in distilled
water (43.65 mL). An aqueous suspension of PAA was prepared
by diluting 600 mg commercial PAA suspension (63% w/w)
with distilled water (31 mL). The diluted PAA solution (20 mL)
was mixed with the Ce(NO;);:6H,0 solution. After mixing,
concentrated NH,OH solution (5 mL, 28.0-30.0% NHj; basis)
was added dropwise with stirring. Immediate quantitative
precipitation occurred and the suspension was left under stir-
ring. After 4 h, the suspension turned to a transparent brown
solution, while after 1 day, the solution turned yellow. The
obtained product had a CeO, concentration of ~6 mg mL™".
For cell treatment, CNPs were centrifuged and resuspended in
order to remove debris, large agglomerates, and PAA in excess.

CNPs were characterized by high-resolution transmission
electron microscopy (HR-TEM), X-ray diffraction (XRD) and
dynamic light scattering (DLS). For HR-TEM, a small drop of
the aqueous suspension of CNPs was placed on an ultrathin
carbon membrane 400-mesh copper grid and left for 5 min
to dry. HR-TEM imaging was performed using an FEI Titan
80-300 Cube transmission electron microscope (Hillsboro, OR,
USA), operating at an acceleration voltage of 300 kV, equipped
with an S-Twin objective lens, an FEI X-FEG Schottky electron
source, a 2k x 2k US1000 Gatan CCD Camera, and an EDS
Si(Li) EDAX detector. The CNP dimension obtained from
HR-TEM images was determined measuring more than
hundred nanoparticles using Image]J software.

XRD analysis was performed on films obtained by evaporat-
ing 500 uL CNP suspensions (concentration 6 mg mL™') on
glass microscope slides with an area of ~2.2 cm?. The XRD pat-
terns were acquired using a Bruker D8 Advance diffractometer
(Bruker Corp., Billerica, MA, USA) with a Cu anticathode
(-Cu-K, = 1.541838 A) operating at 40 kV and 40 mA.
Diffractograms were acquired in 6-6 mode, with a step of 0.03°
26 and an acquisition time of 20 s per step. Phase indexing,
determination of lattice constants, and average grain sizes
have been performed using the HighScore Plus software from
PANalytical.

The hydrodynamic diameter of the CNPs was evaluated by
DLS with Nano ZS90 DLS apparatus (Malvern Instruments,
Malvern, UK). Three measurements were performed on diluted
solutions (~1 mg mL™") for each sample, providing average
sizes, distribution widths, polydispersion index and associated
standard deviations (SDs).

Cells and cell treatments

HeLa cells (a gift from T. L. Cover, Vanderbilt University,
Nashville, TN) were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
and 2 mM r-glutamine (all from Lonza, Basel, Switzerland) at
37 °C under a humidified atmosphere of 5% CO, in air. Cells
were seeded at 1.2 x 107 in 75 cm? flasks. After 48 h, the cell
monolayers were washed and incubated with fresh medium
containing the CNP at a concentration of 200 ug mL™" for
15 min to 24 h, as specified case by case. The CNPs formed a
stable suspension in the culture medium and no sedimen-
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tation was observed, even at the end of the longest incubation
time.

ICP-OES analysis

The content of CeO, in the cell culture pellet was determined
by inductively coupled plasma optical emission spectrometry
(ICP-OES), after mineral digestion of the samples. The samples
were subjected to acid mineralization in a Parr acid digestion
bomb with a Teflon liner, with diluted HNO; [0.4 ml HNO; for
trace analysis (>69.0%, Fluka) + 0.2 ml Milli-Q water] at
120 °C for 3 h (these experimental conditions were optimized
according to a previously reported procedure).>* After cooling
at room temperature, the solution was diluted to 100 mL with
Milli-Q water (specific resistance: 18.2 MQ cm™') obtained
from a Milli-Q Academic system (Millipore, Temecula, CA,
USA); the total Ce content in this solution was determined by
ICP-OES analysis (ICP-OES Optima 3300 D; Perkin Elmer,
Santa Clara, CA, USA). The external calibration method was
used for the determination of Ce in the Ce standards ranging
from 0 to 10 mg L™" (source: 1 ¢ L™ Ce Fluka standard solu-
tion in 1 M HNOj3). The limit of detection (3x SD of the blank)
and limit of quantification (10x SD of the blank) were 0.5 and
1.7 mg L', respectively, for Ce at 456.263 nm.

MTT cytotoxicity assay

After 24 h of exposure, 0.9 mM MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich, St Louis,
MO, USA) was added to the cells and, after 2 h of incubation at
37 °C, the medium was removed and 100 pL DMSO was added
to dissolve the blue formazan that was formed. Cell viability
was quantified by measuring absorbance at 540 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA) and expressed
as a percentage of the control group (that was set to 100%).

Comet assay

DNA single-strand breaks were detected as described by
Ferraro et al.>* Cells treated with CNPs for 24 h were harvested
and pelleted by centrifugation at 400g for 3 min at 4 °C. For
evaluation of DNA damage, each duplicated sample was ana-
lyzed in a random manner, and for each sample, 100 nucleoids
were scored and classified into five classes, according to the
visual method described by Collins.>* The DNA damage was
expressed in arbitrary units, where the minimum value was 0
(Class 0) and the maximum was 400 (Class 4). For each experi-
mental condition, we carried out at least three independent
experiments, each run in duplicate. The results are given as
the means + standard error of the mean (S.E.M.) of three inde-
pendent experiments (n = 3).

Evaluation of CNP pro-oxidant and antioxidant activities

The CNP pro-oxidant activity was evaluated by means of ROS-
sensitive fluoroprobe CM-H,DCFDA* (5(6)-chloromethyl-2’,7'-
dichlorodihydrofluorescein diacetate-acetyl ester; Molecular
Probes). HeLa cells (7.5 x 10* mL™") were seeded in ibiTreat
p-Slide 8 Wells (IBIDI, Martinsried, Germany) and cultured
overnight. Cells previously treated for 24 h with or without
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CNPs were incubated with CM-H,DCFDA solution (in DMSO)
at a final concentration of 10 uM in PBS for 30 min at 37 °C.
The cells were carefully washed and immediately analyzed by
fluorescence microscopy.

To evaluate the CNP antioxidant activity, ROS were induced
by exposing the cells to 100 puM tert-butyl hydroperoxide
(Sigma-Aldrich) at the end of CNP incubation. After 30 min of
induction, the ROS levels were evaluated as described above.

Samples were observed using an Olympus IX83 microscope
(Olympus Inc., Tokyo, Japan) equipped with an APO 20/0.7 NA
oil-immersion objective. ROS production was considered
directly proportional to the fluorescence intensity and quanti-
fied using CellSens software (Olympus).

Immunofluorescence and light microscopy

Cells previously incubated with CNPs for 1, 6 and 24 h were
processed for immunofluorescence as previously described.”?
For more details see the ESL.T

TEM and SEM of biological samples

After 24 h of incubation with CNPs, whole cells were processed
for TEM or SEM.

For TEM, cell monolayers, in 35 mm Petri dishes, were
fixed by a mixture of 2% glutaraldehyde in 0.1 M cacodylate
buffer (pH = 7.3) for 20 min at room temperature. To remove
the fixative completely, cells were washed three times for
10 min in 0.1 M cacodylate buffer. Secondary fixation was
performed by exposing cells to 1% aqueous OsO, for 20 min at
room temperature, followed by two washes of 5 min in pure
distilled water. Cell monolayers were exposed to 1% uranyl
acetate aqueous solution, for 20 min at room temperature.
Specimens were washed twice with pure distilled water for
5 min, and then dehydrated through a graded series of
ethanol (25, 50, 70, 90, 95 and 100%; 5 min each).
Infiltration was carried out by placing cell monolayers in an
increasing concentration of Durcupan ACM resin in 100%
ethanol solvent (25% resin + 75% ethanol; 50% resin + 50%
ethanol; 75% resin + 25% ethanol) for 90 min each, and 100%
resin overnight at room temperature. On the next day, mono-
layers were embedded with a new resin, left for 2 h at room
temperature, and then for 48 h at 60 °C.

Ultrathin sections (~70 nm) were obtained with a Leica EM
UC7 ultramicrotome (Leica, Wetzlar, Germany), using an
ULTRA 45° diamond knife (DIATOME, Diatome, Hatfield, PA,
USA). Sections were placed on 300-mesh copper grids, stained
with lead citrate and washed with pure distilled water.
Samples were then observed with a FEI TECNAI SPIRIT elec-
tron microscope, operating at an accelerating voltage of 120
kv, equipped with a Bio-Twin objective lens, a LaBg electron
source, a 4k x 4k FEI Eagle CCD Camera, and an EDS Si(Li)
EDAX detector.

For SEM, HeLa cells grown on Si;N, membranes (SPI, West
Chester, PA, USA) and treated with CNPs were freeze-dried as
described in detail in “In situ pXRF Imaging and Ce Ly-edge
PXANES Analysis”. The samples were coated with a carbon
film and observed with a field emission gun scanning
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electron microscope (Mira3 XMU; Tescan, Kohoutovice, Czech
Republic) operating at 20 kV and equipped with an EDAX EDS
microprobe and a BSE detector.

XANES

The X-ray absorption near edge spectroscopy (XANES) spectra
at the Ce-Ly; edge were measured at 100 K at the BMO08 LISA
beamline® of the European Synchrotron Radiation Facility
(ESRF, Grenoble, France), in fluorescence mode, using a
13-element Ge detector for the fluorescence signal, and a
double crystal Si(311) monochromator. The harmonic rejec-
tion was realized by means of palladium mirrors. The reprodu-
cibility in energy was checked periodically, typically after four
or five scans, by measuring the absorption spectrum of a CeO,
standard, and every time it was found to be better than 0.1 eV.
The spectra of CeO, and Ce(NO;);-6H,O standards were
acquired in transmission mode at room temperature. For the
measurements, an appropriate amount of sample was weighed
to give a unit step jump at the Ce-Ly; edge, and then
thoroughly mixed with cellulose in a mortar and pestle.

For the measurements, cells treated and processed as
previously described were pelleted (~5 x 107 cells) and washed
with fresh culture medium. The wet pellet was transferred to a
filter paper and centrifuged to remove any excess liquid, then
the filter carrying the cells was flash frozen in LN, and sub-
sequently lyophilized.

The purified organelles were prepared according to Holden
and Horton®” with slight modifications. At the end of 24 h
treatment, HeLa cells were collected by trypsinization and
centrifugation at 100g for 5 min at 4 °C. All the steps were per-
formed at 4 °C. The cell pellet was washed with ice-cold PBS,
incubated for 10 min in Digitonin Buffer (150 mM NacCl,
50 mM HEPES pH 7.4, 25 ug mL ™" digitonin), and centrifuged
at 2000g for 10 min. The supernatant, corresponding to the
cytosol-enriched fraction, was maintained in ice while the cell
pellet was washed again, incubated in NP40 Buffer (150 mM
NaCl, 50 mM HEPES pH 7.4, 1% NP40) for 30 min and centri-
fuged at 7000g for 10 min. The supernatant and the previously
isolated cytosol fraction were combined and centrifuged again
to collect the organelles which were transferred to a filter
paper and lyophilized.

The samples were stored at —80 °C and carefully handled
during the sample transfer to prevent temperature change.
Before the measurements, the metallic sample holder was
cooled with LN,, and the sample was rapidly mounted and
immediately transferred into the cryostat where the tempera-
ture was lowered to 100 K. The whole mounting procedure
lasted for <1 min to ensure that the sample temperature was
always kept below —80 °C. Athena software was used for back-
ground removal and normalization of the acquired spectra:*®
the pre-edge background was fitted by a straight line and sub-
tracted. The spectra were normalized at the unit absorption
coefficient at 400 eV above the edge, where the extended X-ray
absorption fine structure (EXAFS) oscillations were negligible.
The normalized spectra were then fitted by an arctan function
and an appropriate number of Gaussian peaks to simulate all
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the channels for the electronic transitions at the Ce-Lyy
edge.”®

In situ synchrotron radiation micro-X-ray fluorescence (pXRF)
imaging and Ce L;-edge micro-XANES (uLXANES) analysis

HeLa cells were grown on SizN, membranes and treated with
CNPs as described above. At the end of 24 h of incubation,
samples were freeze-dried using the immersion freezing
procedure with an LN, container surrounding the liquid
propane as a secondary cryogen, as described previously.*
SizN, membranes were blotted on a filter paper and the
samples were immersed face up in liquid propane. Each mem-
brane was sealed in a vial under LN, vapor to avoid ice-crystal
formation, and maintained at —80 °C. For X-ray synchrotron
analysis, the samples were mounted in the pre-cooled sample
holder under LN, vapor and immediately inserted into the
cryostat. The entire transfer process took <2 min.

pXRF and Ce Lj-edge pXANES measurements were per-
formed using a scanning X-ray microscope of beamline ID21
at ESRF. The beamline was equipped with a cryostage, which
was passively cooled in a LN, Dewar flask, keeping the
sample stable at —170 + 5 °C.*! Detectors included a Si;N,
diode for I, and an 80 mm active area Silicon Drift Detector
(Bruker) for the emitted fluorescence. Focus was achieved
using fixed-curvature Kirkpatrick-Baez mirror optics. The
photon flux was 5.7 x 10'° ph s™" at 5.8 keV with a beam size
of 1.0 x 0.5 pm? (H x V). The pXRF maps were acquired with
an incoming energy of 5.8 keV with 0.5 pm” steps and an inte-
gration time of 100-150 ms. The pXRF acquisition was done
in hyperspectral mode for which the XRF spectrum for each
pixel in the image was registered. All maps were fitted using
PyMCA software to obtain the intensity distribution of
the elements.>® The uXANES spectra were acquired in fluo-
rescence mapping mode by scanning the beam with a
0.6 x 0.6 um” step size and a 100 ms dwell time per pixel,
with 5 eV energy steps in the region from 5.68 to 5.72 keV,
0.5 eV from 5.72 to 5.77 keV, and 2 eV from 5.77 to 5.84 keV.
This resulted in 129 images recorded using a region of inter-
est selective for Ce L3M4 and L3M5 emission lines, corrected
for the detector dead time and normalized by I,. The stack of
images was aligned using elastix®® and saved to an hdf5 file
containing intensities and the energy values for each map to
be processed using PyMCA for XANES spectra extraction. The
Athena software was used for background removal and
normalization: the spectra were handled as described above
in the XANES section.

Results and discussion

The main focus of this study was to investigate whether and
how CNPs undergo modification of their oxidation state once
internalized by mammalian cells. This characterization,
performed by XANES, is experimentally challenging. To allow
meaningful XANES analysis and good biological compatibi-
lity, the CNPs must be properly designed. The Ce(ur)/Ce(1v)

This journal is © The Royal Society of Chemistry 2017
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equilibrium mostly involves the atoms on the surface of the
CNPs,** so CNPs with a high surface/volume ratio are required
to ensure adequate XANES sensitivity, because the technique
does not allow a distinction between the surface and core
atoms. The diameter required to fulfil this requirement is esti-
mated to be below 10 nm. The CNPs must also be well dis-
persed and form stable suspensions, showing minimal or no
signs of agglomeration in an aqueous medium characterized
by pH and composition compatible with the biological
interaction. To ensure that the CNPs that we produced fulfilled
all these requirements, we performed a wide spectrum of
physicochemical and biological characterization, aiming to
clarify the chemical and morphological properties of the CNPs
and to reveal any indication of cellular damage and toxicity
induced by their interaction with the cells.

The experimental procedure must maintain intact the
characteristics that the CNPs acquire after interaction with
the biological system, avoiding any modification of the Ce(u)/
Ce(wv) ratio during sample preparation and analysis. This
requirement is particularly stringent. Water strongly absorbs
X-rays at the energy of the Ce-Ly; edge, making impossible
the analysis of biological material in their culture medium.
The oxidation state of the cerium atoms present on the
surface of the nanoparticles is sensitive to the environment
and can be drastically modified by interaction with oxidizing
or reducing chemicals and even by unprotected exposure to
air for several hours. For this reason, the use of any fixative
and chemical dehydration process was avoided. To preserve
the status of the CNPs at the end of the interaction with the
cells, we froze the samples in liquid nitrogen (LN,) and main-
tained them under cryogenic conditions at all times, includ-
ing during XANES analysis, while water was removed by
freeze drying.
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Physicochemical characterization and biological activity of CNPs

The XRD pattern of the synthetized CNPs is shown in Fig. 1A.
All the diffraction peaks were indexed on the basis of the
fluoritic CeO, crystal structure. No additional peaks were
observed. The peak position and integral breadth have been
determined by fitting with Voight functions. The lattice para-
meter was determined to be 0.54262 nm, corresponding to a
cell volume of 0.15973 nm?>. The average grain size, evaluated
using the Sherrer equation,*” was about 3.9 nm.

The crystal structure of the nanoparticles was confirmed by
HR-TEM analysis (Fig. 1B). This analysis evidenced also that
the CNPs were monocrystalline with no evidence of internal
defects and of significant agglomeration (Fig. 1B). From these
images, the particle size was estimated to be 2.9 + 0.94 nm
(Fig. 1C). The hydrodynamic diameter, as detected from the
DLS measurements, was significantly larger (13.9 + 0.7 nm),
accounting for the polymeric shell surrounding the CNPs.

To characterize the CNP-cell interaction we investigated
the influence of CNPs on genotoxicity, cell viability, free
radical scavenger properties, internalization and intracellular
distribution.

To evaluate the extent of CNP internalization the amount of
CeO, present in the cells was quantified by ICP-OES after 1, 6
and 24 h of incubation. As expected, the amount of the inter-
nalized CNPs increased with time, going from ~0.2 pg per
10° cells after 1 h of incubation to >1 pg per 10° cells after 24 h
(Fig. 2A). A saturation effect was evident, as the incorporation
of the CNPs appeared to slow down after the first few hours.
Based on the results of this quantification, we focused our
attention on 24 h incubation, because only at that time was
the amount of CeO, high enough to allow reliable XANES
characterization.

51/nm

1
(311)

Fig. 1 Physicochemical characterization of the synthetized CNPs. (A) XRD pattern. (B) HR-TEM images of representative CNPs. Magnified regions,
shown in insets, highlight the single-crystalline structure of CNPs, confirmed by the 2D-FFT diffractograms. Only the main lattice planes are indi-
cated in the insets, to preserve readability, while full structural characterization is provided in each respective diffractogram. (C) CNP diameter distri-

bution fitted with the log-normal function.
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Fig. 2 Biological characterization of CNPs. (A) Determination by ICP-OES of the cellular CNP content after 15 min, 1 h, 6 h and 24 h of incubation.
(B) Effects of CNPs on cell viability (by MTT assay; green histograms) and DNA damage (by Comet assay; blue histograms) evaluated after 24 h of
incubation. (C) Analysis of pro-oxidant and antioxidant activities of CNPs by CM-H,DCFDA after 24 h of incubation. Error bars represent S.E.M.; one-
way ANOVA. **p < 0.01 versus each respective red column. *“p < 0.01 versus the blue column.

The effect of CNPs on cell viability was evaluated together
with genotoxicity. Testing both aspects allowed us to obtain a
more complete picture of the influence of CNPs on cell physi-
ology. Cells exposed to CNPs for 24 h did not show evident
signs of cytotoxic effects (evaluated by MTT analysis), because
the cell viability was >85% if compared with that of the un-
exposed cells (Fig. 2B). Genotoxicity was investigated by means
of the comet assay. We did not observe any DNA damage, and
the level of damage was comparable with that obtained with
control cells; both being damage Class 1 (in a 0-5 ranking)
(Fig. 2B). These results confirmed that the CNPs used in this
study were not detrimental to cell physiology, and that the
procedure used for their synthesis did not introduce any factor
that altered cell viability or induced genotoxicity. More impor-
tantly, these findings ensured that XANES characterization was
performed on cells that remained healthy even after significant
CNP internalization.

The level of oxidative stress induced by the CNPs represents
another relevant point, because the literature is somehow dis-
cordant on this point.***” In general, CNPs possess anti-
oxidant activity, although some studies have claimed that they
also have a pro-oxidant effect.*®*® After 24 h of incubation, our
CNPs did not show any pro-oxidant activity when monitored
by using CM-H,DCFDA (Fig. 2C). Free radical scavenger activity

1532 | Nanoscale, 2017, 9, 1527-1538

of CNPs was evaluated by induction of ROS production by the
exogenous oxidative stress inducer (tert-butyl hydroperoxide)
and the resulting ROS level was monitored in the presence and
absence of CNPs. We observed that CNPs clearly reduced the
level of ROS (Fig. 2C).

The impact of CNPs on intracellular processing was eval-
uated by monitoring the modifications in lysosomes and
autophagic vesicles in relation to the time of incubation
(Fig. 3A and S11). We observed that lysosomes (identifiable
by Lamp1l antibody), which have a key role in processing
exogenous and endogenous material, increased in number
with incubation time (Fig. S1f). We could not follow
directly CNP localization by light microscopy because these
particles were not fluorescent. However, on the basis of
previous experience with other types of NPs,>®* the number
of lysosomes could be related to internalization of the
CNPs. We also investigated whether CNPs activated auto-
phagy. By considering p62 as a marker, we observed that
the autophagic vesicles were affected by the CNPs, showing
a progressive increase with incubation time (1, 6 and 24 h)
(Fig. 3A and S1f). CNP accumulation in endolysosomes was
in agreement with the distribution observed by other
authors, in the case of CNPs coated with
PAA‘16,17

especially
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(A) Immunofluorescence of lysosomes (Lamp1) and autophagic vesicles (p62) of cells incubated for 24 h with CNPs (t,4). Below, a compari-

son between single cells incubated with (t,4) or without (to) CNPs. Images are from one single confocal section. Bar, 50 pm. (B, C) Ultrastructural
analysis of cells incubated for 24 h with CNPs. (B) Accumulation of CNP electron-dense aggregates mostly present inside the endosomal-lysosomal
vesicles observed by TEM. Bars, 5, 1 and 0.5 pm for left, middle and right images. (B’) Representative TEM-EDS analysis of the CNP aggregates.
Signals other than Ce are due to the sample holder and fixative. (C) Similar accumulation of CNPs observed by SEM using the BSE detector. Bars, 5, 1
and 0.5 pm for left, middle and right images. (C’) Representative SEM-EDS analysis of the CNP aggregates. Signals other than Ce are due to the

sample holder and cell inorganic components.

To confirm these light microscopy observations, the distri-
bution of the internalized CNPs was analyzed by TEM, SEM,
and also by pXRF. TEM showed accumulation of electron-
dense aggregates of CNPs inside endosomal-lysosomal vesicles
(Fig. 3B), as confirmed by in situ energy dispersive X-ray spec-
troscopy (EDS) analysis (Fig. 3B’). Similar CNP aggregates,
identified by EDS analysis, were observed within the cells by
SEM when the backscattered electron (BSE) detector was used
(Fig. 3C and 3C’). pXRF allowed us to obtain an additional
direct indication of the CNP distribution within cells incu-
bated for 24 h (Fig. 4). The cell position and contours were
identified using the distribution of K and Ca elements. The Ce
distribution within the cells looked uneven. Most of the
material was concentrated in a few “hot spots”, although some
Ce appeared distributed, at a much lower concentration, in the
rest of the cells.

XANES

The oxidation state of the incorporated CNPs was evaluated
using X-ray absorption spectroscopy. This analysis was
performed on cell pellets, to gain information on the average
oxidation state of Ce, as well as on individual cells, using an
uXANES setup. This last approach allowed us to obtain the dis-
tribution maps of the Ce oxidation state within each individual
cell.

The results relative to the XANES analysis of cell pellets are
shown in Fig. 5. To discuss better the effect of the CNP—cell
interaction, the spectra relative to the CNPs incubated with the
cells for 24 h (Fig. 5D) are herein compared with those of three
reference materials (Fig. 5A-C). It is important to notice that
the cell culture medium does not contribute to modify the
Ce(wv) initial CNP oxidation state, even in the case of a

This journal is © The Royal Society of Chemistry 2017

prolonged incubation time (Fig. S2+t). Fig. 5A shows the Ce-Lyy
XANES spectra relative to bulk CeO,. The spectra can be dis-
cussed in terms of electronic transitions to empty states; the
initial states being 2ps, in character.?® The transition to conti-
nuum states with the expulsion of a photoelectron gives rise to
the step with an arctan shape (black line in Fig. 5A). All the
other peaks present in Fig. 5 originated from transitions to dis-
crete empty states. In particular, the peaks labeled a; and a,
are dipole-allowed transitions to empty d states of the elec-
tronic configuration f°, split by crystal field effects. The peak
labeled b is a dipole-allowed transition to empty d states of the
electronic configuration f'L, with L being a hole in the oxygen
(ligand) 2p states. Thus, peaks a;, a, and b represent different
channels for electron excitation of different electronic con-
figurations of Ce(v), with the configuration f'L originating
from the (partial) covalence of the Ce-O bond.*® The peak
labeled c is mixed in nature, being due to dipole-allowed tran-
sitions to d states of the configuration f'L, split by crystal field
effects, and to dipole-allowed transitions to empty d states of
the f* configuration. As a result, the amplitude of peak c can
be used to assess the presence of Ce(m) in the sample. Finally,
the peak labeled d results from quadrupole-allowed/dipole-
forbidden excitations to the empty 4f states.***°

Fig. 5B shows the spectra of the CNPs before their inter-
action with the biological material. The spectra are similar to
those of bulk CeO, (Fig. 5A). A small decrease in intensity of
the peaks was observed, particularly in the region of peaks c
and b. This may have resulted from the difference in the
surface to volume ratio of Ce atoms.*' In contrast, Fig. 5C
shows the spectra relative to CNPs that were partially reduced
chemically during chemical synthesis. These spectra showed
an increase in the amount of Ce(m). In these CNPs, in
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Fig. 4 pXRF of the Ce distribution observed at three different magnifications in cells incubated with CNPs for 24 h. K and Ca distribution maps
define the cell position and mark the cell contours. False-color maps show elemental concentrations within each individual image [from red (high)

to blue (none)]. (B) Merged images of the elements reported in (A).
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Fig. 5 Ce-L;; XANES spectra of the reference CeO, (A), CNPs (B), reduced CNPs (C) and CNPs incubated with cells for 24 h (D). These panels also
show the fits relative to the peak components as described in the text. Panel (E) reports the corresponding derivatives.

addition to the above-mentioned effect, we detected a clear
increase in the amplitude of peak c, together with a decrease
in the amplitude of peak b. This effect may have been associ-
ated with an increase in the amount of Ce(m) and might be
better appreciated in the derivative spectra reported in
Fig. 5E. The XANES spectra were affected by the so-called
chemical shift. The valence electrons screened the coulombic
potential experienced by the core electrons involved in the
XANES transitions. The lesser the valence electrons (the
greater the oxidation state), the lesser the screening and thus
the greater the binding energy of the core initial level. The
net effect was a shift in energy of the spectral features
(especially the energy position of the absorption edge) to a

1534 | Nanoscale, 2017, 9, 1527-1538

lower energy with the decreasing oxidation state. Fig. 5E
clearly shows that the edge energy position of the reduced
CNPs, represented by the first maximum in the derivative
spectra, shifted towards a lower energy with respect to the
regular CNPs and bulk CeO,.

Fig. 5D shows the Ce-Ly; XANES of CNPs incubated for
24 h with the cells. The striking evidence is represented by the
increase in the amount of Ce(m) resulting from this inter-
action. In addition to a marked increase in the relative inten-
sity of peak C, a net shift in the energy position of the edge
was observed in the derivative spectra of Fig. 5E. The spectra
became completely equivalent to those of the CNPs that were
chemically reduced. We conclude that the 24 h interaction

This journal is © The Royal Society of Chemistry 2017
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between the CNPs and cells resulted in net localization of extra
electrons to Ce states to produce Ce(i).

To the best of our knowledge, this result has not been
reported previously in human cells, and supports the existence
of a physiological mechanism that can modify the oxidation
state of the CNPs. Similar results have been reported before in
other, different biological models."®*?° Direct evidence of
similar behavior in human cells after a significantly long incu-
bation time (24 h) is promising in view of potential therapeutic
application of CNPs, and is also relevant for clarifying the CNP
mechanism of action. Since the content of Ce(m) in our start-
ing CNPs was negligible, the formation and maintenance of a
significant fraction of Ce atoms in this unstable oxidation
state implies the existence of mechanisms that can reduce
Ce(wv) and maintain the reduced form for a relevant time. This
probably involves the presence of recycling mechanisms. The
existence of such a mechanism is essential in view of the poss-
ible antioxidant activity of CNPs. Although Ce(m) is the form
that is active towards some types of ROS, because it is easily
oxidized, its activity would be short-lived without a parallel
mechanism of recycling that can restore the reduced state of
Ce. By combining the previous observations of SOD- and cata-
lase-like activity of CNPs, Celardo et al.'® have recently pro-
posed the existence of cycles involving parallel pathways of Ce
oxidation and reduction. In these cycles, Ce(ur) would always
be responsible for the reduction of superoxides, while the
formed Ce(iv) would be recycled through reactions involving
oxidation of H,O,.

To clarify if the change in the oxidation state of CNPs was
associated with specific localization within the cell, we con-
ducted in situ analysis using a pXANES setup that allowed

View Article Online
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submicrometer resolution.*” Fig. 6A shows an example of the
Ce concentration map similar to those already reported in
Fig. 4. CeO, appeared to be mostly concentrated in small
areas (hot spots), but a non-negligible amount outside the
hot spots was observed in large regions within the cell limits.
This complex distribution is better evidenced in Fig. 6B that
shows also the intrinsic resolution of the pXRF/uXANES setup
(2 pm). Full XANES spectra were acquired from different
regions of this map (Fig. 6C and D). In particular, in Fig. 6C,
spectrum 1 refers to the regions of the highest Ce content
(red in the map of Fig. 6B); spectrum 2 is related to the
regions of the intermediate Ce concentration (yellow in the
map of Fig. 6B); and spectrum 3 is related to the remaining
regions (i.e. an average of the full map after exclusion of the
regions used for spectra 1 and 2). Reference spectra relative
to bulk CeO,, for Ce(wv), and Ce(NOj3);, for Ce(), are also
reported. Significant differences were observed between these
spectra. Spectrum 1 was similar to that of bulk CeO,. We con-
clude that the CNPs located in the hot spots presented Ce
atoms in the Ce(v) oxidation state. An increase in the spectral
intensity at ~5723 eV was apparent in spectrum 2 and even
more evident in spectrum 3. In this same energy region,
Ce(m) presented an intense emission line (Fig. 6C and D). It
follows that, in the region of the cells away from the hot
spots, a higher concentration of Ce(m) can be observed. To
quantify the Ce(u1)/Ce(1v) ratio, spectra 2 and 3 were fitted as
linear combinations of spectrum 1 (used as a reference for
Ce(v)) and the spectrum of Ce(NOj);-6H,0. These fittings
were performed using the derivatives (Fig. S31) to demon-
strate better the shift in energy of the absorption edges.
Ce(m) concentrations of 12% for spectrum 2 and 17% for
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3
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3
S 2
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0
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Fig. 6 In situ pXANES analysis of the Ce oxidation state in cells incubated for 24 h with CNPs. (A) Representative pXRF on a single cell showing
color-coded maps of Ce and K. Ce was mainly present in well-defined hot spots (red), although concentration gradients (from yellow to green) were
also visible around them. (B) Enlarged boxed area from (A). Numbers indicate the regions in the cell where XANES analysis was performed. The
acquired spectra (C) and the corresponding derivative (D) are shown with reference to CeO, (Ce(v)) and Ce(NOs)s (Ce(in)).
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Fig. 7 XANES spectra (A) and their respective derivatives (B) of CNPs
inside the intracellular organelles isolated from cells incubated with
CNPs for 24 h.

spectrum 3 were obtained from this analysis. The different
spectra and their derivatives are overlapped in Fig. 6B and C.

These findings were confirmed by the analysis of the Ce
oxidation state in isolated subcellular compartments (e.g.
endolysosomes and autophagosomes) obtained from cells
incubated for 24 h with CNPs (Fig. 7). Analogous to the
previous in situ analysis, only the Ce(v) oxidation state was
observed in those compartments.

Conclusions

Our findings represent a relevant and unprecedented result for
human cells, suggesting that the interaction of CNPs with cells
involves a complex mechanism, with different areas of the cell
playing different roles. In particular, the results indicate that
CNPs accumulated in the lysosomes are markedly different
from those in the other regions of the cell. This suggests that
the effectiveness of the CNPs and their ability to interact with
ROS might depend on their localization. Although lysosomes
are the main areas for CNP accumulation, additional CNPs can
be found in other cell regions, although in smaller amounts.
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The two locations have different chemical environments, with
lysosomes being characterized by an aggressive and acidic
environment. It is not clear at this stage whether the depend-
ence of the oxidation state on the localization represents
different stages of a unique metabolic pathway, or whether it
indicates the existence of parallel CNP processing mecha-
nisms. In the first case, lysosomes might act as a storage
location for CNPs, which may still be involved in ROS scaveng-
ing through a possible mechanism of exchange with the
surrounding environment. In the other case, it is suggested
that the two groups of CNPs are the result of different incor-
poration mechanisms and might have different biological
activities.

However, these results obtained in vivo in human cells,
represent the first direct evidence of the CNP behavior inside
human cells and a step toward the understanding of what
makes ceria such a promising agent in the therapy of several
diseases involving free radicals and/or oxidative stress.
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