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Introduction

A report on Se/Eu-doped hydroxyapatite: crystal
structure analysis, biological property assessment,
and applications in osteosarcoma inhibition and
bioimagingt

Shuoshuo Zhou,#%° Jian Ren,#?° Lunzhu Wang,?® Liting Liu®® and
Chunlin Deng () *2b¢

A significant clinical issue in bone diseases is the treatment of post-operative osteosarcoma and the
repair of bone defects. Hydroxyapatite (HAp) is a natural bone component with pro-osteogenic
properties. Selenium (Se)-doped HAp can successfully prevent osteosarcoma in vitro and in vivo.
However, the in vivo distribution and metabolism of Se-doped HAp nanoparticles have not been fully
analyzed. The use of europium (Eu)-doped HAp as a fluorescence bioimaging tool is possible for non-
destructive observation in vitro and in vivo, but it is still uncommon in osteosarcoma therapy. This study
is aimed at creating a new material that will fill the gap in both osteosarcoma inhibition and bioimaging
by doping Se and Eu into HAp. In this study, HAp—Se/Eu was hydrothermally synthesized in one step,
and the doping of Se as SeOz?~ partially instead of PO, and Eu as Eu®" partially instead of Ca" into
the HAp lattice structures was confirmed by Rietvelt refinement, XPS, and other techniques. As a result,
the inhibition rate of HAp—Se on osteosarcoma cells was up to 80%; HAp—-Eu showed red light at
396 nm excitation; HAp—Se—Eu showed improved anti-tumor performance and fluorescence, and its
osteosarcoma cell inhibition rate exceeded 90%, allowing for tumor cell imaging. These findings
demonstrate that Se and Eu double-element-doped HAp successfully conferred nanomaterials
with osteosarcoma inhibition and bioimaging properties, and these nanoparticles could be used for
postoperative treatment and imaging of osteosarcoma resection.

An outstanding performance material for bone repair,
hydroxyapatite (HAp) is a component of bone tissue’ and

One of the most prevalent primary bone cancers, osteosarcoma
is extraordinarily diverse and extremely aggressive, making
therapy challenging.” The most frequent clinical treatment is
a combination of surgical resection and medications,>* but
significant issues such as the repair of bone defects and post-
operative residual microscopic tumor tissue necessitate the
development of a biomaterial that effectively inhibits tumor
growth and facilitates bone repair.’
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has great biocompatibility’ and osteoinductivity® on its own.
Additionally, due to its structural properties, elemental doping
is feasible because exogenous ions or atomic groups can take
the place of the original ions.” Se-doped HAp has been studied
for the inhibition of osteosarcoma and the promotion of bone
tissue repair.®*°

The use of selenium (Se), an essential trace element with
anti-tumor properties,"”'*> can successfully avoid the side
effects induced by conventional radiation medications, and
has become the current research trend of osteosarcoma treat-
ment. Se has been demonstrated to have a significant role in
anti-tumor and bone-formation processes by affecting protein
activity. According to Wang et al,"® Se-HAp dramatically
decreased osteosarcoma metastasis in both in vitro and in vivo.
Kim et al.'® inhibited selenoproteins to regulate osteoclast
differentiation. Despite relatively advanced methods for manu-
facturing"®™"” and biological evaluation®'>"*'® of Se-doped
HAp, its in vivo distribution and metabolic patterns have not
been thoroughly investigated to ensure a balance between the
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nanomaterials’ antitumor activity and biosafety, leading to
in vivo toxicity of the nanomaterials.'® However, imaging tools
may be able to effectively address the issue of nanomaterial
in vivo distribution and metabolic patterns.®

Europium (Eu) is a rare earth element that can be efficiently
imaged by fluorescence. Currently, fluorescence imaging has
become one of the most widely used methods for examining the
in vivo dispersion of nanomaterials due to its benefits including
invasiveness, low cost, high sensitivity, and real-time imaging.'*?
With rare earth element doped luminous materials, shortcomings
like poor light stability and shallow penetration depth can be
overcome.>'** Eu as one of the rare earth elements would present
red light when its trivalent ion doped materials are excited at
394 nm,* which can be used for bioimaging, nondestructive
observation, biosensing, imaging-guided illness therapy, etc.>*>
Chang et al.*® effectively maintained the material’s photolumines-
cence characteristics while synthesizing a new composite material
made of N-doped carbon dots and Eu/Ga co-doped HAp. The PLLA
and Eu**-doped HAp composites created by Szyszka et al.>” have
the ability to promote bone repair and serve as bioimaging tools
for the treatment of bone disorders. However, there have been few
reports on the use of similar bioimaging tools in tumor therapy. As
a result, the goal of this research is to fill the gap in anti-tumour
applications for rare earth-doped luminescent imaging materials
by developing a new material that can effectively inhibit tumor
growth, promote bone repair, and have bioimaging functions.

This investigation is focused on Se/Eu-doped HAp(HAp-Se/
Eu), and the elemental doping content was gradient adjusted to
find the ideal doping content by analyzing the conformational
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relationships between the material’s compositional structure,
physicochemical properties, and biological characteristics. Sub-
sequently Se and Eu were doped into HAp with an optimal
doping content to obtain HAp-Se-Eu, and the changes in the
material’s microstructure, physicochemical properties, and
biological properties, as well as the molecular mechanisms
underlying in vivo and in vitro imaging and the induction of
death in osteosarcoma cells, were investigated, as shown in
Fig. 1. This research may offer fresh ideas and materials for the
postoperative treatment of osteosarcoma in clinical settings
and for in vivo imaging of organisms.

Results and discussion
Mono-element doped hydroxyapatite (HAp-Se/Eu)

The effects of a single element doping on the phase, functional
groups, and morphology of HAp were assessed through the
one-step hydrothermal synthesis of HAp-Se and HAp-Eu mate-
rials with gradient doping concentration. Additionally, the
effects of various selenium doping amounts on cytotoxicity
and the effects of various europium doping amounts on the
fluorescent properties were tested.

HAp-Se. The XRD patterns of HAp doped with various
amounts of Se (0%, 1%, 3%, 5%, 8%, and 10%) are shown in
Fig. 2(a), and all of the diffraction peaks can be reliably
attributed to hexagonal hydroxyl groups. The selenium
element has been successfully doped into the HAp structure,
and its combination has no obvious effect on the main
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Fig. 1 Schematic diagram of the microstructural changes of HAp—Se—Eu materials before and after elemental doping and their use in anti-

osteosarcoma and fluorescence bioimaging and fluorescence imaging.
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visualization of HAp—-8%Se; (c) FTIR spectra of HAp and HAp—Se samples; (d) cell viability of HAp and HAp—Se samples co-cultured with mBMSCs for 24 h
and 48 h at a concentration of 100 pg mL™%; (e) cell viability of HAp and HAp—Se samples co-cultured with 143B for 24 h and 48 h at a concentration of

100 pg mL%,

structure of HAp, according to the apatite phase (JCPDS:
00-009-0432), the diffraction peaks of each crystal plane,
which did not shift noticeably, and the absence of any other
phases related to the doping components. In order to learn
more about the impact of selenium doping on HAp, Rietveld
refinement was performed on HAp-Se (0%, 1%, 3%, 5%, 8%,
and 10%) samples with the aid of the GSAS program. The initial
setting was Se occupying position P, while Tables S1 and S2
(ESIt) display the refined reliability parameters, lattice para-
meters, bond length parameters, atomic coordinates, and
occupancy. For visualization, the refined results of the repre-
sentative sample HAp-8%Se and the sample’s crystal structure
were chosen, and the results are displayed in Fig. 2(b).

The FTIR spectra of the HAp-Se (0%, 1%, 3%, 5%, 8%, and
10%) samples are shown in Fig. 2(c). Functional group analysis
of the spectra reveals that 3570 cm™" and the broad peaks at
3470 cm™ ", and 637 cm™ " are the absorption peaks of the stretch-
ing and bending vibrations of OH™, respectively. The intensity of

© 2023 The Author(s). Published by the Royal Society of Chemistry

the OH™ stretching vibration peak is weakened after doping.
As some of the PO, was replaced with CO;*~ during the
synthesis process, the absorption peaks at 1460 cm ’,
1422 cm ™', and 873 cm ! are related to CO;>".>® Additionally,
it is claimed that the absorption peak at 873 cm™ " belongs to
HPO,>~,*® which may be formed by the hydrolysis of PO,*>". The
peaks at 1098 cm ™', 1034 cm ™! and 960 cm ™' are ascribed to
the P-O stretching vibrations, and those at 602 cm ™", 564 cm ™
and 471 ecm™ ! are ascribed to the O-P-O bending vibrations,
which are the characteristic absorption peaks of PO,*”. The
peaks at 837 cm ' and 776 cm™ " are ascribed to the Se-O
stretching vibrations and O-Se-O bending vibrations, respec-
tively, which are the typical absorption peaks of SeO;>"."° These
findings show that SeO;>~ was successfully incorporated into
the HAp lattice, with no significant differences in the main
functional groups of HAp before and after doping, and that Se
doping has no appreciable effect on the HAp primary crystal
structure.

Mater. Adv,, 2023, 4, 2147-2161 | 2149
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Fig. 2(d) demonstrates that when mouse bone marrow
mesenchymal stem cells (mBMSCs) were co-cultured with
HAp-Se (0%, 1%, 3%, 5%, 8%, and 10%) samples for 24 and
48 hours, respectively, cell survival rates were above 90% and
the materials met the criteria for biocompatibility. Fig. 2(e)
shows that when the samples were co-cultured with 143B
osteosarcoma cells for 24 and 48 hours, the cell activity of the
group with higher Se doping was significantly lower than that
of the undoped samples, suggesting that Se doped samples
inhibited tumor cell proliferation, with HAp-8%Se having the
most obvious effect with an inhibition rate of about 80%. There-
fore, HAp-8%Se was utilized in the succeeding experiments.

HAp-Eu. The XRD patterns of HAp doped with varying
amounts of Eu (0%, 5%, 10%, 15%, and 20%) are shown in
Fig. 3(a). The majority of the diffraction peaks point to the
hexagonal hydroxyapatite phase (JCPDS: 00-009-0432), but the
intensity of the characteristic diffraction peaks of HAp-Eu
samples gradually decreases with an increasing doping amount,
and the diffraction peaks at 42° are gradually enhanced and
shifted to the right, and the typical peaks appear at 20.2°, 28.2°
and 29.3° pointing to EuP50,, (JCPDS: 01-070-5342). This demon-
strates that while the doped samples still maintain the main
crystal structure of HAp, the formation of the heterogeneous
phase EuP50,, due to Eu doping has a significant effect on HAp
crystallinity and crystal structure. Rietveld refinement was carried
out on HAp-Eu samples using GSAS software, and the results are
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shown in Tables S3 and S4 (ESIT). Fig. 3(b) displays the refinement
results of HAp-15%Eu and the crystal structure visualization.

The FTIR spectra of HAp-Eu (0%, 5%, 10%, 15%, and 20%)
samples are shown in Fig. 3(c). The functional groups of
HAp-Eu were found to be consistent with the undoped HAp
by detection and analysis. However, as Eu doping increases, the
intensity of the OH™ and PO,>~ parts of the peak fluctuates in a
sawtooth pattern. This fluctuation trend is similar to the results
of atomic occupation obtained by Rietveld refinement, which
indicates that the HAp-Eu structure is still that of HAp but that
the content of OH~ and PO,>” has changed. And the reason
for the change is the combined effect of charge compensation
and the second phase.

The photoluminescence (PL) excitation and emission spec-
tra of HAp-Eu (5%, 10%, 15%, and 20%) samples are shown in
Fig. 3(d). With the excitation at 396 nm, the emission spectra
display the strongest peak at 593 nm and a smaller peak at
618 nm, corresponding to the D, — ’F; and °D, — 'F,
transitions,?® respectively. With the emission at 593 nm, the
excitation peak is shown at 396 nm, which is caused by the
direct excitation of the Eu®* ground state into higher levels
('Fo — °Lg).>° As observed in the excitation and emission
spectra, the peak intensity reached the maximum when Eu
doping content was 15%, and the physical picture of the sample
also proved that HAp-15%Eu presents the highest fluorescence
intensity among all samples, indicating that the optimal
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(a) XRD patterns of HAp, HAp—Eu samples and HAp standard card (JCPDS: 00-009-0432); (b) Rietveld refined fitting results and crystal structure

(d) the fluorescence spectra of HAp—Eu samples (excitation at 593 nm and
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doping concentration of HAp-Eu was 15%. If the Eu doping
content continues to increase, its fluorescence intensity will
decrease due to concentration quenching. Therefore, HAp-
15%€Eu was utilized in the succeeding experiments.

HAp-Se-Eu

The XRD patterns of HAp, HAp-8%Se, HAp-15%Eu, and HAp-
8%Se-15%Eu are displayed in Fig. 4(a). The majority of the
diffraction peaks in the HAp-8%Se-15%Eu sample points to
the standard HAp card (JCPDS: 00-009-0432). However, the
intensity of the HAp typical peaks decreases, and the diffraction
peak at 42.0° is enhanced and shifted to the right at 42.4°, and
the characteristic peaks appear at 20.2°, 28.2° and 29.3° point-
ing to EuP;0y, (JCPDS: 01-070-5342), like the HAp-15%Eu
sample. It is demonstrated that the main crystal structure of
the sample after Se and Eu co-doping still belongs to HAp,
but the crystallinity of the sample diminishes as a result of
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the introduction of the heterogeneous phase EuPs0,4 by the
addition of Eu.

Using GSAS software, Rietveld refinement was performed on
the HAp-8%Se-15%Eu sample with Se replacing P and Eu
replacing Ca as the initial parameters, HAp as the first phase
and EuPs0,,4 as the second phase. Tables 1 and 2 display the
refinement’s reliability parameters, cell parameters, atomic
coordinates, and occupancy results. Fig. 4(b) and (c) display
the refinement outcomes and crystal structure visualization
of the HAp and HAp-8%Se-15%Eu. The findings of the refine-
ment are highly reliable, as indicated by Ry, < 5% and 7*> <
3%. Combining Tables 1 and 2, it is found that both Se and Eu
can be successfully doped. Single doping of Se results in an
increase in the lattice constant @ and a modest drop in the
lattice constant ¢, whereas single doping of Eu results in a
decrease in lattice constant a and an increase in lattice constant
¢, which both lead to the increase in lattice expansion and
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(a) XRD patterns of samples and HAp standard card (JCPDS: 00-009-0432); (b) Rietveld refined fitting results and crystal structure visualization of

HAp; (c) Rietveld refined fitting results and crystal structure visualization of HAp—8%Se—15%Eu; (d) FTIR spectra of samples; (e) the fluorescence spectra
of HAp—Eu and HAp-8%Se—-15%Eu samples (excitation at 593 nm and emission spectra at 396 nm); (f) hydrodynamic diameter, polydispersity index
and zeta potential of the samples; (g) Se release curves from HAp—8%Se samples in pH 7.4 and pH 6.5 environments; (h) Se release curves from

HAp—-8%Se-15%Eu samples in pH 7.4 and pH 6.5 environments.
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Table 1 R values (including Ry, Ry, and %2, for evaluating refined fit parameters) and crystal structure parameters of samples obtained by Rietveld

refinement

Sample Ryp (%) Ry (%) 1 Lattice parameters: a & b (A) Lattice parameters: ¢ (A) Volume of cell (A*) Density (g cm ™)

HAp 3.540 2.580 2.511 9.427 6.877 529.339 3.139

HAp-8%Se 2.930 2.250 1.764 9.436 6.877 530.302 3.225

HAp-15%Eu 2.120 1.660 1.219 9.426 6.882 529.515 3.661

HAp-8%Se-15%Eu  2.140 1.690 1.159 9.426 6.872 528.771 3.832

Table 2 Atomic parameters of HAp and HAp—Eu samples obtained by Rietveld refinement

Atom type

Sample Atomic parameters Cal Call Eul Eu Il P Se Ol o1l O III

HAp X 0.333 0.247 — — 0.401 — 0.326 0.582 0.340
y 0.667 0.990 — — 0.371 — 0.481 0.463 0.255
z 0.002 0.250 — — 0.250 — 0.250 0.250 0.074
Occupancy 1.023 1.036 — — 0.961 — 0.992 0.960 0.969

HAp-8%Se X 0.333 0.248 — — 0.401 0.401 0.327 0.582 0.339
y 0.667 0.990 — — 0.372 0.372 0.483 0.463 0.256
z 0.002 0.250 — — 0.250 0.250 0.250 0.250 0.074
Occupancy 0.988 1.000 — — 0.957 0.043 1.080 0.983 0.996

HAp-15%Eu X 0.333 0.243 0.333 0.243 0.402 — 0.333 0.565 0.320
y 0.667 0.975 0.667 0.975 0.375 — 0.464 0.428 0.250
z 0.011 0.250 0.011 0.250 0.250 — 0.250 0.250 0.057
Occupancy 0.907 0.854 0.093 0.146 0.939 — 1.008 1.187 0.901

HAp-8%Se-15%Eu X 0.333 0.255 0.333 0.255 0.389 0.389 0.342 0.629 0.300
y 0.667 0.990 0.667 0.990 0.393 0.393 0.595 0.475 0.249
4 0.007 0.250 0.007 0.250 0.250 0.250 0.250 0.250 0.032
Occupancy 0.867 0.849 0.133 0.151 0.929 0.071 0.909 1.140 1.135

crystal density. However, under the same conditions, the lattice
constants a and ¢, and cell volume of HAp-8%Se-15%Eu
decreases, while the cell density increases, and the proportion
of Se and Eu atoms increases. This is highly probable because
Se and Eu cause the lattice constants ¢ and a respectively
to decrease when doped with two elements, resulting in a
decrease in cell volume and an increase in density.”® Furthermore,
because Se and Eu enter the HAp lattice as anions and cations,
partial replacement of Ca** by Eu®" as a nucleation site promotes
SeO;>” doping into the lattice out of charge compensation,
increasing the atomic occupancy of Se.*°

This inference is supported by the results shown in Table 3,
which displays the Se/P and Eu/(Eu + Ca) ratios as measured by
ICP and EDS, and the expected values. Due to the synthesis
of calcium-deficiency HAp, the actual content of Eu in the
HAp-15%Eu material is higher than expected. The actual Se
content of the HAp-8%Se material is lower than expected, most
likely due to the SeO;>~ in the solution not fully participating in

the reaction. Only a portion of SeO;>~ was incorporated into the
lattice, while the remainder remained in the solution as ions,
resulting in a lower Se content. The Eu content in the HAp-
8%Se-15%Eu material is slightly higher than expected, but the
deviation from the Eu content of HAp-15%Eu is slowed down
when compared to that of HAp-15%Eu; the Se content is
slightly lower than expected, but there is a trend of increasing
Se content when compared to HAp-8%Se. Because of the
incorporation of Eu into the lattice in the form of Eu**, more
Se0;>” in solution is involved in the reaction and incorporated
into the lattice for charge compensation. The Se ion radius is
greater than the P ion radius, and the Ca ion radius is greater
than the Eu ion radius. To keep the lattice stable, more Ca** is
retained in the matrix and the relative Eu content decreases.
By comparing the FT-IR spectra of the samples of HAp,
HAp-8%Se, HAp-15%Eu, and HAp-8%Se-15%Eu in Fig. 4(d), it
was discovered that the positions of the functional groups were
essentially consistent.”***° Among these samples, SeO;>~

Table 3 The Se/P and Eu/(Eu + Ca) ratios of samples measured by ICP, EDS and the expected values

Expectation ICP EDS
Sample Se/P Eu/(Eu + Ca) Se/P Eu/(Eu + Ca) Se/P Eu/(Eu + Ca)
HAp 0 0 0 0 0 0
HAp-15%Eu 0 0.15 0 0.23 0 0.22
HAp-8%Se 0.08 0 0.04 0 0.05 0
HAp-8%Se-15%Eu 0.08 0.15 0.05 0.18 0.06 0.18
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vibrational peaks with comparable intensities at 837 cm™'
and 776 cm ™" were found in the samples of HAp-8%Se and
HAp-8%Se-15%Eu, demonstrating the successful incorpora-
tion of Se into HAp in the form of SeO;*". In HAp-15%Eu
and HAp-8%Se-15%Eu samples, vibrational peaks near PO,*~
at 560 cm~ ' were detected, presumably due to O-P-O irregular
bending vibrations caused by the heterogeneous phase EuPs0;,
introduced after Eu doping. In addition, the intensity of the
peaks related to OH ™, H,0, CO;*>", and PO,*>~ changed after
Se and Eu doping, all within the normal fluctuation range.
In conclusion, single-element and two-element doping only
change the composition of functional groups and have mini-
mal impact on the fundamental structure of HAp.

The PL excitation and emission spectra of the HAp-15%Eu
and HAp-8%Se-15%Eu samples are displayed in Fig. 4(e). The
HAp-8%Se-15% excitation spectrum had an excitation peak at
396 nm when the emission wavelength was fixed at 593 nm.
Similar to the HAp-15%Eu, the emission spectra of the HAp-
8%Se-15%Eu leaped at 593 nm (°D, — “F) and 618 nm (°D, —
’F,) with excitation at 396 nm.>® However, when compared to
the HAp-15%Eu, the fluorescence intensity of HAp-8%Se-
15%Eu increases, most likely the result of the sensitizing effect
of Se doping on the fluorescence of Eu, and this fluorescence
intensity could then be employed for imaging.

The hydrodynamic diameter, polydispersity index and zeta
potential of HAp, HAp-8%Se, HAp-15%ZEu, and HAp-8%Se-
15%Eu samples are shown in Fig. 4(f). The polydispersity index
<0.7 indicates a narrow particle size distribution of the mate-
rial. But when combined with the zeta potential and hydro-
dynamic diameter measurements, the nanomaterials have poor
dispersion. The Eu doping exacerbated the degree of agglo-
meration of the materials, most likely due to a decrease in the
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size of individual particles and an increase in surface energy,
resulting in material instability. However, the addition of Se
appears to have no impact on the materials’ stability and also
reduces the instability caused by Eu doping.

Fig. 4(g) and (h) depict the Se release curves from HAp-8%Se
and HA-8%Se-15%Eu samples in a neutral (pH 7.4) normal
environment and a weakly acidic (pH 6.5) tumor environment.
The two materials showed a similar release trend, with a faster
release rate before 24 h and a slower release rate after 24 h,
gradually showing a relatively smooth platform. Both samples
released ions faster in a weakly acidic environment than in a
neutral environment, indicating that the pH of the buffer had a
significant effect on the ion release rate. At 72 hours, the release
rate of HA-Se, HA-Se-Eu materials in the neutral environment
was approximately 20%, while it was approximately 30% in
the weakly acidic environment. This could explain why the
samples have a strong inhibitory effect on tumor cells while
being nontoxic to normal cells.

Besides, Fig. S3 and S4 (ESIt) display the TEM morphology
and SEM morphology of the HAp, HAp-8%Se, HAp-15%Eu,
and HAp-8%Se-15%Eu samples. Se doping had a slight impact
on the length and diameter, converting the material from
thicker long rods to thinner short rods. Eu doping greatly
reduced the diameter of the material, presenting needle-like
morphology, and the particle size distribution was rather
uneven. However, co-doping reduces the needle-like morphology
and makes the size distribution more homogeneous than single
Eu-doping, though material agglomeration still occurs.

The XPS full-amplitude scans of the HAp and HAp-8%Se-
15%Eu samples are shown in Fig. 5, together with the narrow-
amplitude scans of typical Ca, P, O, Eu, and Se. As shown in
Fig. 5(a), the typical peaks for O1s (531 eV), Ca2p (347.14 eV),
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Fig. 5 XPS analysis of HAp and HAp-8%Se—15%Eu samples, (a) full scan spectra; (b) Ols XPS spectra; (c) Ca2p XPS spectra; (d) P2p XPS spectra; (e) Eu3d

XPS spectra of HAp—8%—-15%Eu; (f) Se3d XPS spectra of HAp—8%Se—-15%Eu.
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P2p (133.14 eV), and C1s (284.76 eV) were found in the full-
amplitude scan spectra of both samples, and the typical peaks
for Eu3dd and Se3d were found in the full spectrum of
HAp-8%Se-15%Eu, demonstrating the successful doping of
Se'® and Eu.?® Fig. 5(b) shows that the O1s peak®® at 531 eV
can be divided into a shorter broad peak at 531.48 eV and a
higher peak at 530.94 eV in the narrow scan plot. The above two
peaks are related to the O in OH™ and PO,*” respectively.
Because of doping, the binding energy increases, as shown by
the shift of the shorter broad peak at 531.48 eV to 531.87 €V and
the higher peak at 530.94 eV to 531.01 eV. Besides, these two
peaks have increased intensity, which are attributed to the
enhancement of OH™ concentration and the introduction of
Se0,;*” by doping, respectively. The Ca2p*! narrow-amplitude
scan spectrum in Fig. 5(c) includes two different spin-orbit
components that pertain to Ca2p,/, and Ca2p;,, peaks, according
to the binding energy level. The difference in binding energies
between the two peaks is 3.56 eV. While there is no change in the
binding energies before or after doping, there is an increase in
the binding energies of Ca2p. This suggests that doping has an
impact on the chemical environment of Ca rather than its
chemical state. The splitting of P2p*' before doping produced
two characteristic peaks, 133.67 eV and 132.73 eV, which were
attributed to HPO,>~ and PO,*, respectively. The presence of
HPO,>~ was confirmed by the absorption peak at 873 cm ™" of the
FTIR spectrum. After doping, the chemical state and chemical
environment of P were changed, and the splitting resulted in
three characteristic peaks, 133.95 eV, 133.32 eV and 132.62 eV
corresponding to HPO,>~, EuP;0y,, and PO,*”, respectively. As
shown in Fig. 5(e), Eu3d®**** exhibits two main peaks at
1164.90 eV and 1134.90 eV, respectively. The energy difference
between the two main peaks is 30.00 eV, showing that Eu** occurs
in the sample. The split peaks can be broken down into four
orbital peaks and one satellite peak. As shown in Fig. 5(f), Se3d"”
has a n orbital characteristic peak at 58.91 eV, demonstrating that
Se is tetravalent in the sample and is present as SeO;>".

In vitro biological evaluation

The toxicity of HAp, HAp-15%Eu, HAp-8%Se, and HAp-8%Se-
15%Eu on mouse bone mesenchymal stem cells (mBMSCs) and
the proliferation inhibition effect on osteosarcoma 143B cells
were quantitatively and qualitatively evaluated by CCK-8 and
cell live-dead staining, respectively, where the group without
any treatment of cells was the control group.

The outcomes of the quantitative CCK-8 toxicity experiment
were as follows. Since HAp is biocompatible, HAp related
materials were not considerably hazardous to normal cells,
and even increased the proliferation of mBMSCs at 24 h,
48 h, and 72 h in a small way, as shown in Fig. 6(a). Fig. 6(b)
proves that the HAp and HAp-15%Eu groups had little effect on
143B cells, while the HAp-8%Se and HAp-8%Se-15%ZEu groups
significantly reduced the cell activity of 143B and the cell
survival rate decreased with time. This suggests that the
HAp-8%Se and HAp-8%Se-15%Eu samples had the ability to
inhibit tumor cell proliferation, with the HAp-8%Se-15%Eu
having the strongest inhibitory effect, and the inhibition rates
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of tumor cells at 24 h, 48 h and 72 h were 73.82%, 89.43% and
93.15%, respectively.

Fig. 6(d) illustrates the qualitative assessment of the anti-
tumor effect using live/dead staining, with live cells colored
green and dead cells colored red. According to the results, the
control group’s living cells were evenly distributed and had an
intact, shuttle-shaped cell morphology, whereas the live cell
densities of the HAp and HAp-15%Eu groups were somewhat
lower and the densities of the dead cells were slightly higher.
In the HAp-8%Se and HAp-8%Se-15%Eu groups, the live cell
density was much lower, the cell shape tended to be spherical,
and the dead cell density was noticeably higher. In accordance
with the quantitative findings of CCK-8, the results showed that
HAp and HAp-15%Eu had a marginally inhibitory impact on
tumor cells, whereas HAp-8%Se and HAp-8%Se-15%Eu sam-
ples considerably reduced tumor cell proliferation and had a
considerable anti-tumor effect.

When nanomaterials were co-cultured with 143B cells, they
successfully absorb nanoparticles through endocytosis.'® Fig. 6(c)
displays the pictures of tumor cell images after the HAp-8%Se-
15%€Eu sample treatment for 3 h and 6 h. The green portion is
the cell membrane stained with Actin dye, and the red portion is
HAp-8%Se-15%Eu nanoparticles with fluorescence imaging
capabilities. At 3 hours, when the cell membrane boundaries
are clear, a few nanoparticles move through the cell membrane
into the interior of the cell. At 6 hours, the majority of nano-
particles is enriched around the cell membrane, and a few
nanoparticles are still there. The aforementioned results showed
that tumor cells could effectively take up HAp-8%Se-15%Eu that
nanoparticle uptake increased with time, that nanoparticle
therapy was harmful to tumor cell membranes as well as cell
shape, and that HAp-8%Se-15%Eu’s capacity to bioimage was
also confirmed.

Tumor cell apoptosis was measured using flow cytometry.
Because phosphatidylserine (PS) exposure to the outer cell
membrane is a marker of apoptosis, it was detected by Annexin
V-FITC,*® in which Annexin V-FITC positivity determined early
apoptotic cells, PI positivity determined necrotic cells, both
positivity determined late apoptotic cells, and both negativity
determined healthy cells. Fig. 6(e) demonstrates that the
percentage of healthy cells sharply decreased from 94.4% in
the control group, 92.3% in the HAp group, and 95.7% in
the HAp-15%Eu to 14.1% in the HAp-8%Se and 8.32% in the
HAp-8%Se-15%Eu, while the percentage of apoptotic cells
(early and late apoptosis) increased from 4.4% in the control
group, 6.22% in the HAp, and 3.41% in the HAp-Eu to 84.65%
in the HAp-Se and 90.87% in the HAp-8%Se-15%Eu. The
results were in line with the CCK-8 and live/dead staining,
demonstrating that Se doping did have a major negative impact
on osteosarcoma cells, likely by causing PS externalization to
the outer cell membrane leading to apoptosis.**

Reactive oxygen species (ROS) detection reagents were
employed to confirm whether PS externalization to the outside
cell membrane is connected to oxidative stress after nano-
material treatment of cells. Fig. 7(a) and (b) demonstrate that
HAp and HAp-15%Eu treated cells produced more ROS than

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6

(a) The cell viability of samples co-cultured with mBMSCs for 24 h, 48 h, and 72 h; (b) the cell viability of samples co-cultured with 143B cells

for 24 h, 48 h, and 72 h; (c) cell uptake of HAp—-8%Se—-15%Eu samples co-cultured with 143B cells for 3 h and 6 h; (d) live/dead staining of samples
co-cultured with 143B cells for 48 h; (e) the apoptosis of samples co-cultured with 143B cells for 48 h detected by flow cytometry.

the control group, and that the ROS generation increased by an
order of magnitude following HAp-8%Se and HAp-8%Se-
15%€Eu treated cells, demonstrating that the nanomaterial
treatment did result in oxidative stress. Oxidative stress causes
mitochondrial membrane potential to fluctuate, resulting in
caspase activation and ultimately apoptosis."*?® Thus, loss of
mitochondrial membrane potential is seen as an early indicator
of apoptosis.>® As shown in Fig. 7(c), cells treated with HAp-
8%Se and HAp-8%Se-15%Eu showed increased depolarization
when compared to the control, HAp, and HAp-15%Eu groups,

© 2023 The Author(s). Published by the Royal Society of Chemistry

indicating an increase in the transfer of phosphatidylserine
(PS) to the outer cell membrane and an increase in the amount
of apoptotic cells.*?

Caspase-3, caspase-8, and caspase-9 gene expression levels
were experimentally analyzed to investigate the impact of
material treatment on the expression of apoptosis-related
genes. The expression of the genes for caspase-3, caspase-8,
and caspase-9 was up-regulated by HAp, HAp-15%Eu, HAp-8%Se,
and HAp-8%8Se-15%Eu, as shown in Fig. 7(d), from which it can
be observed that HAp-8%Se had the best up-regulation effect on
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Fig. 7 (a) The ROS production of the samples co-cultured with 143B cells in vitro at a concentration of 100 pug mL™ for 48 h. (b) The ROS fluorescence
intensity of different samples was quantitatively counted using Image J software. (c) The mitochondrial membrane potential of 143B cells co-cultured
with samples for 48 h. (d) PCR detection of caspase-3, caspase-8 and caspase-9 gene expression caused by different samples.

these three genes, and HAp-8%Se-15%Eu also up-regulated
caspase-8 and caspase-9 gene expression levels. It showed that
HAp-Se and HAp-Se-Eu caused apoptosis through upregulating
caspase-3, caspase-8 and caspase-9 gene expression. From the
experimental results, two potential pathways were postulated: one
involved activating caspase-3 by upregulating caspase-8 and
caspase-9 genes to start an exogenous caspase-dependent apopto-
tic pathway and the other involved encouraging the release of
cytochrome C from mitochondria after activating caspase-9 to
start an endogenous apoptotic pathway.*?

In vivo biological evaluation

The in vivo animal experiments were taken with reference to the
in vitro cell experiments for the material concentration, and the
experimental results are shown in Fig. 8. Fig. 8(a), (b) and (d)
show that tumors in the control group without nanomaterial
treatment increased rapidly in size, and larger solid tumors
were obtained when tumors were separated at 16 days. After
treatment with nanomaterials, the tumor proliferation rate was
somewhat inhibited. The tumor growth rate in the HAp and

2156 | Mater. Adv, 2023, 4, 2147-2161

HAp-15%Eu groups was slower than in the control group, and
the size and weight of solid tumors were smaller, but the
difference was not significant. HAp-8%Se and HAp-8%Se-
15%Eu groups had a more obvious tumor inhibition effect,
the tumor growth curves of the two groups inclined to be flat,
and the size and weight of solid tumors were significantly
reduced compared with the control group, particularly the
HAp-8%Se-15%Eu group, which was consistent with the
results of in vitro cell experiments. Additionally, Fig. 8(c) shows
that at 14 days, the body weight of the mice fluctuated within
the usual range, demonstrating that the injection of nano-
materials had no appreciable impact on the physiological
health of the animals.™

The tumor tissues were stained with H&E, TUNEL, and Ki-67
to further demonstrate the materials’ in vivo anti-tumor effi-
cacy, as shown in Fig. 8(e). According to the H&E staining
pictures, the tumor cells in the control group had normal
morphology and a dense distribution, while those in the HAp
and HAp-15%Eu groups had some of the cell structures
destroyed and the density of the tumor cells decreased, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Physical images of tumors and mice treated with samples of different groups; (b) changes in tumor volume; (c) changes in body weights of

mice; (d) isolated tumor weights; (e) HGE, TUNEL and Ki-67 staining of tumor tissue.

those in the HAp-8%Se and HAp-8%Se-15%Eu groups had
completely lost their cellular morphology, exuded cellular
endocytosis, and contained only a few nuclei sparsely distrib-
uted in the exudate. TUNEL staining resulted in positive
apoptotic cells with brown nuclei. TUNEL-positive tumor cells
were rare in the control group. Despite TUNEL-positive cells
increasing in the HAp and HAp-15%Eu groups, they were still
barely detectable. However, HAp-8%Se and HAp-8%Se-15%Eu
showed a wide range of brown distribution, demonstrating
their remarkable pro-tumor cell apoptosis capabilities. Ki-67
staining can detect tumor cell proliferation, and the brown area
is positive. Most of the cells in the control, HAp, and HAp-
15%Eu groups could be seen to be positive, but the percentage
of positive cells in HAp and HAp-15%Eu groups was lower than

© 2023 The Author(s). Published by the Royal Society of Chemistry

that of the control group. Moreover, only a small portion of the
brown area could be seen in the HAp-8%Se and HAp-8%Se-
15%Eu groups, demonstrating that the tumor cells’ capacity to
proliferate had been significantly reduced. In conclusion, HAp-
8%Se and HAp-8%Se-15%Eu nanomaterials efficiently inhibit
tumor cell proliferation and stimulate tumor cell apoptosis in vivo.

To evaluate the effects of nanomaterial treatment on the
primary organs of mice, tissue slices of the heart, liver, spleen,
lungs, and kidneys of mice were prepared, stained with H&E
and analyzed for histomorphology.** The results shown in Fig.
S5 (ESIt) and the findings demonstrated that nanomaterials
did not cause organ damage or abnormalities in mice and
could be used to inhibit the growth of osteosarcoma while
remaining biologically safe.
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Experimental section
Chemical agents

Ca(NO;),-4H,0 was purchased from Guangzhou Chemical
Regent Factory (China). (NH,4);PO,4-12H,0 was obtained from
Sinopharm Chemical Regent Co., Ltd (China). Na,SeO; and
Eu(NO;); were obtained from Shanghai Macklin Biochemical
Co., Ltd (China). All these chemicals are of analytical grade.
Dulbecco’s modified Eagle’s medium (DMEM), foetal bovine
serum (FBS), phosphate buffered saline (PBS), and 0.25% trypsin-
EDTA were all purchased from Gibco (USA). Penicillin-streptomy-
cin solution was purchased from Biosharp (China). Calcein-AM/PI
cell viability/cytotoxicity assay Kkit, cell counting kit 8 (CCK-8),
mitochondrial membrane potential assay kit (JC-1), reactive
oxygen species assay kit, and Actin-Tracker Green-488 were
purchased from Beyotime Biotechnology Co., Ltd (Shanghai,
China). The Annexin V-FITC/PI apoptosis detection kit and cell
cycle detection kit were purchased from Dojindo Laboratories

(Japan).

Preparation of the HAp-Se/Eu nanoparticles

Ca(NO;),-4H,0, (NH,);P0,-12H,0, and Na,SeO;, Eu(NO;);
were used to prepare 0.25 M, 0.15 M, 0.25 M, and 0.25 M
solutions as the calcium source, phosphorus source, selenium
source and europium source, respectively. The calcium sources
and europium sources are combined in a ratio and stirred in
a beaker. Likewise, the selenium sources and phosphorus
sources are combined in a ratio and stirred in a beaker. And
then using a peristaltic pump, add the latter slowly into the
former at a rate of 1 mL min~' while continuing to stir the
mixture vigorously. After that, the mixed solution was trans-
ferred to a sealed polytetrafluoroethylene reactor, reacted in an
oven at 150 °C for 10 hours, and then cooled to room temperature
naturally. Samples were collected by centrifugation, washed three
times with deionized water and absolute ethanol, and then placed
in an oven at 50 °C for 24 h and ground with a mortar to obtain
HAp-Se/Eu.

The ingredients required for samples preparation are shown
in Table 4.

Characterization of HAp-Se/Eu nanoparticles

X-Ray diffraction (XRD, Empyrean, Nederland) was used to
qualitatively analyze the phases of different samples. The diffraction

Table 4 Raw material ratio for preparation of samples
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patterns were collected in the 20 range 10°-70°, with a step of
0.02° and a scanning rate of 4° min~'. X-Ray photoelectron
spectroscopy (XPS, Escalab Xi +, USA) was used to analyze the
valence states of the elements on the sample surface and the
analyzed elements include Ca, P, C, O, Se, and Eu. The func-
tional groups present in the samples were identified by Fourier
transform infrared spectroscopy (FT-IR, Nicolet iS50, USA) within
the wavenumber range of 400-4000 cm . A transmission
electron microscope (TEM, JEM 1400 Plus, Japan) and a scan-
ning electron microscope (SEM, Merlin, Germany) were used to
observe the micromorphology of the samples. A fluorescence
spectrophotometer (F-7000, Japan) was used to observe the
luminous intensity of the samples, the excitation spectrum range
was set to 380-420 nm, and the emission spectrum range was set
to 550-650 nm. To assess the stability of the samples in solution,
the nanoparticle size and a zeta potential analyzer (Litesizer 500,
Austria) were used. To detect the ion release from the samples,
the samples were suspended in 40 mL of HEPES buffer (10 mM,
0.9% NaCl) at pH 6.5 and pH 7.4 at 1 mg mL " and shaken at
120 rpm for 4 h, 12 h, 24 h, and 72 h on a 37 °C shaker to obtain
8 mL of liquid samples, followed by replenishment of the
same volume of buffer. The ion concentration of the extracted
solutions was determined using an inductively coupled plasma
optical emission spectrometer (ICP-OES, Optima 8300, USA).
This instrument was also used to determine the content of each
element in the matrix of samples.

Biological assessment in vitro

Cell viability. Bone marrow mesenchymal stem cells (mBMSCs)
and human osteosarcoma cells (143B cells) were cultured in
complete medium composed of 90%DMEM, 10%FBS and 1%
penicillin-streptomycin, respectively. Cell viability was quantified
using a Cell Counting Kit-8 (CCK-8). mBMSCs and 143B cells were
seeded in 96-well plates at a density of 5 x 10> cells per well and
cultured for 24 h. Then HAp, HAp-Se, HAp-Eu and HAp-Se-Eu
(100 pg mL~ ") were added to each well and incubated for 1 d, 2 d,
3 d. The CCK-8 solution was configured according to the instruc-
tions, added to the well plate and incubated for 2 h. The optical
density (OD) value was detected via a microplate reader (Infinite
M Plex, Germany) at a wavelength of 450 nm. The complete
medium without any material was used as the control group,
and the material group without cells was used as the blank
background.

Sample Ca(NO3), (mol) (NH,);PO, (mol) Na,SeO; (mol) Eu(NOs); (mol) Se/P Eu/(Eu + Ca)
HAp 0.00625 0.00375 — — 0 —
HAp-1%Se 0.00625 0.0037125 0.00003725 — 0.01 —
HAp-3%Se 0.00625 0.0036408 0.000109 — 0.03 —
HAp-5%Se 0.00625 0.0035715 0.0001785 — 0.05 —
HAp-8%Se 0.00625 0.0034722 0.000275 — 0.08 —
HAp-10%Se 0.00625 0.00340905 0.000341 — 0.10 —
HAp-5%Eu 0.0059375 0.00375 — 0.0003125 — 0.05
HAp-10%Eu 0.005625 0.00375 — 0.000625 — 0.1
HAp-15%Eu 0.0053125 0.00375 — 0.0009375 — 0.15
HAp-20%Eu 0.005 0.00375 — 0.00125 — 0.2
HAp-8%Se-15%Eu 0.0053125 0.0034722 0.000275 0.0009375 0.08 0.15
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Meanwhile, live/dead cells were stained with Calcein-AM/PI
cell viability/cytotoxicity assay kit to detect cell viability.
mBMSCs and 143B cells were seeded in a 48-well plates at a
density of 1.5 x 10* cells per well and cultured for 24 h. Then
HAp, HAp-Se, HAp-Eu and HAp-Se-Eu (100 ug mL™") were
added to each well and incubated for 2 days. Add the live and
dead dye prepared according to the instructions, and incubate
in the dark for 20 minutes, observe and obtain the fluorescent
staining image with an inverted fluorescence microscope
(Axio Observer.7, Germany). Live cells were observed at 494 nm
wavelength, and dead cells were observed at 535 nm.

Cell uptake. Actin-Tracker Green-488 (microfilament green
fluorescent probe) staining of the cell membrane will be used to
examine the cellular absorption of the samples. 143B cells were
seeded at a density of 2 x 10° cells per well in laser confocal
dishes and cultured in complete medium for 24 h. And then
add the autofluorescent nanoparticles HAp-8%Se-15%Eu at a
concentration of 100 pg mL ™' and incubate with the cells for
3 h and 6 h, respectively. Cells were stained according to the
instructions for Actin-Tracker Green-488. The cell morphology
and endocytosis of nanoparticles were observed and photo-
graphed under a confocal laser scanning microscope (CLSM,
TCS SP8, Germany). The excitation wavelength of the dye and
nanomaterials was 488 nm and 405 nm, respectively.

Cell apoptosis. The Annexin V-FITC/PI Apoptosis Detection
Kit was used to stain 143B cells to detect apoptosis. 143B cells
were cultured in 6-well plates at a density of 2 x 10> cells per
well for 24 h, and then HAp, HAp-Se, HAp-Eu and HAp-Se-Eu
(100 pg mL™") were added to each well and incubated for 48 h;
the groups without nanoparticles were used as controls. Cells in
different groups were stained according to the instructions of
the kit: Annexin v-fitc (5 pL per well) and PI (5 pL per well) were
incubated for 15 min in the dark, respectively. The apoptosis
and necrosis of the cells were analyzed by flow cytometry
(FCM, Beckman Coulter Cytomics FC500, USA).

ROS. The DCFH-DA kit was used to detect the level of
apoptosis-inducing ROS (reactive oxygen species) in 143B cells.
143B cells were cultured in 48-well plates at a density of
1.5 x 10* cells per well for 24 h. After adhesion, HAp, HAp-
Se, HAp-Eu and HAp-Se-Eu (100 pg mL ") were added to each
well and co-cultured with cells for 48 h. The staining solution
configured according to the instructions was added and incu-
bated at 37 °C for 30 min. After the incubation, the cells were
washed three times with PBS and 100 uL PBS was added. And
then, the samples were observed and photographed under an
inverted fluorescence microscope (Axio obserate.7, Germany).
The excitation wavelength was 488 nm.

Mitochondrial membrane potential detection. The mito-
chondrial membrane potential (JC-1) assay kit was used to
detect the early apoptosis of 143B cells. 143B cells were seeded
at a density of 1.5 x 10* cells per well in 48-well plates for 24 h.
After adhesion, HAp, HAp-Se, HAp-Eu and HAp-Se-Eu
(100 pg mL™") were added to each well and co-cultured with
cells for 48 h. The positive control group was treated half an hour
before staining, and then JC-1 staining solution and buffer were
configured according to the instructions. After adding staining
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solution, the samples were incubated at 37 °C for 25 min. After
incubation, the samples were washed twice with pre-cooled
buffer. After addition of 200 pL complete medium, the images
were observed and photographed under an inverted fluorescence
microscope (Axio Obserate.7, Germany). JC-1 monomers were
observed at 490 nm wavelength, and JC-1 polymers were
observed at 525 nm.

Real-time fluorescence quantitative PCR. The 143B cells
were seeded at a density of 2 x 10> cells per well on a 6-well
plate for 24 h. After adhesion, HAp, HAp-Se, HAp-Eu and HAp-
Se-Eu (100 pg mL™ ") were added to each well and co-cultured
with the cells, and no materials were used as a blank control.
After 48 h, the cells were washed with PBS and lysated with lysate.
RNA was extracted by the Trizol method and the concentration
and purity of RNA were measured using an ultrafine spectro-
photometer (Nanodrop One, USA). Reverse transcription solution
was prepared according to the measured concentration to reverse
transcribe RNA to obtain DNA strand complementary to RNA
(cDNA). The cDNA was amplified and primers for p-actin,
caspase-3, caspase-8 and caspase-9 genes were prepared. The gene
primers and cDNA were placed in a 96-well plate for fluorescence
quantification by region, and the expression of the above genes
was detected by real-time fluorescence PCR instrument (Quant-
Studio 6 Flex, USA) after the membrane was sealed.

Biological evaluation in vivo

Animal model construction. The subcutaneous osteosar-
coma model was constructed using 5-week-old BALB/c nude
mice to study the antitumor activity of the material in vivo. The
animal proposal was approved by the Ethics Committee of the
Animal Center of South China University of Technology. The
osteosarcoma model was inoculated under the skin near the leg
bone by injecting an appropriate concentration of cell suspen-
sion mixed with matrigel. Five days after cell implantation, the
tumor volume was about 50 mm?®. The mice were randomly
divided into 5 groups, including blank control, HAp, HAp-Se,
HAp-Eu and HAp-Se-Eu with 4 mice in each group.

Evaluation of antitumor performance in vivo. Each mouse
received an intratumoral injection of 50 pL (50 pg mL ') of the
appropriate nanoparticle suspension, while the control group
received an injection of ordinary saline. Mice were repeatedly treated
and weighted every 2 days, and tumor volumes were measured with
vernier calipers according to the formula: volume (mm?®) = (length x
width?)/2. After 16 days, all mice were euthanized, tumors were
isolated, weighed, and fixed with 4% paraformaldehyde. Tumor
tissues were embedded in paraffin, sectioned 5 um thick, and
placed on slides for histological examination. H&E staining was
used to observe the tumor growth status and organ tissue lesions.
TUNEL staining and Ki-67 staining were used to detect the apopto-
sis and proliferation of osteosarcoma cells in tumor tissues.

Conclusions and outlook

Se/Eu mono-element doped (HAp-Se and HAp-Eu) and two-
element co-doped (HAp-Se-Eu) hydroxyapatite were successfully
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prepared. Se was incorporated into HAp as SeO;>  partially
replacing PO,*~, which gave HAp excellent anti-tumor properties
with no significant effect on the physical phase or structural
dimensions, with Se doping content at 8% endowing it with the
best anti-tumor properties. Eu was doped into HAp in the form of
Eu’* partially replacing Ca*>*, endowing it with hydroxyapatite
fluorescence imaging properties, which shows red light with
396 nm excitation, and the highest fluorescence intensity at
15% Eu doping, but its doping had a large impact on the material
phase and size, producing a new phase EuPs0,, and the nano-
particles changed from a rod-like to needle-like morphology.

HAp-Se-Eu was synthesized with reference to the optimal
doping content of single element doping, and then the nano-
materials were obtained with enhanced anti-osteosarcoma and
fluorescence imaging properties. Doping with Se brings the
material’s Eu®" content closer to the peak of its fluorescence
intensity. As a result, HAp-8%Se-15%Eu has a slightly higher
fluorescence intensity than HAp-15%Eu. The enhanced anti-
tumor properties of HAp-8%Se-15%Eu may be partially attri-
buted to the structural and dimensional changes brought about
by Eu doping, such as the formation of new phases that causes
HAp structural instability, causing more Se to dissolve in
solution as ions, or the needle-like nanomaterials that are more
toxic to tumor cells, leading to better antitumor performance of
HAp-8%Se-15%Eu than HAp-8%Se.

Similar results were obtained from in vitro cellular evalua-
tion and in vivo animal experiments. The nanomaterials were
not significantly toxic to healthy cells and mouse tissues, but
the Se-containing samples (HAp-Se and HAp-Se-Eu) signifi-
cantly inhibited tumor growth with an inhibition rate as high as
93.15%. Furthermore, HAp-Se-Eu has bioimaging capabilities,
and images with increasing time show the uptake of nano-
materials from extracellular aggregates into the cell. The anti-
tumor mechanism of the Se-containing samples was further
investigated. SeO;>~ was released after the material was taken
up by cells, causing cellular oxidative stress, stimulating the
change of mitochondrial membrane potential, activating cas-
pase, and promoting apoptosis. Finally, phosphatidylserine was
externalized in the cell membrane and cellular endocytosis was
exocytosed, indicating the apoptosis of tumor cells.

As a result of this study, HAp-Se-Eu nanomaterials with
exceptional anti-tumor and bioimaging characteristics have
been produced. The anti-tumour properties of the nanomaterials
and its osteogenic potential are expected to be used in the post-
operative treatment of osteosarcoma resection, and its imaging
capabilities can assist in tracing the metabolic pathways of
nanomaterials both in vivo and ex vivo. It will eventually solve
the clinical problems of tumor recurrence or bone defects after
osteosarcoma surgery, as well as fill the gap in the study of
antitumor nanomaterials’ in vivo metabolic pathways.
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