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Background: Cerium oxide (CeO2) and Ce-doped nanostructured materials (NMs) are being seen as innovative
therapeutic tools due to their exceptional antioxidant effects; nevertheless their bio-applications are still in
their infancy.
Methods: TiO2, Ce–TiO2 and CeO2–TiO2 NMs were synthesized by a bottom-up microemulsion-mediated
strategy and calcined during 7 h at 650 °C under air flux. The samples were compared to elucidate the
physicochemical characteristics that determine cellular uptake, toxicity and the influence of redox balance
between the Ce3+/Ce4+ on the cytoprotective role against an exogenous ROS source: H2O2. Fibroblasts were
selected as a cell model because of their participation in wound healing and fibrotic diseases.
Results: Ce–TiO2 NM obtained via sol–gel reaction chemistry of metallic organic precursors exerts a real
cytoprotective effect against H2O2 over fibroblast proliferation, while CeO2 pre-formed nanoparticles incorporated
to TiO2 crystalline matrix lead to a harmful CeO2–TiO2 material. TiO2 was processed by the same pathways as
Ce–TiO2 and CeO2–TiO2 NM but did not elicit any adverse or protective influence compared to controls.
Conclusions: It was found that the Ce atoms source and its concentration have a clear effect on material's
physicochemical properties and its subsequent influence in the cellular response. It can induce a range of biological
reactions that vary from cytotoxic to cytoprotective.
General significance: Even though there are still some unresolved issues and challenges, the unique physical and
chemical properties of Ce-based NMs are fascinating and versatile resources for different biomedical applications.
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1. Introduction

Many synthetic and biologically based materials are proposed as
calcified tissue grafts to improve the healing process of bone fracture
and defects [1]. A crucial point to take into account during the design
of an implantable material is the potential host tissue damage. The pro-
cess of implantation of any material leads to the creation of a wound at
the grafting site. The term wound has been defined as a disruption of
normal anatomical structure and,more importantly, function. The coag-
ulation response is the first wound-healing mechanism activated after
injury. In addition to activating the coagulation cascade, platelets and
damaged epithelial and endothelial cells release a variety of chemotactic
factors that recruit inflammatory monocytes and neutrophils to the site
of tissue damage. Although the recruitment of inflammatorymonocytes
and neutrophils at the site of tissue injury is important for the wound-
healing process, these cells also secrete a variety of toxic mediators,
including reactive oxygen and nitrogen species (ROS and NOS) that
are harmful to the surrounding tissues. These reactive species produced
in the extracellular space are unstable and rapidly converted into amore
stable molecule: hydrogen peroxide (H2O2). H2O2 is neutral and can
diffuse through cell membranes to oxidize cysteine-rich regions in
cytoplasmic proteins; damaging the cells. In bone, H2O2 has been
shown to oxidize those proteins involved in cell differentiation and
modulate their activity, either by inhibition or stimulation [2]. In vivo
and in vitro experiments have shown that oxidative stress affects both
osteoclastic and osteoblastic cells [2]. In both cases, the effect of oxida-
tive stress seems to lead to bone loss [3]. In the processes of wound-
healing proliferative phase, the predominant cell type in the wound
site is fibroblasts. These cells of mesenchymal origin are responsible
for producing the new matrix needed to restore structure and function
to the injured tissue. Fibroblasts attach to the links of the provisional
fibrin matrix and begin to produce collagen [4]. If the inflammatory
macrophages and neutrophils, and subsequently the ROS, are not
quickly eliminated, they can further exacerbate or reduce the fibroblas-
tic response that leads to unhealthy tissue reparation [5]. Current data
suggest that antioxidant strategies might be beneficial to bone health
if they are considered as approaches to prevent bone loss and its associ-
ated morbidity and mortality [2]. It would be interesting to investigate
whether manipulation of the redox balance in bone cells could define

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbagen.2015.12.001&domain=pdf
mailto:pmessina@uns.edu.ar
Journal logo
http://dx.doi.org/10.1016/j.bbagen.2015.12.001
Unlabelled image
www.elsevier.com/locate/bbagen


453N. Gravina et al. / Biochimica et Biophysica Acta 1860 (2016) 452–464
a general strategy towards the regulation of peri-implant fibrosis.
However, the ideal antioxidant therapy is still elusive because of many
essential variables, such as the choice of the adequate antioxidant
system and the correct dosage; excess of ROS scavenging would be
deleterious because basal ROS are required for correct cell and tissue
functioning [6,7]. Great expectations derive from nanotechnology
approaches, including redox active metal oxide nanoparticles, such as
nano-ceria (CeO2). The cerium atom has the ability to easily and
drastically adjust its electronic configuration to best fit its immediate
environment. It also exhibits oxygen vacancies, or defects, in the lattice
structure that arise through loss of oxygen and/or its electrons, leading
to a shift between CeO2 and CeO2 − x during redox reactions. Nano-ceria
was recently found to have multi-enzyme, including superoxide dis-
mutase, catalase and oxidase, mimetic properties that produce various
biological effects, such as being potentially antioxidant towards almost
all noxious intracellular reactive oxygen species [8].

In previous works, the authors prepared and characterized differ-
ent types of bioactive Ce-doped TiO2 NMs exhibiting peroxynitrite
(ONOO−) scavenging activity [9,10]. Cell viability and morphology
studies on osteoblasts [9] and fibroblasts [10] were conducted to ver-
ify the material bio-compatibility and its future use in biomedical
strategies. It was demonstrated that the material structure along
with its oxygen storage capacity has a clear effect on fibroblast sur-
vival and proliferation [10]. Here we extended our investigation to
evaluate the protective role of Ce-doped TiO2 NMs against H2O2

and its effect on the stimulation of fibroblast proliferation. The
information obtained here will shed light on a better understanding
of the complex behavior of ceria nano-materials in bio-system
environments, and provide a step forward to the construction of
implantable devices with antioxidants properties: to take advantages
of their possible benefits and to avoid their risks.

2. Experimental

2.1. Reagents

Hexadecyl-trimethyl ammoniumbromide (CTAB,MW=364.48g/mol,
99% Sigma), n-heptane (MW = 100.21 g/mol, δ = 0.684 g/cm3,
Merck), butyl alcohol (ButOH, MW = 74.12 g/mol, δ = 0.810 g/cm3,
Merck), cerium valerate (Ce(Val)3, MW = 443.1 g/mol) and titanium
(IV) isopropoxide (TTIP, Ti (IV)(OiPr)4, MW = 284.22 g/mol, δ =
0.960 g/cm3, 97% Aldrich) were used without further purification.
Commercial TiO2 anatase (AA, 99%) was purchased from Sigma
Aldrich. For cell culture and treatments, high-sugar Dulbecco's
modified Eagle's medium (DMEM), fetal bovine serum (FBS) and
Penicillin-streptomycin were purchased from American Type Culture
Collection (ATCC). H2O2 30% w/w (9.79 M) was obtained from Sigma
Aldrich. Trypsin-EDTA solution (1×) was purchased from Gibco and
PrestoBlue® was purchased from Invitrogen. CdTe-Quantum Dots
(CdTe-DQs) were purchased from Vive Nano Inc. (formerly Northern
Nanotechnologies Inc.). For microemulsion preparation, only triple-
distilled water was used.

2.2. Material synthesis and characterization

Selected synthesis conditionswere carefully investigated in previous
works [9,11–13].

2.2.1. CeO2 nanoparticles
For CeO2 nanoparticles synthesis a double-microemulsion method

was used [14]. Microemulsion A containing 12.8% w/w of CTAB,
9.6% w/w of 1-butanol, 44.7% w/w of oil phase, 31.9% w/w of aqueous
phase and 1% w/w of Ce(Val)3 was mixed with a microemulsion
B containing 12.78% w/w of CTAB, 9.58% w/w of 1-butanol, 44.71%
w/w of oil phase, 31.93% w/w of aqueous phase and 1% w/w of
NaOH using a magnetic stirrer for 1 h. The resulting microemulsion
developed a yellowish hue, indicating the formation of CeO2nanoparticles,
which were extracted by centrifuging at 10,000 rpm for 10 min. The
CeO2 nanoparticles were then washed with ethanol and stored as
dispersion in ethanol.
2.2.2. TiO2 material
Thepure TiO2material (MI)waspreparedusing a singlemicroemulsion

method [14]. Final microemulsion systems of S0 = 13, W0 = 51,
Ti4+/surfactant = 1 and ButOH/surfactant = 8 were prepared,
where W0 is the ratio of water to surfactant molar concentrations and
S0 is the ratio of oil to surfactant molar concentration. During the syn-
thetic procedure a microemulsion C containing: 14.6% w/w of CTAB,
23.6%w/w of 1-butanol, 25.3%w/w of oil phase, and 36.5%w/w of aque-
ous phase was mixed with a solution D formed by the dissolution of
2 mL TTIP in 5.07 mL n-Heptane without stirring and left to equilibrate
for 20 min to follow the reaction:

TiðIVÞðOiPrÞ4 þ 2H2O ⇄ TiO2 þ 4HOiPr: ð1Þ
2.2.3. Ce–TiO2 and CeO2–TiO2 materials
A similar procedure was employed to prepare two different TiO2

materials containing Cerium (Ce). Material MII, where the Ce atoms
were added to the reaction mixture by an organic precursor; and were
assimilated in the anatase crystal lattice [9,10] will be identified as
Ce–TiO2. Instead, MIII shall be called CeO2–TiO2 denoting the use of
pre-formed CeO2 nanoparticles as the Ce source. For the preparation
of MII (Ce–TiO2) and MIII (CeO2–TiO2) 2.72 mg of Ce (Val)3 or 1 mL of
CeO2 nanoparticles synthesized according to the previously described
procedure (Section 2.2.1) were added respectively to microemulsion
C before mixing with solution D (Section 2.2.2).

For both TiO2 and Ce-containing TiO2 materials, the resulting gels
were left for 24 h in an autoclave at 100 °C. The obtained materials
were filtered, washed with triple-distilled water and left to dry at
room temperature (RT). Organic residues were removed by calcination
during 7 h at 650 °C in air flux and the powders prepared at this temper-
ature were used to evaluate their cell interaction properties and their
protective role against H2O2.
2.2.4. Near infrared spectroscopy (NIR)
A Nicolet iS50 FTIR–NIR spectrophotometer (Thermo Scientific,

Waltham, MA, USA) along with a diffuse reflectance accessory (DRA,
also called an integrating sphere) was used to measure the reflectance
properties of the powders. The spectra were obtained in air atmosphere
and at RT. In the present study the integrating sphere was operated in
the reflectancemode in the region of 1000–2500 nm. AGold NIR Diffuse
Reflection Standard (99.9% Reflective) was used as a reference to
calibrate the baseline. The powder samples were supported inside flat
bottom glass vials to form pellets of 10 mm diameter and 5 mm thick
for measurements. Commercial anatase (AA) was used as control.
2.2.5. Scanning electron microscopy (SEM)
Surface morphology was evaluated using a field scanning electron

microscope (JEOL 35 CF. Tokyo, Japan.). To acquire all the SEM images
a Secondary Electron Detector was used. The accelerating voltage
(EHT) applied was 10.00 kV with a resolution (WD) of 7 mm. Local
compensation of charge was performed by staining the sample with
colloidal gold.
2.2.6. UV–vis spectroscopy
To measure the antioxidant properties of material MII against H2O2,

UV–Vis absorbance spectra were obtained as a function of time using
UV–Vis spectrophotometer (Agilent Cary 60), working at a wavelength
of 240 nm and at RT.
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2.3. Cell culture and nanostructured material (NM) treatment

2.3.1. Material preparation for cytotoxicity tests
In order to conduct cytotoxicity and cytoprotection tests, TiO2 and Ce-

doped TiO2 powder suspensions were freshly made before each
experience according the process described as follows. A proper amount
of material was weighted in a glass vial and sterilized in autoclave at
121 °C for 30 min. Then DMEM culture medium supplemented with
10% FBSwas incorporated to each vial to obtain a sterile stock suspension
of 1mg/mL. Materials were suspended by sonication in awater bath dur-
ing 2 h at a frequency of 40 kHz (Ultrasonic Cleaner Benson 200). Work-
ing suspensions were prepared by dispersing the proper aliquots of stock
suspension in culture medium to final concentrations of 1000, 500, 100,
50 and 10 μg/mL. Since cytoprotection tests require the total absence of
proteins in the culturemedium, for this experiment both stock andwork-
ing suspensions were prepared in DMEMwithout FBS. A cell free system
test was performed to validate that there is no interference between
the materials and the viability detection reactant (PrestoBlue®)
and/or technique (fluorescence intensity). No significant interferences
were observed for all the materials and concentration tested (data
shown in supplementary material (SM), Fig. SM1 and Table SM1).

2.3.2. Cell culture and cytotoxicity
Murine fibroblast-derived cell line L929 (American Type Culture

Collection, NCTC clone 929 of strain L) was used for the experiments.
Cells were cultured in High-sugar Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin, and maintained in 25 cm2 polystyrene culture
flask at 37 °C in a humidified atmosphere of 5/95% CO2/air. Subcultures
were obtained after reaching 70–80% confluence by trypsinization
(0.25% trypsin in citrate saline). In order to test the cytotoxicity of the
materials, 50 μL of cell suspension (passage 24) were plated in a
Nunc™, black, 96 well-plate in a density of 5 × 103 cells/well with
DMEM supplemented with 10% FBS and kept overnight at 37 °C in a 5%
CO2 humidified atmosphere. Then, each well was treated with 50 μL of
the freshly prepared materials suspensions to reach the desired concen-
trations in the well (1000, 500, 100, 50 and 10 μg/mL). After 24 and
48 h of incubation, viability was measured using PrestoBlue® technique
according to manufacturer's protocol. Cells treated with CdTe-Quantum
Dots (500 μg/mL) were used as a positive control (C+) as described in
a previous report [10]. Untreated cells were used as a negative control
(C−) for normalization. Experiments were replicated three times and
results of viability were expressed as a percentage of negative control.

2.3.3. Cell viability test
PrestoBlue® test has been selected to determine the number of via-

ble cells present in the cell suspension, based on the principle that viable
cells maintain a reducing environment in the cytosol while non-viable
cells rapidly lose metabolic capacity [15]. The detection reagent uses
the ability of viable cells to convert the oxidized form of resazurin
(dark blue) into a red-fluorescent reduced form (resorufin; λEx =
560 nm; λEm = 590 nm). This technique has been chosen because
there is no interference reported for H2O2 and PrestoBlue® reagent in
literature and also because it has been proved in our laboratory that
there is no interference between the viability reagent and thematerials
intended to be tested, results are shown in Fig. SM2. For cell viability
determination, 10 μL of dye were incorporated to each well and
the plates were placed in incubator for 30 min at 37 °C; finally the
reaction mixture was transferred into an opaque 96-well plate and
fluorescence intensitywas immediatelymeasured in a PolarStar Optima
MultidetectionMicroplate Reader (BMG Labtech) at the suitable excita-
tion and emissionwavelengths. Percentage of cell viabilitywas obtained
for each treatment condition using the following equation:

%of Viability ¼ Fluorescence of treatmentð Þ � 100%
Fluorescence of negative controlð Þ :
The background controls were carried out with culture medium
only, culture medium+H2O2, culture medium+materials and culture
medium + H2O2 + materials, observing no significant differences
among them, data not shown.
2.3.4. Determination of H2O2 cytotoxic potency
Due to the need of determine a convenient toxic concentration

of H2O2 for L929 cell line, experiments were carried out according
to the following design: 100 μL of cell suspension were plated in a 96
well-plate in a density of 5 × 103 cells/well with DMEM supplemented
with 10% FBS and kept overnight at 37 °C in a 5% CO2 humidified
atmosphere. After 24 h, culture maintenance medium was removed,
cells were washed twice with PBS, and DMEM without FBS was
added; further incubation at 37 °C was carried out for 24 h. All
experiments involving exposure to H2O2 have to be performed in
serum-free DMEM to avoid rapid H2O2 degradation by antioxidants
present in FBS [16,17].

H2O2 working solutions were prepared, immediately before using,
by dissolving the appropriate amount of H2O2 30% w/w in DMEM;
100 μL of solution were incorporated to eachwell to reach final concen-
trations of 200, 350, 500, 600, 800, 1000, 2000 and 4000 μM per well,
this process was followed by 4 h of incubation at 37 °C. The concentra-
tions of H2O2were selected on basis of literature findings indicating that
in wound sites it ranges in a non-harmful level of 150–200 μM [18];
higher concentrations and the selected contact time (4 h) are the
suitable for the obtainment of a sigmoidal concentration–response
curve [19]. Finally, viability was assessed using PrestoBlue® technique
as described above; results of each experiment were obtained for
triplicate and expressed as the variation of % cell mortality respect
to (C−) against H2O2 concentration. The LC (lethal concentration)
values were derived from the mean concentration–effect relationship
by fitting a concentration–response curve as described below.
Experiments were replicated three times with cultures of different
passages. A representation of this experiment is shown in Scheme
SM1. No significant interferences were detected between H2O2 and
PrestoBlue®, Fig. SM2.
2.3.5. Determination of materials´ cytoprotective effect against H2O2

In order to determine the cytoprotective effect of materials against
oxidative stress induced by H2O2, two sets of experiments were carried
out simultaneously, testing 1 h (T1) and 24 h (T2) of L929 cells
pre-incubation in the presence of materials prior to the incorporation
of H2O2:

100 μL of cell suspension were plated in a 96 well-plate in a density
of 5 × 103 cells/well with DMEM supplemented with 10% FBS and kept
overnight at 37 °C in a 5% CO2 humidified atmosphere. After 24 h,
culture medium was removed and cells were rinsed twice with PBS.
Henceforth, plates corresponding to different test conditions were
treated differently:

(i) T1, 100 μL of serum-free DMEMwere added and incubation at
37 °C continued for 23 h; after that, culture medium was replaced by
100 μL of freshly prepared materials suspensions at the concentra-
tions tested (from 10 to 1000 μg/mL) and they were incubated for
1 h at 37 °C. (ii) T2, 100 μL of freshly prepared materials suspensions
at the concentrations tested (from 10 to 1000 μg/mL) were added to
the respective wells, continuing incubation for 24 h at 37 °C. A repre-
sentation of this experiment is shown in Scheme SM1.

Finally, 100 μL of H2O2 solution (prepared as described above) were
added as bolus [19] to each well in order to obtain an effective concen-
tration corresponding to LC20 or LC80 respectively, Incubation at 37 °C
was carried out for 4 h and viability was assessed using PrestoBlue®

assay as described above. Untreated cells were used as a negative
control (C−), and cells only treated at the effective concentration of
H2O2 were used as a positive control (C+).
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2.3.6. Assessment of cellular morphology and NM interaction by
optical microscopy

In order to test the cells' morphology and the NMs-cellular interac-
tion, L929 cells (1.5 × 105 cells/well) were cultured in a 6 well plate
containing a glass cover slide in the bottom, for 24 h. Then a freshly
prepared suspension of each material was incorporated to reach a
final concentration of 100 μg/mL in each well and incubation at 37 °C
and 5% CO2 continued for another 24 h. Finally, glass cover slides were
thoroughly rinsed with PBS to eliminate the materials that were not
interacting with the cells, and were properly mounted in a microscopy
slide. Pictures were taken using an OLYMPUS IX 81 microscope in
Phase Contrast mode, with a camera for bright field QIMAGING QIClick
with a magnification of 40×. The software used for image acquisition
was Image-Pro Plus 7.0.
2.4. Assessment of H2O2 scavenging effect mediated by MII

2.4.1. Scavenging activity determination
Material MII was tested to determine its intrinsic ability to eliminate

hydrogen peroxide from the reaction medium. H2O2 decay was
measured using an UV–Vis spectrophotometric technique, working at
a wavelength of 240 nm in Phosphate Buffer (PBS, pH = 7.4) medium
to simulate biological conditions and in Tris/HCl Buffer (pH = 7.5) to
contrast results. These two buffers were selected because it has been
previously demonstrated that buffer anions strongly influence antioxi-
dant properties of CeO2 nanoparticles [20]; therefore their impact on
Ce-doped TiO2 material has to be taken into consideration. PBS was
selected because phosphate is the main intracellular anion and it is
strongly chemisorbed to the surface of nanoparticles containing TiO2

and/or Cerium; Tris/HCl was selected because of its lack of chemical
interaction with TiO2 materials [21]. pH was kept constant to allow
comparisons between anion content of both buffer systems.
Experiments were inspired in the well-known determination of
catalase enzymatic activity described by H. Aebi [22], where it is
stated that the decomposition of hydrogen peroxide can be followed
directly by measuring the decrease in Absorbance at λ = 240 nm
(ε = 43.6 M−1 cm−1) [23]; the difference in absorbance (ΔA240)
per unit of time can be then related with the scavenging activity.
Experimentswere conducted using an initial concentration of hydrogen
peroxide inferior to 10 mM (see Table 2) to avoid the formation of
bubbles in the cuvette due to the liberation of O2 and 0.0369 g of MII
powder; PBS and Tris/HCl buffers were used as solvents and reaction
was allowed to take place in a quartz cuvette (1 cm path length).
Measurements were taken every 5 min throughout 2 h.
2.4.2. Calculation of theoretical viability
In order to predict the viability of fibroblasts after treatment with

hydrogen peroxide in presence of MII, computed H2O2 scavenging
capacity is used to determine the final concentration of peroxide after
treatment with the different lethal concentrations and amounts of MII.
Calculated H2O2 scavenging capacity is obtained from the UV–Vis
kinetic decay (Figs. SM3–SM5) by subtracting the H2O2 concentration
at equilibrium from the initial one and then dividing it by the amount
of material present in each experiment (results are expressed in terms
of μmol of H2O2 per gram of material). With this value, the amounts of
hydrogen peroxide andmaterial present in each condition, it is possible
to calculate the amount of H2O2 that would be degraded by MII in the
culture medium of cytoprotective experiments considering that after
4 h of the system evolution the material's ability to scavenge H2O2 is
saturated and the equilibrium is already reached. Then, the final con-
centration of H2O2 can be estimated by subtracting the degraded
amount from the initial one. Once estimated the final concentration of
H2O2 in the culture medium, theoretical viability can be obtained from
extrapolation on the concentration–response curve (Section 2.3.4).
2.5. Statistical analysis

A four-parameter logistic non-linear regression model was used to
perform the fitting of the concentration response curves for H2O2

mortality. The equation is presented below [24]:

y ¼ A1 þ A2‐A1

1þ 10 logx0−xð Þp

where x is the concentration of the independent value and y would be
the response value; A2 and A1 are the maximum and minimum
response respectively; log x0 is the value at the halfway between the
maximum and minimum response and p is the slope factor which
describes the steepness of the curve. LC20, LC25, LC50, LC75 and LC80

were parameters derived after fitting using the following equation:

EC F ¼ 10
logx0þ

log F
100− Fð Þ
p

h i
; F ¼ percentage of response; p

¼ slopefactor:

For viability tests, an ANOVA was performed and the significance of
differences was determined using a one-tailed Student's t test where
probability values above 0.05 (p N 0.05) were considered non-
significant. Quantitative data are expressed as mean ± standard devia-
tion (SD) from the indicated set of experiments.

3. Results

3.1. TiO2 and Ce-doped TiO2 NMs' surface topography and hydrophilicity

The NMs used in this study were created using a microemulsion-
mediated hydrothermal synthesis, which allows the obtaining of nano-
crystalline TiO2 (MI) and Ce-doped TiO2 (MII and MIII) materials at
100 °C [9]. Microcrystalline and topographical analyses of Ce-doped
TiO2 NMs were performed in previous works [9,10], exposing that
the presence of Ce atoms, regardless of the incorporation procedure,
stabilized TiO2 anatase polymorph. Particles' size measured using
transmission electron microcopy (TEM), and X-ray powder diffraction
was in the 28–40 nm range; their associated BET specific surface areas
were 43, 21 and 3m2 g−1 respectively [9]. The analysis of the roughness
parameters indicated that all materials presented an asymmetrical
surface in relation to a theoretical mean plane that cuts the profile [9].
A deep analysis of arithmetical average deviation (Ra), Kurtosis (Rku)
and Skewness (Rsk) coefficients was performed and their correlation
can be appreciated in the 3D surface plots of Fig. 1; denoting the differ-
ence in the surface topography of each material. According to the scale
of the surface's irregularities [25], it can be distinguished that all mate-
rials exhibit nano-surface roughness degree characterized by surface ir-
regularities with dimensions of less than 100 nm [25], though material
MII also shows a higher level of roughness characterized for a sub-
micron striped topography composed by 10 μm length and 0.25 μm
diameter aligned fibers, Fig. 2. Ce-doped TiO2 powders hydrophilicity
and wettability were analyzed by inspection of near-infrared (NIR)
spectra of H2O molecules adsorbed on material surfaces, Fig. 3. All ma-
terials present a similar pattern of bands ascribed to different states of
physisorbed H2O molecules on their surface, indicating a degree of
hydrophilicity; the peak intensities augment fromMII toMIII and are al-
ways superior to the exhibited by the commercial anatase sample (AA).
No difference between synthesized TiO2 sample (MI) regarding AA was
found. Small adsorption bands that can be assigned to the combination
of symmetric and asymmetric stretching (ν1 + ν3) vibrational modes
of less hydrogen-bonded water [26] could be observed at 1380 nm
and 1880 nm. Broad bands centered at 1420–1450 nm and 1920 nm
are assigned to the (ν1+ ν3) and the combination of bending and asym-
metric stretching (ν2 + ν3) vibrational modes of intermediate intensity
hydrogen bonded water [26]. Finally a broad, less intense band at



Fig. 1. Nano-meter scaled 3D surface plots and roughness parameters of TiO2 (MI), Ce–TiO2 (MII) and CeO2–TiO2 (MIII) NMs.
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2200 nm similar to that due to the (ν2 + ν3) vibration modes of the ice
[26] can be associated with highly structured hydrogen bonded water.

3.2. Cytotoxicity of TiO2 and Ce-doped TiO2 NMs

24 h pre-incubated L929mouse fibroblast cells plated at low den-
sity (1.3 × 102/cm2) were exposed to 50 μL of material suspension.
After 24 and 48 h of incubation, viability was measured using the
PrestoBlue® assay and compared with positive (C+) and negative
(C−) controls, results are shown in Fig. 4. The obtained data show
that L929 fibroblast cultured in presence of all studied materials ex-
hibit a 90–100% viability superior than the positive control (C+).
There is no significant change respect to (C−) in cell viability after
24 and 48 h of culture in the presence of materials MI and MII. In
such conditions, average viability values are about 90% and 110%
respect to the negative control (C−) that is commonly accepted in
literature for this cell line [27,28]. In the presence of material MIII
there seems to be an increment on viability related with the concen-
tration of the materials; fibroblast viability reaches 138% and 134%
respect to the (C−) after 24 and 48 h respectively.

Image of Fig. 1


Fig. 2. SEMmicrophotograph of Ce–TiO2 (MII) NM displaying a sub-micron striped topography composed by 10 μm length and 0.25 μmdiameter aligned fibers. Inset: micrometer scaled
3D surface plot.
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3.3. Morphologic characteristics of cells after TiO2 and Ce-doped TiO2

NMs contact

L929 mouse fibroblast cells' morphology was evaluated by phase
contrast microscopic observations and compared with (C−). Control
group cells grew and spread perfectly in the substrate showing many
pseudopodial protrusions, such as filopodia, signaled by arrows in Fig.
5a. A similar cellular morphology is observed in the presence of
materials MI and MII, Fig. 5b and c. However, after cultured in media
containing material MIII it can be appreciated that cells enclosed by a
high number of particles became rounded with a clear evidence of a
Fig. 3.Near-infrared (NIR) spectra of H2Omolecules adsorbed onMI, MII andMIII NM's surface
bonded water; IHBW: intermediate hydrogen bonded water; HHBW: high hydrogen bonded w
reduction in the pseudopodial protrusions' density (yellow arrow
in Fig. 5d). Furthermore these cells form aggregates (dotted circles in
Fig. 6) and could be easily rinsed off. A great fibroblast–material interac-
tion can be denoted by microphotographs examination, although it is
not possible to categorically determine the cellular location of the
materials based on the simple observation. Ce–TiO2 nanoparticles are
located either at the surface of the cells or associatedwith the cell mem-
brane (as it is shown with the red arrows). The results of PrestoBlue®

assay and optical inspection of cells' morphology in the presence of
MIII indicated that there is an increased metabolic activity associated
to a change in morphology, or at least in adhesion, of the fibroblasts.
s. ν1: symmetric stretching; ν2: bending; ν3: asymmetric stretching; LHBW: less hydrogen
ater. Commercial anatase (AA) was used as control.
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Fig. 4. Concentration dependence of murine fibroblast-derived cell line L929 viability cultured throughout 24 and 48 h in NMs presence. TiO
2
(MI), Ce–TiO

2
(MII) and CeO

2
–TiO

2
(MIII).

(C+) represents cells treated with a toxic concentration of CdTe Quantum Dots. All results are expressed as mean ± SD of three experiments and normalized with respect to untreated
cells (C−). *p b 0.05, **p b 0.01; significantly higher to (C−).
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3.4. Fibroblast viability in response to oxidative stress: determination of
H2O2 LC

In order to test the cytoprotective effect that the materials MI, MII
and MIII might have against the exogenous ROS, H2O2, it is necessary
to establish an appropriate toxic concentration for this particular cell
line. It is important to notice that this behavior is not constant over dif-
ferent cell lines and it has to be addressed for each particular line [19].
24 h pre-incubated L929 mouse fibroblast cells plated at low density
(1.3 × 102/cm2) were exposed to various concentrations of H2O2 and
subsequently assessing cell viability using both morphological cell
observation and the PrestoBlue® assay [15]. Exposure to H2O2 induced
a concentration-dependent increase in cell mortality, Fig. 7. Overall,
our present data reveal that after 4 h of post-treatment, low H2O2

concentrations (b295 μM) preserved the viable L929 cell numbers,
while higher concentrations (N300 μM) have deleterious effects leading
to cell death. From [H2O2] = 1225 μM there is a 100% of cell mortality.
Lethal concentrations (LC) at 20, 25, 50, 75 and 80% of mortality were
determined and summarized in Table 1.

3.5. Quantification of TiO2 and Ce-doped TiO2 NMs' cellular protection
against exogenous source of ROS

NMs' cytoprotective effect against different concentrations of H2O2

(LC20 and LC80) was evaluated by PrestoBlue® assay [15] after 1 and
24 h of pre-incubation of fibroblast in the presence of nano-materials,
results are shown in Fig. 8. Cytoprotective effect resulted independent
of the applied concentration of H2O2 or the presence of MI material.
No statistically significant influence respect to the (C+) is observed
after 1 h of pre-incubation, while after 24 h of treatment all Ce-doped
TiO2 materials exhibited a visible cytoprotective effect denoted
by an evident increase of fibroblasts viability. Results show a quasi
linear and positive slope tendency among L929 cells viability and the
10–500 μg/mL studied range of Ce-doped TiO2 concentrations. The
application of [Ce-doped TiO2] ≥ 1000 μg/mL provokes a reduction
of the material cytoprotective effect. Pre-incubation of L929 cells
throughout 24 h in the presence of 500 μg/mL of MII or in the presence
of 50–500 μg/mL of MIII NMs exert the most effective cytoprotective
role against H2O2; 13–20% viability superior to (C+). No protective ef-
fect was seen if oxidant stimulus was performed shortly after materials'
incorporation; see 1 h pre-incubation graphs in Fig. 8, suggesting the
need for prior processing.

3.6. H2O2 scavenging effect induced by MII

The ability of Ce–TiO2 material (MII) to eliminate H2O2 from
the media was studied by following the degradation of H2O2 in the
presence of MII after 1 and 24 h of pre-incubation of the material in
PBS and Tris/HCl buffer solutions (pH = 7.4–7.5). Degradation kinetic
was followed by UV–Vis spectroscopy at λ = 240 nm. H2O2 concentra-
tion was normalized by subtracting the final concentration from initial
concentration and dividing by the amplitude as it was described by
Quijano et al. [29]. Further explanation of the experimental conditions
and calibration curve can be found in SM (Figs. SM3–SM5). We have
restricted the assessment of H2O2 scavenging effect to the MII sample
because we verified that the interaction with MIII material lead to an
anomalous metabolic expression of fibroblast and conduced to cellular
aggregation. Observing the phase-contrast's microscopic images of
fibroblast proliferation and spreading in the presence of MIII, we can
assume that the increase of metabolic activity registered by application
of PrestoBlue® assay cannot be necessarily associated with an increase
of the number of viable cells. In fact, the cells looked round, loosely
attached and grouped; please see doted circles in Fig. 6. Fig. 9 displays
the hydrogen peroxide degradation in the presence of pre-treated MII
sample. Phosphate buffer accelerates H2O2 degradation; the greater
influence was obtained after 24 h of material pre-incubation. For both
pre-incubation times in PBS, H2O2 degradation equilibriumwas reached
after 2 h of contact with the material. If Tris/HCl buffer solution is used
instead of PBS, the pre-incubation time of the material has no effect
on the H2O2 degradation rate and equilibrium concentration was
never attained. Unnormalized data sets can be found in SM (Figs. SM4
and SM5). The total degraded amount of H2O2 at equilibrium conditions
is expressed in terms of moles degraded per gram of material; results
are summarized in Table 2. In order to relate the survival of the cells
treated with H2O2 in presence of MII and its intrinsic scavenging effect
in PBS, a plot of theoretical viability computed as described in the
Section 2.4.2 versus MII concentration was created, Fig. 10a. A compar-
ison between theoretical and experimental values, Fig. 10b, shows good
agreement among the predicted and obtained viabilities for 1 h of
pre-incubation with MII at both lethal concentrations. However,
when pre-incubation is increased to 24 h, experimental viability
becomes higher than that predicted at 50–500 μg/mL MII concentra-
tions followed by a decrease at 1000 μg/mL, suggesting that, under
in vitro culture conditions, H2O2 degradation might not be occurring
by a single mechanism.

4. Discussion

NPs organize themselves in superstructures exhibiting different sur-
face features which persist after a vigorous sonication in the aqueous
suspension Figs. 1 and 2; such characteristic could affect the material's
bioactivity. Tomonitor the TiO2 and Ce-doped TiO2 NMs biocompatibil-
ity, their effect on primary calvarial osteoblast viability, spreading and
proliferationwas previously evaluated [9]. Results exclude any negative
effect due to the crystalline microstructure, the topography or the
chemical composition on osteoblasts survival. Material was always
randomly distributed through cells, suggesting the absence of specific
interactions among them [9]. Here, L929 mouse fibroblasts viability
was tested after 24 and 48 h of exposure to 50 μL of different TiO2 and
Ce-doped TiO2 NMs suspension using the PrestoBlue® assay [15],
Fig. 4. Fibroblasts are selected as cell model due to their participation
in the processes of extracellular matrix's formation and growth during
wound healing, and their involvement in fibrotic diseases [30]. No sta-
tistically significant difference with respect to (C−) can be observed
for the fibroblasts survival and morphology after cultured 24 and
48 h in the presence of MI and MII materials, Fig. 4. In the presence
of the MIII sample, however, an important increment of cellular
metabolic activity associated with a change in their morphology
was detected. PrestoBlue® is a derivative of Resazurin (7-hydroxy-
10-oxidophenoxazin-10-ium-3-one) [15] and displays the alter-
ations in mitochondrial activity based on its reduction. Viable cells
with active metabolism reduce the oxidized form of dye into a distinc-
tive colored product that can be quantified by spectrophotometric
means. When cells die, they lose the ability to convert oxidized dye
into its reduced form, thus color formation serves as a marker of only
the viable cells [15]. Observing the phase-contrast's microscopic images
of fibroblasts proliferation and spreading in the presence ofMIII, we can
assume that the raise of metabolic activity registered by application of
PrestoBlue® assay cannot be necessarily associated to an increase of
the number of viable cells. In fact, the cells looked round, loosely at-
tached and grouped, Fig. 6. We believe that due to the interaction
with the MIII material, a dysfunctional metabolic increment, altering
cellular viability of fibroblasts, is produced.

Cells live in an environment with nano-details; they are micrometrics
but their constituent units are mostly nanometric. As a consequence,
they need features to interact to or with them that are in the suitable
scale; in other words cells respond to the surroundings' micro-
topographies [31]. Many literature findings indicated that surface
nano- and micro-architectures provide the structural basis for cells'
mechanical signaling [25,31]. Likewise, in a previous study, we
have suggested that controlling crystallinity and surface roughness
of TiO2 and Ce–TiO2 NMs is an efficient platform to manipulate the



Fig. 5. Phase contrast optical microphotographs showing murine fibroblast-derived L929 cells morphology after cultured during 24 h in the presence of TiO2 (MI), Ce–TiO2 (MII) and
CeO2–TiO2 (MIII) NMs. Cells cultured in absence of NMswas used as negative control (C−). Blue arrows indicate pseudopodial protrusions in normally developed fibroblasts; yellow ar-
rows in MIII show decreased filopodia and morphological change; strongly attached particles are pointed by red arrows.
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biomimetic bone-like apatite layer deposition, which is essential for
the material osseo-integration [9]. Phase-contrast microscopic
observation of L929 mouse fibroblasts' morphology cultured in the
presence of materials indicates that in all the studied systems material
is located around cells, denoting a great cell-material interaction.
Cell-material interactions depend on the cell type and especially on
particle properties; nano-titania is among the particles that were most
efficiently internalized [32]. By TEM analysis it was determined that
nanoparticle internalization correlates with an increase in cell side
scatter, directly related to NPs size [32]. The higher level of roughness
and sub-micron striped topography that characterized materials MI
and MII has not a significant impact on cell viability. However sample
MIII composed of the smaller diameter particles (d = 28 nm [9]),
which results in material exhibiting a nano-roughness degree topogra-
phy with the greater surface area (SBET = 43 m2/g [9]) considerably af-
fect material-fibroblast interactions and their subsequent cell viability.
Moreover sample MIII exhibited the major intensity in NIR spectral
Fig. 6. Phase contrast optical microphotographs showing aggregates of murine fibroblast-deriv
aggregates are indicated by the dotted circles.
bands denoting its superior water uptake capacity and hydrophilicity,
Fig. 3. There is an optimal cell adhesion associated tomoderately hydro-
philic surfaces. On highly hydrophilic surfaces, similar to those obtained
forMIIImaterial, cell attachment and spreading is limited or completely
disabled. Highly hydrophilic surfaces are known to bind the adsorbed
cell adhesion-mediating molecules with relatively weak forces, which
could lead to the detachment of thesemolecules especially at advanced
culture intervals,when they bind a large number of cells [25]. Extremely
hydrophilic surfaces like oxygen-terminated nanostructured diamond
surfaces (contact angle about 2°) [33] or highly hydrophilic surfaces
made of a block copolymer of poly DL-lactide (PDLLA) and polyethylene
oxide (PEO) [34] almost completely resisted the adhesion of cells
and were used as a non-adhesive background for the attachment of
GRGDS (Gly-Arg-Gly-Asp-Ser) peptide sequences.

Another factor to consider and that seems to be relevant is the incor-
poration of cerium atoms in TiO2 matrix. In a previous study [10] we
have evaluated the incorporation of different concentrations of cerium
ed L929 cells after culturing during 24 h in the presence of CeO2–TiO2 (MIII) NMs. Cellular
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Fig. 7. Concentration dependence curve of murine fibroblast-derived L929 cells mortality
induced after 4 h of exposure to H2O2. Each point represents the mean of three
experiments ± SD; n = 3; R2 = 0.9939. [H2O2] is expressed in μM.
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through the crystal structure of titanium oxide following the same
synthetic procedure than the applied in MII preparation. In all cases
the cerium atoms were amalgamated into anatase lattice and no
changes in L929 fibroblast's morphology were found even though
great material–cell interaction was noted [10]. Thus, the use of
CeO2 NPs as ceria source in the preparation of MIII could be another
cause of negative cellular response observed.

H2O2 is the least active ROS, its stability confers the ability to cross bi-
ological membranes and thereby to target a wide range of intracellular
and extracellular sites [35] inducing cell senescence or death [36].
There have been reports of increased production of H2O2 in wounds
bynon-phagocytic cells [37] and that ROS balance is of particular impor-
tance in the proliferation of fibroblasts [38]. It is generally believed that
H2O2 can induce both apoptosis and necrosis in many cell types,
depending on the concentration and length of exposure [21]. However
low concentrations of H2O2 have long been identified to have growth
factor-like properties [36] and that exogenously added superoxide
and H2O2, as active oxygen species, stimulate the expression of early
growth regulated genes such as c-fos and c-jun and activate protein
kinases distinct from protein kinase c. The evaluation of cellular
response to the concentration curve of H2O2 cytotoxicity indicated
that H2O2 concentrations inferior to 295 μM preserved viable L929 cell
numbers respect to the (C−), while above this concentration there is
a sharp increase of cell mortality, Fig. 7. To test the materials'
cytoprotective effect against H2O2, two extreme lethal concentrations
are utilized: LC20 = 556 μM and LC80 = 818 μM. Fig. 8 shows that
Ce-doped TiO2 materials concentration-dependently decreases the
extent of mortality induced in L929 by the H2O2, after 24 h of cell
pre-incubation cultured in their presence. No significant effect can
be appreciated after cell pre-incubation in the presence of TiO2
Table 1
Lethal concentration (LC) of H2O2.

[H2O2]/μM

LC20 556 ± 38
LC25 579 ± 36
LC50 674 ± 32
LC75 782 ± 41
LC80 818 ± 46
material. Maximum cytoprotective effect, about 13–20% superior
than (C+), occurred at selected concentrations of the Ce-doped
TiO2 materials ([MII] = 500 μg/mL; [MIII] = 50–500 μg/mL)
and is independent of H2O2 lethal concentration. Despite of the
apparent cytoprotective effect exhibited by MIII, we discard this
material based on microscopic observations and PrestoBlue®

analysis. The presence of MIII altered the cellular response and
induced an atypical aggregation plus an increase of metabolic re-
action not associated to an augment of cell proliferation, Figs. 5d
and 6.

It is well known that under irradiation the e− of TiO2 valence band
(VB) can be transferred to the conduction band (CB) [39]. Those
photo-generated CB electrons induce radicals' reactions at TiO2/aqueous
solution interface and the oxygenated free radicals (HO2

•−, O2
•−, HO•)

production follows the reaction of TiO2 (e) with oxygen, water or
H2O2. Fenoglio et al. [40] determined that those reactive species can
be also generated in absence of specific irradiation and even under
in vitro or in vivo biological tests. No visible effect on L929 viability
was obtained after cultured in presence of TiO2 and of TiO2–H2O2

when comparing with controls; if ROS are generated due to TiO2, their
concentrations are not enough to damage cells. The presence of Ce
atoms on TiO2 superstructures has a real impact on cytoprotection ef-
fect. The cytoprotective, radical scavenging, and autocatalytic properties
displayed by nano-ceria in biological systems comes from its redox
chemistry: the mixed valence state of CeO2 (Ce3+/Ce4+ redox couple)
and the oxygen vacancies [41]. Moreover, the electron defects in
nano-ceria are relatively resistant to the radical damage, thereby
allowing an auto-regenerative reaction cycle (Ce3+ → Ce4+ → Ce3+)
[41]. It has been established that nano-ceria can act as superoxide
dismutase (SOD) mimetic, by reacting with superoxide (O2

•−) to form
hydrogen peroxide, and also as catalase (CAT) mimetic to dispropor-
tionate hydrogen peroxide (H2O2) into molecular oxygen and water.
CAT mimetic activity was prominent in nano-ceria that exhibited
lower levels of Ce in the 3+oxidation state opposite to the observations
made for SOD mimetic activity [23,42]. To evaluate the cytoprotective
mechanism of Ce–TiO2 material (MII), the intrinsic degradation of
H2O2 performed under similar conditions to those applied for the
study of cell viability, was analyzed. In Ce-doped TiO2 materials, as in
our samples, electrons from the TiO2 VB can be transferred to the Ce 4f
level, and then these electrons shifted to Ce4+ on the TiO2 surface and
convert it into the Ce3+:

Ce4þ þ e−→ Ce3þ: ð2Þ

Furthermore, the overall species present in the solution alters the
surface potential of nano-ceria and controls its oxidation state as well
as its chemistry. Therefore, the behavior of materials, after dispersion
into cell culture media, buffers, serum and other chemical treatments
has to be considered. Phosphate buffer, containing 50–100mMof phos-
phate anions, is a typical biological buffer system and it was used in our
experiments. Singh et al. [42] demonstrated that nano-ceria exposed to
phosphate buffer loss their SOD mimetic activity, suggesting a strong
association between Ce3+ located at the surface of the particles with
PO4

3− anions from buffer solution. Fig. 9 shows the time-dependent
H2O2 degradation in the presence of MII material dispersed in PBS and
in Tris/HCl buffer solutions. In both systems MII material was pre-
incubated 1 and 24 h in buffer media before contact with H2O2 solution.
In agreement to that revealed by Singh et al. [42], therewas a clear effect
of phosphate buffer in the acceleration of H2O2 degradation; the high
degradation rate was attained after 24 h of MII pre-incubation in
PBS and equilibrium was reached after 2 h of exposure. No influence
was detected on H2O2 degradation's rate after dispersion and pre-
incubation of materials in Tris/HCl buffer solution, discarding that such
effect is simply a pH consequence. The formation of cerium phosphate
at the material surface is expected to trap the Ce3+ and thus blocks
the free inter-conversion between Ce3+/Ce4+ [42]. In solution,

Image of Fig. 7


Fig. 8.Murine fibroblast-derived L929 cells viability against 20 and 80% of H2O2 lethal concentrations after 1 h and 24 h of pre-incubation in the presence of different NMs' concentrations.
TiO2 (MI), Ce–TiO2 (MII) and CeO2–TiO2 (MIII). Cells cultured in the presence of H2O2, without NMs pre-incubation treatment, were used as positive control (C+). *p b 0.05, **p b 0.01;
significantly higher to (C+).
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hydrogen peroxide can in principle decompose by two different ways:
(i) by accepting electrons, acting as an oxidant agent or (ii) by donating
electrons, acting as a reducing agent.
Fig. 9. Time dependent degradation of H2O2 after 1 and 24 h of Ce–TiO2 (MII) pre-incuba-
tion in PBS and Tris/HCl buffers. Hydrogen peroxide was measured by changes in absor-
bance at 240 nm and its normalized concentration, (C−C0)/(C0−Cf), was obtained
using the experimentally determined extinction coefficient (ε = 42.054 M−1 cm−1

[23]) and the method proposed by Quijano et al. [29].
H2O2 þ 2e− þ 2Hþ→ 2H2O ð3Þ

H2O2→O2 þ 2e− þ 2Hþ ð4Þ
If Ce atom is in the 3+ oxidation state, H2O2 may catalytically

decompose by accepting electrons through Reaction (3); while at high
concentrations of Ce4+, H2O2 can only donate electrons and
decompose by Reaction (4). In our experimental conditions it can be
stated that the Ce3+ photogenerated by Reaction (2) in the surface of
Ce–TiO2 material was almost certainly trapped by PO4

3− ions and Ce4+

would be the predominant oxidation state at the material's surface. As
a consequence, MII material dispersed in PBS exerts a CAT mimetic ac-
tivity and H2O2 practically decompose only by Reaction (4). Materials'
cytoprotective effect is active after 24 h of pre-incubation in PBS; prob-
ably because it takes some time to generate the required amount of ion
Ce4+ to initiate the cytoprotection's cycle. In addition, the protective in-
fluence of thematerials depends on their concentration; an excess of Ce
3+, or an insufficient concentration of PO4

3−
, produces an increase of

the ROS in solution available to generate cellular damage. For example,
Ce3+ can also decompose H2O2 through a Fenton-like mechanism [43,
44] to generate hydroxyl radicals according to the following equation:

Ce3þ þ H2O2 → Ce4þ þ OH• þ OH− ð5Þ
Fig. 10b shows the comparison of theoretical viability, predicted on

basis of intrinsic H2O2 degradation in the presence of 1 h and 24 h
pre-incubated MII in PBS, and experimental results. No statistical
difference can be obtained between theoretical and experimental values
after 1 h of pre-incubation. Conversely, the theoretical viability values
registered after 24 h of MII pre-incubation in PBS are clearly inferior to
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Table 2
H2O2 degradation and intrinsic scavenging activity of MII.

Buffer system Pre-incubation
time/h

[H2O2]0/mM [H2O2]f/mM Scavenging
activity/μmol
H2O2 g−1 MII

PBS (pH = 7.4)
1 6.00 5.01 54.8
24 5.84 3.82 109.2

Tris/HCl (pH = 7.5)
1 2.93 2.67 11.1
24 2.64 2.43 11.1
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the experimental ones demonstrating that mere presence of 3+ and
4+ oxidation states of Ce does not alone explain the Ce–TiO2 catalytic
activity. Probably, in the presence of materials, certain intra-cellular
mechanisms that assist to minimize the effect of ROS are activated.
These will be the focus of our future research.

5. Conclusion

The physicochemical and structural properties of Ce-doped TiO2

NMs affect their toxicological and cytoprotective effects on murine
fibroblast-derived cell line L929. In all cases a great material–fibroblast
interaction is noted and its effect on cellular response is evidently
dependent of NM preparation methodology. It was determined that
the incorporation of CeO2 pre-formed NPs on TiO2 crystalline structure,
MIII material, exerts a substantial concentration dependent alteration
on fibroblast morphology and an anomalously excessive metabolic
activity. On the contrary TiO2 (MI) and Ce–TiO2 (MII) NMs obtained
by sol–gel chemistry reactions of metallic organic precursors are
innocuous for fibroblast spreading, growth and proliferation. The cell's
metabolic response and morphology cultured in the presence of both
materials are statistically comparable to (C−). Cytoprotective effect of
materials against exogenous ROS is undoubtedly associated to the
presence of Ce atom in TiO2 anatase lattice and specifically to high levels
of superficial Ce in the +4 oxidation state exhibiting catalase mimetic
activity. Maximum cytoprotection effect is about 13% superior to (C+)
and occurred at [MII]= 500 μg/mL independently of the [H2O2] applied.
Cytoprotective effect of MIII NMwas discarded, as a consequence of the
negative fibroblast response observed after culturing in its presence.

Even though there are still some unresolved issues and challenges,
the unique physical and chemical properties of Ce-based NMs are fasci-
nating and versatile resources for different biomedical applications.
With this work we try to clarify the complex behavior that links
the nano-chemistry and nano-topography of Ce-doped TiO2 NMs to
the manipulation of fibroblasts' redox balance as a potential approach
Fig. 10. (a) Theoretical viability for Mouse Fibroblasts calculated from extrapolation on the con
wells after co-incubation with MII for 4 h (final concentration of H2O2 was obtained by rel
(b) Comparison between predicted and experimental viability for Mouse Fibroblasts after 1 an
in the design of future mineralized tissue therapies and the prevention
of bone damage. Since inorganic phosphate is expected to be abundant
(μM to mM) in cells and tissues, it is extremely possible that Ce–TiO2

material will exhibit more scavenging activity against H2O2 in biological
fluids.
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