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ABSTRACT

Objective: This work was designed to explore if cerium oxide (Ce0,) and yttrium oxide (Y,0,) nanoparticles as antioxidant agents could potentiate
the proliferation of mesenchymal stem cells (MSCs) derived from human dental pulp (hDPSCs).

Methods: Nanoparticles were characterized by transmission electron microscopy, particle size and zeta potential, X-ray diffraction, Fourier-transform
infrared spectroscopy, and scanning electron microscope (SEM) along with energy-dispersive X-ray spectrometry. Furthermore, MSCs were isolated
from human dental pulp, propagated and characterized by flow cytometry. Thereafter, the proliferative impact of the suggested nanoparticles on
hDPSCs was investigated by 3-(4,5)-dimethylthiazol)-2,5-diphenyl tetrazolium bromide assay.

Results: Different sizes (14.09-26.50 nm and 18.80-31.31 nm) for CeO, and Y,0, respectively, morphology, charges, and proliferative efficacy in
hDPSCs were recorded for both nanoparticles.

Conclusion: Generally speaking, the tested nanoparticles heightened the proliferative response of hDPSCs with the most prominent effect exerted
by 15 ug/ml of Ce0, and 5 pug/ml of Y,0,. It is reasonable to assume that the antioxidant property of CeO, and Y,0, be involved in strengthening the
proliferation process of hDPSCs.
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INTRODUCTION

The particular target of tissue engineering is to promote the repairment
of the destroyed tissue and maintain its functional features [1]. Clinical
usage of dental stem cells as biological progenitor candidates for tissue
regeneration was recently reported [2]. However, there are many factors
hinder the clinical application of mesenchymal stem cells (MSCs) such
as culturing obstacles, high transformation risk, and down proliferation
rate in vitro [3]. Furthermore, many studies showed some drawbacks,
because of lower viability of the transplanted cells. Particularly, about
99% of implanted cells died at the 1 h after the implantation process
and this could be owed to the harshness of the human biological
environment that the cells face on implantation [4,5]. One of the major
causative factors for implanted cell death is oxygen deficiency due to
delayed revascularization at the site of implantation [6].

Intracellular oxidative stress may be developed during the isolation of
cells, multiple handling, and preparation steps of the sample as well as
addition of proteolytic enzymes at reseeding stage. Earlier reports have
mentioned that the increase in the intracellular reactive oxygen species
(ROS) levels in the lag phase of cell growth is capable of suppressing the
rate of proliferation [7]. Therefore, different approaches were intended to
oppose the biological microenvironmental stress facing the cells before
the transplantation procedures. Among these developed strategies is the
invitro introduction of nanoparticles rare earth oxides into MSCs cultures
in order to be utilized as free radical quenchers within these cells [8].

Cerium oxide (Ce0,) nanoparticles, also known as nanoceria, have a
great potential to scavenge superoxide anions, hydrogen peroxide,
and peroxynitrite in vivo [9]. Depending on the surface oxidation state,
+3/+4, nanoceria could mimic the activity of the cellular antioxidant
enzymes, superoxide dismutase and catalase [10,11]. Aside from these
properties, Ce0, nanoparticles could augment angiogenesis through

adjusting the intracellular oxygen environment and stabilizing hypoxia
inducing factor 1a endogenously [12].

Yttrium oxide (Y,0,), a vastly utilized host material for various rare earth
dopants, is of interest for its potency to be applied in biological imaging
and photodynamic therapy [13]. Y,0, has been shown to protect rat
pancreatic islets from oxidative stress-mediated apoptosis [14]. Y,0,
nanoparticles are well known as excellent free radical scavengers due
to their non-stoichiometric crystal defects [15].

Although the therapeutic influence of CeO, and Y,0, nanoparticles
was previously studied with different cell lines, their antioxidant and
proliferative effects on the human dental pulp-derived mesenchymal
stem cells (hDPSCs) in vitro have not been reported yet. The above
motivations were investigated in a comparative manner between CeO,
and Y,0, nanoparticles. It is relevant to note that different techniques
such as transmission electron microscopy (TEM), particle size and zeta
potential, X-ray diffraction (XRD), Fourier-transform infrared (FTIR), and
scanning electron microscope (SEM) coupled with energy-dispersive
X-ray spectrometry (EDX) were applied for the studied nanoparticles to
demonstrate their size, morphology, potential charges, physicochemical
characters, and elemental properties before conducting the in vitro assay.

METHODS

Nanoparticles
Cerium (IV) oxide (Ce0,) and yttrium (III) oxide (Y,0,) nanoparticles
were purchased from Sigma-Aldrich (St Louis, Missouri, USA).

Size and morphology of the nanoparticles: Transmission electron
microscopy (TEM)

TEM was used to analyze the crystal structure, size, and morphology of
the investigated nanoparticles. Practically, TEM images were recorded
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for Ce0, and Y,0, nanoparticles using TEM, JEOL JEM-2100 with an
accelerating voltage of 200 kV.

Size distribution and zeta potential: Dynamic light scattering
(DLS) zetasizer

Electrophoretic measurements were obtained using a Zetasizer Nano
ZS (Malvern Instruments, UK) equipped with a 633-nm laser. The
reference standard (DTS1230, zeta-potential standard from Malvern)
was used to qualify the performance of the instrument. Samples
(50 mg) were suspended in 10 ml of deionized water and were filtered
using a 0.22-pm filter before analysis. Sample preparation involved
filling of a disposable capillary cell (DTS1060, Malvern). Before their
use, these cells were thoroughly cleaned with ethanol and deionized
water, as recommended by the instrument vendor. For analysis, the
individual cell was filled with the appropriate sample and flushed before
refilling; measurement was carried out on the second filling. Malvern
Instrument’s Dispersion Technology software (Version 4.0) was used
for data analysis, and zeta-potential values were estimated from the
measured electrophoretic mobility data using the Smoluchowski
equation.

Physicochemical characterizations: XRD

XRD patterns of CeO, and Y,0, nanoparticles were measured by
using Rigaku X-ray diffractometer. The monochromatic X-rays with a
wavelength of 0.1542 nm were generated using a Cu Ka source with an
emission current of 200 mA and a voltage of 40 kV. Samples scans were
measured from 5 to 60° at a scan speed of 4°/min.

Physicochemical characterizations: FTIR analysis

FTIR analysis was used to investigate the functional groups of the
Ce0, and Y,0, nanoparticles. Before analysis, 2 mg of nanopowders
were mixed with 200 mg KBr in the mortar and grinded into a
fine powder then pressed into solid disks of 0.5 cm diameter. FTIR
spectra were recorded using a Perkin Elmer Spectrum 2000 FTIR
spectrometer, employing a single-reflection diamond MIRTGS
detector (PerkinElmer Spectrum 100, Llantrisant, Wales, UK). All
samples were analyzed by a universal FTIR spectrum series at a
resolution of 4 cm™.

Microstructure and elemental composition: SEM-EDX analysis
The morphology and the elemental analysis of CeO, and Y,0,
nanoparticles were conducted using SEM with EDX. SEM images
were recorded using a JEOL JXA-840A, Electronprobe microanalyzer,
Japan, at 15 kv. Samples were rendered electrically conductive before
analysis through gold-sputter coating (SPI Module™ Sputter Coater, SPI
Supplies, PA) and were attached to the SEM stub using adhesive carbon
tape.

Derivation and maintenance of hDPSCs

This study was approved by the Ethical Committee of the Medical
Research of the National Research Centre, Egypt (Approval
no.16386). hDPSCs were isolated from human dental pulp of
adult subjects undergoing routine tooth extraction according to
Gronthos et al. [16] protocol. The collected tissue was digested in
solution of 0.2% Collagenase type II (Serva Electrophoresis GmbH). The
isolated dental pulp cells cultured in fresh Dulbecco’s modified Eagle’s
medium (DMEM, Lonza, Belgium) supplemented with 10% fetal bovine
serum (FBS, Lonza) were incubated at 37°C and 5% Co,. Medium was
changed twice per week thereafter. Once the cells became 80%-90%
confluent, they were passaged. On the time of passaging, the cells in
each culture dish were treated with 0.5% trypsin/EDTA (Lonza).

Cell surface antigen analysis

After the third passage, hDPSCs were released by trypsinization. The
cells were incubated with FITC-conjugated CD 34 (Dako Co., Denmark)
or PE-conjugated CD 90 (R and D Systems, UK) antibodies for 30 min
at 4°C and PE-conjugated CD 105 (Miltenyi Biotec, Germany) antibody
for 10 min at 4°C followed by flow cytometric analysis using Beckman
Coulter Elite XL, USA instrument.
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Proliferative assay

hDPSCs proliferation was determined using 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide (MTT, Sigma, USA) assay
according to the method of van Meerloo et al. [17]. Briefly, hDPSCs
were seeded in 96-well plates at the density of 1 x 10* cells/well and
cultured for 12 h under 5% Co, and 37°C. Thereafter, each one of the
suggested nanoparticles at various concentrations (2, 5, 10, 15, 20,
and 25 pg/ml) was added per well. Media without drug were added as
control. After 24, 48, and 72 h incubations, MTT dissolved in PBS was
added to each well at a final concentration of 5 mg/ml, and the samples
were incubated at 37°C for 4 h. Water-insoluble crystals of formazan
that formed during MTT cleavage in actively metabolizing cells were
then dissolved in dimethyl sulfoxide. Absorbance was measured at
450 nm, using a microplate reader (Model 500; BIO-RAD Instrument
Inc., USA). The cells proliferation (%) was calculated and compared
with the control.

Statistical analyses
All experiments were carried out at least in triplicate, and data were
expressed as mean * standard deviation.

RESULTS AND DISCUSSION

Size and morphology of the nanoparticles

The transmission electron microscopic analysis was conducted to
assert the actual size, morphology of the nanoparticles, their growth
pattern, and the distribution of the crystallites. TEM analysis of CeO,
nanoparticles showed uniform nanostructures of nanocubes with
an average diameter of 18.80-31.31 nm and length of 84.17 nm
(Fig. 1a). The obtained result matches to the CeO, nanoparticles early
reported by Li et al. [18]. On the other side, the morphology of Y,0,
nanoparticles demonstrated a high homogeneity of semispherical-
shaped nanoparticles with a diameter in the range of 14.09-26.50 nm
(Fig. 1b). This result comes in the line with the previous study of Soga
etal. [19].

Size distribution and zeta potential of the nanoparticles

Size distribution and zeta potential are vital and very advantageous
factors in the investigation of the nanoparticle properties and cell
materials interaction. Fig. 2a represents the particle size of CeO, in the
deionized water. An average particle size of CeO, was 469.4 nm in 100%
as obtained from the DLS measurement which is considered a little bit
higher as compared to the particle size shown in the TEM image of CeO,.
The higher particle size (obtained from DLS measurement) could be
owed to the expected agglomerations and the dynamic scattering of the
nanoparticles within the dispersion medium [20]. The zeta potential of
CeO0, at the same conditions is illustrated in Fig. 2b as it is expressed
by two peaks +2.53 and -137 mV with the area % values 77 and 23%,
respectively.

The size distribution of Y,0, nanoparticles is measured at the above-
mentioned conditions and depicted in Fig. 2c. It is noted that the Y,0,
nanoparticles exhibited a smaller average particle size of 46.1 nm in
100% compared to that observed for CeO, nanoparticles as confirmed

Fig. 1: Transmission electron microscopy images of (a) cerium
oxide and (b) yttrium oxide nanoparticles
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by the DLS measurement. This result is consistent with the TEM finding
although, the obvious size difference between the two measurements
owing to their different operating techniques. The zeta potential of Y,0,
shown in Fig. 2d exhibited only one peak of Y,0, obtained at -0.442 mV
with the area percentage value of 100%.

XRD analysis of the nanoparticles

To speculate the physical phases and phase purity of the nanoparticles
under investigation, XRD analysis was conducted. CeO, nanoparticles
elicited characteristic peaks, which are very close to the cubic
phase of structured CeO, crystal (Fig. 3a). The characteristic peaks
corresponding to the (111), (200), (220), (311), (222), (400), (331),
(420), and (422) planes are located at 26 = 29.2°, 33.1°, 47.5°, 57.6°,
59.0°, 64.5°, 76.7°, 79.2°, and 88.4°, respectively. This result fits the
recently reported finding of Farahmandjou et al. [21]. Moreover, no
peaks of any other phase were registered indicating the high purity of
the Ce0, nanoparticles. In addition, the sharp diffraction peaks that are
observed for the CeO, nanoparticles emphasize the small sizes of CeO,
crystallites as well as a homogeneous arrangement. These data echo
those previously cited by Atta et al. [22].

The physical phase of the Y,0, nanoparticles was inspected by the XRD
analysis, and the spectrum is shown in Fig. 3b. The obtained peaks are
corresponded, respectively, to the (222), (400), (411), (332), (431),
(440), (611), and (622) planes of main crystalline Y,0, nanoparticles
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phase. These results are consistent with the Joint Committee on Powder
Diffraction Standards, card No. 41-1105. The room temperature lattice
parameter of the unit cell of the yttria phase estimated by the XRD
pattern is matched with the JCPDS database of number 83-0927. Weak
peaks for MgO at 26 = 37.1, 43.4, and 62.5° are also detected (Fig. 3b).

FTIR spectra of the nanoparticles

FTIR measurements were conducted for the subjected nanoparticles
to elucidate the chemical integrity of the particles, and the spectra are
represented in Fig. 4. The CeO, nanoparticle FTIR spectrum is shown
in Fig. 44, in the range of 400-4000 cm™ wave numbers. In details, the
large broad band is observed at 3415 cm™! which is ascribed to the O-H
stretching vibration in OH™ groups. Absorption band is noted around
1464 cm™ which is assigned to the bending vibration of CO, stretching.
The intense band at 500 cm™ corresponds to the Ce-O stretching
vibration. The bands located at 741, 750, and 1036 cm™ have been
attributed to the CO, asymmetric stretching vibration, CO, bending
vibration, and C-O stretching vibration, respectively. The bands located
at 1298 cm™ are attributed to carbonate species vibrations [23].

The FTIR spectrum for Y,0, is illustrated in Fig. 4b. Absorption bands
are observed around 500 and 600 cm™, corresponding to oxygen metal
as reported for Y,0, by Jeong and Bae [24]. The bands noted around
1640 and 1555 cm™ correspond to asymmetric stretching of C-0 band
which may arise from the absorption of CO, from the atmosphere.
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Fig. 2: Illustrates of (a) size distribution, (b) zeta potentials of cerium oxide nanoparticles, (c) size distribution, and (d) zeta potentials of
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Fig. 3: X-ray diffraction of (a) cerium oxide and (b) yttrium oxide nanoparticles
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The bands observed in the region of 3647.14-3403.46 cm™ and
1508.23 cm™ may be due to the presence of OH stretching and bending
vibration modes, respectively. This phenomenon may be resulting
from both hydroxyl groups and strongly adsorbed molecular water in
the crystal lattice of yttrium hydroxide [24]. This is obviously noted in
the frequency region of 3470-3200 cm™ for both oxides which may be
attributed to vibrational mode of OH, resulting from the presence of
moisture in KBr disc. The bands observed at 526.53-694.33 cm™! are
assigned to the stretching vibration of Y-O bonds as mentioned in the
previous study of Schwartz and Schwartz [25].

SEM measurements and elemental analysis of the nanoparticles

Undoubtedly, the purity and the morphology of the nanoparticles are
very critical factors in studying the cells-nanomaterials interactions.
Therefore, SEM measurements and elemental analysis of the
two nanoparticles are conducted and showed in Fig. 5. In general, both
nanoparticles exhibited similar morphology of fused and aggregated
nanoparticles. The EDX of CeO, nanoparticles is shown in Fig. 5a
which confirmed its purity as only Ce and O elements are detected. The
presence of very minor impurity (C and F) in Ceo, is also noted which
may be adsorbed from the atmosphere or due to the sample handling.
The EDX of Y,0, as shown in Fig. 5b documented its purity as only Y
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and O elements are detected. The presence of very minor impurity
(C and Al) in Y,0, is also observed which may be adsorbed from the
atmosphere or due to the sample handling.

MSC surface markers

Flow cytometric analysis revealed that hDPSCs are positive for
CD90 (98.5%) and CD105 (99.5%) and negative for CD34 (0.81%)
as represented in Fig. 6. Similar results were previously reported for
hDPSCs obtained from various cryopreservation methods of human
dental pulp tissues of diseased teeth [26].

Effect of nanomaterials on MSC proliferation

Cell viability was quantitatively estimated employing colorimetric
MTT assay that detects the mitochondrial activity of the cells. The MTT
assay is based on the reduction of the yellow tetrazolium dye MTT to a
purple water-insoluble formazan in cells bearing intact mitochondria
and hence reflects the state of cultured cells. MTT assay results showed
that the percentage viability of hDPSCs treated with CeO, nanoparticles
at concentrations of 15, 20, and 25 pg/ml for 24 h are about 134.3,
124.4, and 117%, respectively (Fig. 7a), compared to the negative
control (cells alone), while the percentage viability of hDPSCs treated
with Ce0, nanoparticles at concentrations of 15, 20, and 25 ug/ml for
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Fig. 4: Fourier-transform infrared spectroscopy of (a) cerium oxide and (b) yttrium oxide nanoparticles

Fig. 5: Scanning electron microscope images and energy-dispersive X-ray spectrometry of (a) cerium oxide and (b) yttrium oxide
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Fig. 6: Flow cytometric analysis of human dental pulp stem cells after staining with CD34, CD90, and CD105 antibodies
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48hare about 127.2,128.4, and 116%, respectively (Fig. 7a), compared
to the negative control. After 72 h, treatment of hDPSCs with 2 and
25 pg/ml of CeO, nanoparticles experienced marked positive impact on
their percentage viability (229.7 for 2 pg/ml and 215.1% for 25 pg/ml
of CeO, nanoparticles) compared to the negative control (Fig. 7a). At
the same time, the percentage viability of hDPSCs treated with CeO,
nanoparticles at concentrations of 5, 10, 15, and 20 pg/ml for 72 h are
about 190.9, 191.8, 174.4, and 150.7%, respectively (Fig. 7a), compared
to the negative control.

The percentage viability of hDPSCs treated with Y,0, nanoparticles
at concentrations of 2, 5, 15, and 25 pg/ml for 24 h are about 123.3,
127.6, 124, and 123%, respectively, compared to the negative control
(Fig. 7b). After 48 h, treatment of hDPSCs with Y,0, nanoparticles
at a concentration of 25 pg/ml evoked marked positive effect on cell
percentage viability (190.1%) compared to the negative control
(Fig. 7b). The percentage viability of hDPSCs treated with Y,0,
nanoparticles at concentrations of 2, 5, 10, 15, and 20 pg/ml for 48 h
are about 124.7,160.5, 134.6, 142, and 135.8%, respectively, compared
to the negative control (Fig. 7b). The percentage viability of hDPSCs
treated with Y,0, nanoparticles at concentration of 5 pg/ml for 72 h is
about 194.5% compared to the negative control (Fig. 7b). Furthermore,
after 72 h, the percentage viability of hDPSCs treated with Y,0,
nanoparticles at concentrations of 2, 10, 15, 20, and 25 pg/ml are about
140.6, 126.5, 179.5, 122.4, and 153.4%, respectively, compared to the
negative control (Fig. 7b).

The remediation of biomedical materials, especially nanomaterials to
MSCs, was found to be a promising tactic to modulate the cell functions
particularly cell proliferation and differentiation into particular
progenies [27-29]. Alteration of the antioxidant activity plays a key
role in maintaining the optimum intracellular redox balance which is
important for conserving the normal functioning of cellular systems,
including DNA repair and stem cells signaling [30]. For stem cells, the
intracellular redox balance is very critical, as the intracellular ROS
level and genomic stability are related closely [31] and their imbalance
resulted in spontaneous differentiation [32], loss of stemness [33], or
transformation [34].

Based on our data, the chosen nanoparticles confer relatively different
proliferative effect on hDPSCs. These findings go hand in hand with the
previous reports carried out by Zhang et al. [35] who cited that CeO,
nanoparticles enhance the viability of bone marrow-derived MSCs at all
tested concentrations with evident dose dependence for 24 and 72 h.
Popov et al. [36] mentioned that the introduction of nanocrystalline
Ce0, doped with gadolinium (Ce, Gd_ Oy) into dental MSC culture
promotes the cells proliferation in a dose-dependent manner. Moreover,
a study on normal human colon cells proved that CeO, nanoparticles
rescued cell viability and reduced ROS production after irradiation [37].
Furthermore, CeO, nanoparticles were found to quench free radicals in
murine insulinoma cells treated with hydroquinone and in cultured
retinal neurons treated with H,0, [38]. Normal lung fibroblasts were
protected from radiation-induced cell death by CeO, nanoparticles [39].
Likewise, Li et al. [40] mentioned that ternary biomaterial composed
of nHA/PA66/yttria-stabilized tetragonal zirconia increases the

proliferation of osteoblast precursor cell line (MC3T3-E1 cells).
Ghaznavi et al. [41] reported that both CeO, and Y,0, nanoparticles
enhanced the survival of undifferentiated rat pheochromocytoma cells
exposed to high glucose-induced oxidative stress.

Both Ce0, and Y,0, nanoparticles are known as free radicals scavengers
[41]. Mandoli et al. [42] suggested that the ability of CeO, nanoparticles
to enhance the growth and promote the adhesion and proliferation of
MSCs in a biodegradable polymer matrix could possibly ascribed to its
antioxidant activity. Antioxidants are believed to decrease intracellular
ROS levels [43], and intracellular ROS plays a key role in regulating
cell adhesion and cell proliferation [44]. As the increased levels of
intracellular ROS during the initial period of cell growth delay their
transition from the resting stage and initiation of proliferation [7].
Furthermore, earlier studies documented that low levels of ROS can
affect pluripotent stem cell proliferation through controlling various
signaling pathways including mitogen-activated protein kinase, nuclear
factor kappa-light-chain-enhancer of activated B cells, and Wnt axis
[45,46]. Furthermore, Kim et al. [47] found that low levels of ROS
potentiate the proliferation and migration of MSCs by regulating the
extracellular signal-regulated kinase and Jun-1/2 pathways. It has
been reported that CeO, nanoparticles can accelerate the proliferation
of primary mouse embryonic fibroblasts through attenuating the
intracellular ROS levels during the lag phase of cell growth and
modifying the expression level of the major antioxidant enzymes [48].
Sun et al. [49] demonstrated that antioxidant treatment augments
the entry of MSCs into the S phase by repressing cyclin-dependent
kinase (CDK) inhibitors and results in rapid cell proliferation. They
speculated that antioxidants can alter the cell cycle progression of MSCs
by downregulating CDK and CDK4 inhibitors and upregulating CDK2,
CDK4, and cell division cycle protein 2 homolog expression.

Fromanother pointof view, Horie et al. [50] cited that CeO, nanoparticles
have the ability to adsorb Ca*-ions from culture medium and, on
entering the cell cytoplasm, activate calcium-dependent proteins and
consequently affect intracellular signaling pathways and the overall cell
metabolism.

It would be pertinent to mention that the nanomaterials experienced
the optimal proliferative effect on hDPSCs in the current work are
negatively charged as indicated from their zeta potential data. In fact, the
nanoparticle infiltration within the hDPSCs is thought to be controlled
by more than one parameter, including the particles size, morphology,
and charge [51-53]. According to the TEM and DLS measurements, the
Y,0, nanoparticles recorded less particle size (14.09-26.50 nm) than
the CeO, nanoparticles (18.80-31.31 nm). On the other side, the cell
proliferation results demonstrated lower cell viability for the Y,0,
nanoparticles compared to that of CeO, nanoparticles. Furthermore,
negative charge (-137 mV) with higher value was recorded for CeO,
nanoparticles compared with positive charge with little tendency
to negativity recorded for the Y,0, nanoparticles (0.442 mV) as
evidenced by DLS measurements. All the results suggested that the
selected nanoparticles-cells interactions are highly dependent on
the nanoparticles charge. This emphasizes the impressive role of
nanoparticles charges over the particle size (limited to the nanoscale).
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CONCLUSION

The morphology, size, and charge of the chosen rare earth oxide
nanoparticles were successfully investigated in a comparatively
manner using specified tools. The present scenario gave us a valuable
insight in the interpretation of the nanoparticles/cells interaction to
come out with an acceptable idea about their mechanism of action
as antioxidant agents. The potentiality of the chosen nanoparticles in
improving the proliferation rate of MSCs seems to be linked with their
ability to quench free radicals and maintain the optimal intracellular
redox balance.
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