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ABSTRACT: Samarium-doped nanohydroxyapatite is a biomate-
rial with nerve regeneration activity and bioimaging. In this work,
Sm/HAp; (Ca10−xSmx(PO4)6(OH)2) (0 ≤ x ≤ 1) was synthesized
using the hydrothermal method and thermally treated from 200 to
800 °C. The samples were characterized by transmission electron
microscopy, energy-dispersive X-ray spectroscopy, Fourier trans-
form infrared spectroscopy, X-ray diffraction, Raman spectroscopy,
and luminescence spectroscopy. The results confirmed the
successful integration of Sm3+ ions into the hydroxyapatite. Our
findings revealed the influence of the Sm3+ content and thermal
treatment on the emission properties, obtaining a maximum
emission at Sm = 0.05 thermally treated at 800 °C. The SH-SY5Y neuroblastoma cell viability study revealed a Sm3+

concentration-and particle size-dependent response. This research emphasizes the optical and cell viability of Sm/HAp in SH-
SY5Y neuroblastoma cells, making them suitable for further research as agents that activate regenerative processes in cells and
neurons.

■ INTRODUCTION
Hydroxyapatite (HAp) is a commonly used biomaterial in
biomedical applications and is the main constituent of bone
tissue.1,2 This inorganic compound exhibits an affinity for
substitutions, which enhances its unique properties. By
replacing Ca2+ ions with lanthanides, the material gains
improved optical,3 antimicrobial, and biological character-
istics.4 In particular, samarium (Sm3+) possesses a strong
affinity for bone minerals, making it suitable for bioimaging
and drug-delivery systems, rendering samarium-doped hydrox-
yapatite (Sm/HAp) a focal point in numerous research studies.
Biocompatibility studies using Sm/HAp nanoparticles in

HeLa cell lines revealed efficient cellular uptake and reduced
toxicity at lower Sm3+ doping concentrations. The combination
of enhanced luminescence and favorable biocompatibility
positions Sm/HAp as a promising in vitro imaging agent.5

Sm/HAp has been extensively investigated as a potential
coating for implants, primarily due to its antimicrobial
properties. Implant failure often results from bacterial adhesion
and biofilm formation, leading to infections. Turculet et al.,
Iconaru et al., and Ciobanu et al. successfully developed
antifungal Sm/HAp films to study the proliferation of Candida
albicans ATCC 10231 fungal strain. In particular, higher
concentrations of Sm3+ exhibited greater antifungal activity.6−8

The effect of lanthanide ions on nerve regeneration remains
a matter of dispute. Moreover, lanthanide ions have long and
photostable emissions and could be used in bioimaging in real-
time.9 Samarium-doped hydroxyapatite has been effectively
tested in various cell lines, including HGF-1 gingival
fibroblasts,10 hFOB 1.19 osteoblasts,3 and HeLa cervical
cancer-derived cells.11 The neurodegenerative activity of
HAp has been studied in vivo and in vitro, confirming a
strong regenerative property.12−14 SH-SY5Y: The Human
Neuroblastoma Cell Line is commonly used as a model for
neurodegenerative disorders. In addition, the SH-SY5Y cell
line has been widely used in experimental neurological studies,
including the analysis of neuronal differentiation, metabolism,
and function related to neurodegenerative processes, neuro-
toxicity, and neuroprotection.15 In this work, samarium-doped
hydroxyapatite (xSm = 0.05, 0.1, 0.5, 1.0), thermally treated
from 200 to 800 °C have been used to evaluate emission
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properties and cell viability in SH-SY5Y neuroblastoma cells.
Our findings showed that the emission properties were
influenced by the Sm3+ content and the thermal treatment.
We found that the maximum emission occurred when the Sm3+

content was 0.05 and thermally treated at 800 °C.
Furthermore, the cell viability study on SH-SY5Y neuro-
blastoma cells indicated that the response was dependent on
both the Sm3+ content 3+ and the particle size.

■ MATERIALS AND METHODS
Chemicals. The precursors for synthesizing the samarium-

doped hydroxyapatite nanoparticles were supplied by Sigma-
Aldrich (St. Louis, Missouri, United States). These include
calcium chloride (CaCl2, ACS reagent, ≥99%), diammonium
hydrogen phosphate [(NH4)2HPO4, reagent grade, ≥98%],
and ammonium hydroxide [(NH4)OH]. Furthermore, Sm3+

ions for doping come from samarium(III) nitrate hexahydrate
[Sm(NO3)3·6H2O] with a purity of 99.9% trace metals basis.
Essential components for cell culture and maintenance were

supplied by Gibco, a division of Thermo Fisher Scientific
(Waltham, Massachusetts, United States). These included
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin−streptomycin antibiotic, phosphate
buffered saline solution (PBS), and 0.25% trypsin−EDTA.
Gibco also supplied the 0.4% trypan blue solution for the
Trypan Blue technique.

Synthesis of Samarium-Doped Hydroxyapatite Nano-
particles. Samarium-doped hydroxyapatite nanoparticles
[Ca10−xSmx(PO4)6(OH)2, xSm = (0.05, 0.10, 0.50, 1.00)]
were synthesized by the hydrothermal method with (Ca +
Sm)/P fixed to 1.67. For the synthesis, (NH4)2HPO4 was
dissolved in 25 mL of distilled water. A 25 mL of CaCl2 and
Sm(NO3)3·6H2O solution was added dropwise from a buret to
the (NH4)2HPO4 solution in constant agitation at room
temperature. After that, 5 mL of (NH4)OH was added to the
resulting solution to increase the pH from 5 to 10. Then, it was
mounted on a reactor and placed on the stove at 125 °C for 24
h. The sample was washed with distilled water until the pH
dropped to 7. Then, it was dried on the stove at 60 °C for 48 h.
Finally, the sample was calcined at 200, 400, 600, and 800 °C.
The concentrations and masses of the compounds are
described in Table 1.

Characterization. The vibrational bands within the
structure of samarium-doped hydroxyapatite were studied
using Fourier transform infrared (FTIR) spectroscopy using a
Cary 630 FTIR spectrometer with Diamond ATR accessory
(Agilent Technologies, Inc.). The Raman spectra were
obtained using a LabRAM HR Evolution Confocal Raman
Microscope (HORIBA). Raman spectra were obtained with
acquisition times of 5 s, and the samples were excited by using
a 633 nm He−Ne laser. The crystalline structure of the Sm/

HAp powders was identified by X-ray diffraction (XRD) using
a MiniFlex benchtop X-ray diffractometer (Rigaku Corpo-
ration), with monochromatic CuKα radiation (λ = 1.5418 Å).
Transmission electron micrographs were obtained at 120 kV
by using an FEI-Tecnai G20 Spirit microscope with an Eagle
4k HR camera. A multifunctional optical system was used to
measure the photoluminescence (PL) spectra. The PL spectra
were collected in the visible region using a diode laser with a
wavelength of 405 nm as the excitation source. The emission
signals were dispersed by a monochromator (140 mm Czerny-
Turner, MicroHR, Horiba) and detected with a dual Si/
InGaAs solid-state detector [DSS-SIGA(2.2)020A, Horiba].
Signal digitization was performed using a data acquisition
system (SpectrAcq3, Horiba) controlled by SynerJY software
(Horiba).

Cytotoxicity Studies. Cytotoxic effects were evaluated
using Trypan Blue Dye Exclusion and MTT assays. Human
neuroblastoma cells (SH-SY5Y) were cultured in DMEM
medium complemented with 10% FBS and 1% penicillin−
streptomycin in a CO2 incubator at 37 °C with 5% CO2. Cell
growth was monitored by using a Motic AE31E inverted
microscope (Motic China Group Co., Hong Kong, China).
After 48 h of incubation, cells were treated with a 10 mg/L
dilution of Sm/HAp sample powders mixed with a 0.9% sterile
sodium chloride saline solution (LIFE, Quito, Ecuador). Cells
treated with HAp and untreated cells were used as controls.
The Trypan Blue test assesses cell viability on the basis of

the ability of live cells to exclude the dye. In contrast, dead cells
take up the dye because of the compromised membrane
integrity. In this study, cells were cultured at a concentration of
5000 cells per well in a 48-well plate, with each well containing
400 μL of culture medium. After a 48 h incubation, 10 μL of
treatments and 40 μL of DMSO were added. The test was
carried out 24 h after treatment by adding 100 μL of a 0.4%
trypan blue solution to each well, followed by a 10 min
incubation at room temperature. After that, the well contents
were discarded and the cells were observed and counted using
an inverted microscope.

Data Analysis. Data were presented as the mean value
±standard deviation (SD). Statistical analysis involved
conducting one-way analysis of variance (ANOVA) followed
by Dunnett’s posthoc test, with a significance level of p < 0.05.
All statistical analyses were performed using the R software.

■ RESULTS AND DISCUSSION
Structural Characterization. Transmission Electron

Microscopy. Transmission electron micrographs of the
samples Sm/HAp (xSm = 0, 0.05 and 0.5) uncalcined and
thermally treated at 800 °C are presented in Figure 1. In this
figure, the hydroxyapatite nanoparticles have a rod shape with
an average length of 100 nm and a width of 30 nm. The
average width of the Sm/HAp samples decreases from 30 to 15
nm when the samarium content increases at room temperature
due to inhibition of hydroxyapatite crystallization with Sm3+

doping.16,17 After the thermal treatment of the samples at 800
°C, it is observed that the average particle size increases from
30 nm width to 100 nm due to the diffusion process at 800 °C
to form larger particles18 and the morphology changes from
rods to spherical particles with smoother edges.

XRD. In Figure 2a, the XRD pattern of Sm/HAp samples
calcined at 200 °C is presented. All diffraction peaks
correspond to the hexagonal phase of pure hydroxyapatite
with P63/m spatial symmetry, as well as the main characteristic

Table 1. Concentration and Masses of the Compounds
Following the Fixed (Ca + Sm)/P = 1.67

cCa2+
(mmol)

cSm3+

(mmol)
c(PO4)3−

(mmol)
mCa2+
(g)

mSm3+

(g)
m(PO4)3−

(g)

10.00 0.00 5.98 1.1098 0.0000 0.7898
9.95 0.05 5.98 1.1042 0.0222 0.7898
9.90 0.10 5.98 1.0987 0.0444 0.7898
9.50 0.50 5.98 1.0543 0.2222 0.7898
9.00 1.00 5.98 0.9988 0.4445 0.7898
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peaks occurring at the diffraction angles of 25.8, 31.7, 32.8,
34.1, 39.7, 46.7, 49.4, and 53.1°.19 These angles align with the
crystal planes (002), (211), (300), (202), (130), (222), (213),
and (004) from the standard pattern (COD Card: 00−900−
2214). Furthermore, the diffraction data show distinct and
well-defined peaks for samples with up to xSm = 0.5, and no
additional peaks suggestive of secondary phases or impurities
were detected.11,19 These results demonstrate that the
substitution of Sm3+ ions for Ca2+ ions occurred successfully
without altering the crystal structure of hydroxyapatite.3,11

However, at higher Sm3+ concentrations, additional peaks and
changes in the peak intensity suggest a distorted network.
In addition, upon substituting Sm3+ for Ca2+ ions, the

diffraction peaks exhibit an apparent shift toward larger angles,
accompanied by peak broadening. This shift is attributed to the
introduction of smaller Sm3+ ions (rion = 1.079) compared to
Ca2+ ions (rion = 1.260), resulting in a contraction of the crystal
spacing. Smaller ions typically lead to closer atomic packing,
causing decreases in interatomic distances and alterations in
the angles between crystal planes. This decrease in the
interatomic distance is reflected in the XRD pattern as a
shift toward larger 2θ angles, which agrees with Bragg’s law.
Consequently, the broadening of the peaks observed with
increased Sm3+ concentration can be attributed to a reduction
in particle size.3 A progressive decrease in the intensity of the
diffraction peaks is also observed with an increase in the Sm3+

concentration as a result of disorder within the crystal lattice
and a nonuniform distribution of Sm3+ ions, potentially as a
result of partial occupancy, resulting in weaker diffraction
peaks.
Consistent behavior is observed for the samples thermally

treated from 200 to 600 °C. However, at 800 °C, additional
peaks emerge in all samarium concentrations, indicating a
phase transformation. These diffraction peaks align well with
trigonal tricalcium phosphate (TCP) using hexagonal axes with
a R3c/H symmetry group, as per ICDD no. 00−151−7238.
XRD peaks of TCP are identified at 27.7, 29.5, 30.9, 34.2, and
52.8°, corresponding to the (1010), (300), (0210), (220), and
(2020) lattice planes, respectively. Notably, a partial phase
change to β-TCP occurs for pure HAp and every samarium
content. The increase in the Sm3+ content improves both the
appearance and intensity of the TCP diffraction peaks, with the
exception of xSm = 0.05, which exhibits a high degree of phase
transformation. Phase transformations of calcium phosphates
with temperature have been well studied, and the formation of
the whitlockite phase Ca3(PO4)2, β-TCP has been reported at
temperatures above 750 °C20,21 [7−14]. The mechanism of
phase transformation of Hap to TCP at high temperatures
involves the formation of oxyhydroapatite and oxyapatite with
a gradual release of OH− ions above 700 °C.22

FTIR Spectroscopy. Figure 3a presents the FTIR spectra of
Sm/HAp at varying samarium concentrations under 200 °C

Figure 1. Transmission electron micrographs and histograms of (a) xSm = 0, (b) xSm = 0.05, (c) xSm = 0.5, and samples thermally treated at 800 °C
for (d) xSm = 0, (e) xSm = 0.05, and (f) xSm = 0.5.
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calcination. As reported in the literature, the bands centered
around 630 and 3570 cm−1 correspond to the vibrational (νL)
and stretching (νs) vibrational modes of hydroxyl, respec-
tively.23 The presence of these bands suggests a well-
crystallized structure.10,11 The vibrations associated with the
phosphate group are the peaks at approximately 1020 and
1088 cm−1 attributed to the triply degenerated asymmetric
stretching vibration (ν3) of the P−O bond; the shoulder at 961
cm−1 assigned to the nondegenerated symmetric stretching
vibration (ν1) of the P−O bond; the peaks at 560 and 600
cm−1 designated to the triply degenerated bending mode (ν4)
of the O−P−O bond; and a weak peak at ∼473 cm−1 ascribed
to the double degenerated bending mode (ν2).24 The
vibrational peak at 1626 cm−1 corresponds to the H−O−H
bending mode of water, as well as the region between 3000 and
3600 cm−1,10,11,23 observed at xSm = 1.0. At this concentration,
a small band at 1425 cm−1 emerges, indicating a C−O
vibration (ν3), characteristic of the carbonate group (CO3)2−.
Bands specific to the hydrogen phosphate group (HPO4)2− are
found at around 870 cm−1.24 An additional peak for (HPO4)2−

is identified at ∼533 cm−1 for xSm = 1.0.
23

As observed, the regions corresponding to the bands at
1088, 960, 872, 630, and 475 cm−1 exhibit a decreasing
contribution when the concentration of samarium is increased
in the samples. When xSm = 1.0, these bands are almost absent.

The disappearance and shifts of these peaks may be attributed
to the introduction of Sm3+ ions. The increasing concentration
of samarium induces structural changes in HAp, affecting the
local environment within the crystal lattice and the vibrational
properties of specific regions. Similar behavior is evident in
Sm/HAp samples calcined at 400, 600, and 800 °C, as
illustrated in Figure 3b−d. However, the ν3(CO3)2− band at
1425 cm−1 disappears from 400 °C onward, and the O−H
water band at 1626 cm−1 vanishes at 600 °C. This
phenomenon may be attributed to a gradual decomposition
or release of entrapped species during the heating process. At
800 °C, the (HPO4)2− peaks disappear completely. In
addition, changes in the peak shapes corresponding to the
phosphate group are observed in these samples. They resemble
the peak shape of β-tricalcium phosphate (β-TCP, β-
Ca3(PO4)2),

25 suggesting a partial phase change occurring at
800 °C for xSm = 0.05, 0.5, 1.0.

Raman Spectroscopy. Figure 4a illustrates the Raman
spectra of Sm/HAp samples thermally treated at 200 °C, with
the corresponding experimental band positions and assign-
ments. The most prominent band, observed at 962 cm−1, is
attributed to the ν1 symmetric stretching vibrational mode of
the P−O bond in (PO4)3−. Nearby, peaks at 1047 and 1077
cm−1 correspond to the ν3 asymmetric stretching mode of the
P−O bond. At lower wavenumbers, the 430−452 cm−1 range

Figure 2. XRD pattern of Sm/HAp at different samarium concentrations (xSm = 0, 0.05, 0.1, 0.5, and 1.0) for different calcination temperatures: (a)
200 °C, (b) 400 °C, (c) 600 °C, and (d) 800 °C.
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and the 592−607 cm−1 range are associated with the bending
vibrations ν2 and ν4 of O−P−O, respectively.26−28 The
literature reports that ν1 peaks in the 962−964 cm−1 range
indicates a highly crystalline HAp.29

Similar results are observed on samples calcined at 400, 600,
and 800 °C, as depicted in Figure 4b−d. Nonetheless, at
certain dopant concentrations and calcination temperatures,
specific bands at 430, 590, and 1048 cm−1 corresponding to ν2,
ν4, and ν3, respectively, disappear. The absence of these bands
may be associated with a decrease in crystallinity, alterations in
crystal size, or changes in the local environment, as was
observed with XRD for high samarium concentrations. At 800
°C, the peak shapes in the ν1 region change due to the
presence of an additional peak at 971 cm−1 with high intensity
in samples with xSm = 0.05 and 0.1. According to the literature,
a vibrational mode at ∼969 cm−1, accompanied by a wide band
at 940−950 cm−1, corresponds to the β-TCP spectrum,30

suggesting a partial conversion of HAp to β-TCP consistent
with the XRD results.

Photoluminescence Spectroscopy. The luminescence
properties of the Sm3+/HAp samples were analyzed by using
PL spectroscopy. Figure 5a shows the PL spectra in the visible
region for Sm3+/HAp nanoparticles thermally treated at 200
°C under 405 nm excitation. As observed, undoped

hydroxyapatite exhibits a low signal in this region. On the
other hand, samarium-doped nanoparticles display an emission
spectrum with bands centered at 564, 600, 647, and 709 nm.
These bands are assigned to the well-known electronic
transitions within the Sm3+ ion: 4G5/2 →6HJ/2 (J = 5, 7, 9,
and 11)19,31,32 and illustrated in the energy level diagram of
Sm3+ ion in Figure 6a. Sm3+ reaches its strongest relative PL
intensity at 600 nm in the visible region, producing an orange-
light emission. Similar results are reported in the literature for
Sm3+-doped HAp.19 The Sm3+ emission mechanism is
explained as follows: upon laser excitation at 405 nm, the
incident photon promotes electron transition from the 6H5/2
ground state level to the 4L13/12 higher energy level, after that a
nonradiative relaxation process from the 4L13/2 level to the
4G5/2 level occurs. Afterward, there are radiative transitions
from the 4G5/2 level to the 6HJ/2 (J = 5, 7, 9, 11) levels.
Among the various Sm3+ concentrations, xSm = 0.05 has the

highest emission intensity due to the presence of TCP phase
observed at this composition from 200 to 800 °C by XRD.
Additionally, Sm3+ ions replaced Ca+ ions within the
hydroxyapatite structure with the formation of vacancies to
compensate for charge balance and maintain electrical
neutrality, producing emission enhancement. As the concen-
tration of Sm3+ increases, a decrease in luminescence is

Figure 3. FTIR spectra of Sm/HAp at different Sm3+ concentrations (xSm = 0, 0.05, 0.1, 0.5, and 1.0) for different calcination temperatures: (a) 200
°C, (b) 400 °C, (c) 600 °C, and (d) 800 °C.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08654
ACS Omega 2024, 9, 49857−49866

49861

https://pubs.acs.org/doi/10.1021/acsomega.4c08654?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08654?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08654?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08654?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


observed due to the concentration quenching effects. This
Sm3+ concentration quenching is reported in, for example,
Sm3+-doped HAp,19,31 Sm3+-doped yttrium aluminum borate
phosphors,33 and Sm3+-doped tellurite-germanate glasses.34

As illustrated in Figure 5b−d, consistent trends are observed
across the Sm/HAp nanoparticles thermally treated from 200
to 800 °C. Minimal variability in emission intensity is evident
across different dopant concentrations for all temperatures.
However, a pronounced increase in PL intensity occurs for the
thermally treated samples at 800 °C. FTIR and XRD analyses
indicate a phase transformation to -TCP at this temperature.
Such phase transformations are typically related to structural
and electronic alterations, along with changes in defect
concentration and enhanced emission intensity.17

In order to search for the color perception of Sm/HAp
samples, the Commission International de I’Eclairage (CIE)
1931 chromaticity coordinates (X, Y) have been determined
using the PL spectra.35 The CIE chromatic color coordinates
are essential parameters to measure the quality of the
luminescent color. The values of CIE color coordinates of
the thermally treated samples at 800 °C excited under 405 nm
were calculated and are illustrated in the inset of Figure 6b. For
xSm = 0 (X: 0.421, Y: 0.546)�label A, xSm = 0.05 (X: 0.552, Y:
0.438)�label B, xSm = 0.1 (X: 0.510, Y: 0.472)�label C, xSm =

0.5 (X: 0.513, Y: 0.470)�label D, and xSm = 1.0 (X: 0.504, Y:
0.477)�label E. These results indicate a color change from
green-yellow (for the undoped sample) to an orange color (for
the doped samples). Sample xSm = 0.05 is the one that emits
more orange color. Also, the integrated intensities were
calculated with the PL spectra for the samples thermally
treated at 800 °C and were plotted as a function of the Sm3+

concentration. The results are shown in Figure 6b, evidencing
the existence of Sm3+ concentration quenching for concen-
trations greater than 0.05. These mechanisms that quench the
Sm3+ emission with concentration are illustrated in Figure 6a,
specifically the following transitions: 4G5/2 →6F11/2, 6H5/2
→6F5/2 (CR1), 4G5/2 →6F9/2, 6H5/2 →6F7/2 (CR2), 4G5/2
→6F7/2, 6H5/2 →6F9/2 (CR3), 4G5/2 →6F5/2, 6H5/2 →6F11/2
(CR4), known as cross-relaxation (CR) mechanisms between
neighbor Sm3+ ions.33,34 At xSm = 0.05, the energy-transfer
processes in the samarium-doped hydroxyapatite structure are
optimized because of the formation of vacancies to compensate
for the charge balance.

Cytotoxicity Studies. Trypan Blue Dye Exclusion. The
Trypan Blue Dye Exclusion test was used for a quantitative
assessment of membrane integrity after 24 h exposure. As
shown in Figure 7, the viability of cells exposed to both
undoped and doped samples exhibited dose−response changes

Figure 4. Raman spectra of Sm/HAp at different Sm3+ concentrations (xSm = 0, 0.05, 0.1, 0.5, and 1.0) for different calcination temperatures: (a)
200 °C, (b) 400 °C, (c) 600 °C, and (d) 800 °C.
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(F = 20.18 on 21 and 88 DF, p-value = < 2.2 × 10−16).
Hydroxyapatite, compared to the control with 93.26% cell
viability, showed a slight decrease at 92.63%; this difference is
not significant with Dunnett’s test p-value = 0.85. For xSm =

0.05, 0.1, 0.5, and 1.0 at room temperature, the geometric
average viabilities were 88.78%, 84.55%, 84.99%, and 83.98%,
respectively, indicating a concentration-dependent reduction in
cell viability for Sm/HAp samples. The same trend is observed

Figure 5. PL spectra of Sm/HAp at different samarium concentrations (xSm = 0, 0.05, 0.1, 0.5, and 1.0) for different calcination temperatures: (a)
200 °C, (b) 400 °C, (c) 600 °C, and (d) 800 °C.

Figure 6. . (a) Energy level diagram of Sm3+, (b) PL integrated intensity of the thermally treated samples at 800 ◦C upon excitation at 405 nm.
The inset presents the CIE color coordinates.
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for different temperatures. Although a slight decrease is evident
for the samples thermally treated, further analysis is needed to
determine a definitive pattern. Complementary, the variance
analysis further indicates that concentration, temperature and
their interaction have a significant effect on the results with F-
values of 3.55, 13.76 and 6.42, respectively, and corresponding
p-values of 0.05, 3.4 × 105, and 4.58 × 10−8 approximately.
These findings suggest that both the concentration of Sm/HAp
and the calcination temperature significantly influence cell
viability in a crescent dose−response manner (Figures 7 and
8). However, further studies are needed to confirm these
observations.
Balas et al.36 reported that HAp and SmHAp nanoparticles

showed biocompatibility at concentrations below 25 and 50
μg/mL, respectively, for exposure periods up to 72 h.
Additionally, these authors found that cell membrane integrity
remained intact following treatment with concentrations as
high as 100 μg/mL for HAp and 400 μg/mL for SmHAp,
underscoring the role of Sm3+ ions in enhancing HAp’s
cytocompatibility. This is in good agreement with our results
indicating that SmHAp nanoparticles provide a modest but
beneficial influence on cell viability for all the concentrations
studied (0.05 to 1 atom %) and for all the particle sizes (L = 84

to 182 nm) from rodlike to spherical morphologies, obtained
at the different temperatures treatments (25 to 800 °C). The
higher temperature particles with spherical morphology and
larger particle size presented a slightly lower viability compared
to HAp nanoparticles but still around 80% and cell migration.
Notably, the effect of Sm3+ concentration on hydroxyapatite
did not show any adverse impact on viability for any particle
size. These findings suggest that Sm3+ ions in HAp highlight
the potential role of Sm3+ ions as a significant contribution to
biomedical applications focused on bone regeneration and
bioimaging applications.
On the other hand, at high temperatures, partial or total

transformation (800 °C) of Hap to TCP was observed in XRD.
Several authors have investigated the effect of TCP on
cytotoxicity, and they found no observable cytotoxicity for
these materials, similar to hydroxyapatite.37 Additionally, it has
been reported in invitro and in vivo studies that composites
HAp/TCP stimulate bone formation greater than that of pure
Hap. This is attributed to the rapid resorption of β-TCP, which
enhances vascularization and promotes increased bone
formation.38 The better biosorption of β-tricalcium phosphate
β-Ca3(PO4)2, β-TCP due to its greater solubility than HAp in
physiological environments has been reported.39

Microscopic observations of SH-SY5Y cells in Figure 8 show
the morphological differences between the (+) control (Figure
8a) and (−) control-DMSO in Figure 8. The morphology of
SH-SY5Y cells in the (+) control exhibits a neurite outgrowth
and takes on a neuron-like appearance. Meanwhile, the cells in
control (−) maintain their standard morphology, representing
small, round, and undifferentiated cells when in their
proliferative state. In Figure 8c,e, cells in the presence of 5
μL of HAp and Sm/HAp xSm = 0.05 are observed to show the
cell’s morphology to proliferate in agreement with the (+)
control. The samples in Figure 7d, Sm/HAp xSm = 0.5 at 600
°C, and Figure 8f Sm/HAp xSm = 0.5 present some round cells
representing a decrease in cell viability due to the samarium
content and thermal treatment.
Our results revealed that the particle size and chemical

composition of samarium-doped hydroxyapatite influence cell
viability. Primarily, trypan blue is used to assess the viability by
measuring the permeability of the dye on deceased cells,
indicating damaged cell membranes. There have been reported
that Ln3+ ions perforate the cell membrane even at low
concentrations. Higher doses of Ln3+ ions activate apoptosis
genes or cause DNA cleavage, resulting in observable cytotoxic
effects at both cellular and animal in vivo levels. At lower

Figure 7. Cell viability assessment using Trypan Blue Dye Exclusion
test: percentage of viable SH-SY5Y cells after a 24 h incubation with
Sm/HAp nanoparticles (xSm = 0, 0.05, 0.1, 0.5, and 1.0) calcined at
different temperatures. Results are expressed as the mean ± SD.

Figure 8.Microscopic observations of SH-SY5Y cells (a) (+) control, (b) (−) control-DMSO, (c) HAp, (d), HApxSm = 0.5 at 600 °C, (e) HApxSm
= 0.05, and (f) HApxSm = 0.5.
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concentrations, lanthanides exhibit positive effects such as
scavenging reactive oxygen species, providing cell protection,
stabilizing the cytoskeleton, and improving immunological
responses.40 In this context, the dye exclusion test indicated a
reduction in the percentages of viable cells in cultures exposed
to Sm/HAp compared with those exposed to pure HAp.
Several physical properties, including size, morphology,

aggregation state, and surface texture, also influence biological
effects. When particle size is considered, the interaction
between particles and the plasma membrane is crucial. Smaller
particles exhibit efficient interfacial interaction with the cell
membrane, leading to enhanced particle intake compared with
that of larger particles. Consequently, smaller particles
generally show lower toxicity, while larger particles tend to
reduce cell viability.41 The latter is consistent with our
observations, where smaller particles were obtained at room
temperature and the average particle size increased with the
thermal treatment. In the viability study, there is a trend to
increase the cytotoxicity with increasing samarium concen-
tration and temperature. However, at 800 °C, this observation
raises the possibility that the particle size may be more
important than the Sm3+ content, as observed in Figure 7.
Therefore, our results reveal that in the case of neurotoxicity in
SH-SY5Y cells, the Sm/HAp samples exhibit elevated cell
viability and minimal neurotoxicity in terms of membrane
integrity for all Sm3+ concentrations and calcination temper-
atures.

■ CONCLUSIONS
The formation of Sm/HAp with different Sm3+ contents
showed an increase in particle size with the calcination
temperature. The optimal Sm3+ content was 0.05 at 800 °C,
with an increase in the intensity of the PL emission. Cell
viability in SH-SY5Y neuroblastoma cells is affected by the
particle size and the formation of TCP-HAp. Preliminary
biological studies reveal that Sm-HAp exhibits elevated cell
viability and minimal neurotoxicity for all Sm3+ concentrations
studied and calcination temperatures. Therefore, these
materials could be attractive for neuroregeneration with real-
time bioimaging.
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