H31%E FH8M
2016 48 H

T OHL M OB IR

Journal of Inorganic Materials

Vol. 31 No. 8
Aug., 2016

Article 1D: 1000-324X(2016)08-0890-07

DOI: 10.15541/jim20150662

Luminescent and Cytotoxic Characteristics of an Ellipsoidal and
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Abstract: A novel europium (Eu®")-doped hydroxyapatite microspheres (Eu-HApMs) was successfully prepared via
the calcium carbonate template and ion exchange process. The physicochemical, luminescent and cytotoxic proper-
ties of the prepared Eu-HApMs powders were investigated by the Scanning Electron Microscope (SEM), X-ray
Diffraction (XRD), Inductively Coupled Plasma (ICP), and MTT assays in vitro. Results showed that Eu-HApMs
particles exhibited an ellipsoidal morphology with diameters of about 2.5 pm and lengths of about 7 um with a
hedgehog-like surface. Besides, the pure hexagonal phase of hydroxyapatite with high crystallinity of Eu-HApMs
and successful doping of Eu’" ions into HApMs were revealed. The present study showed that the Eu-HApMs
powders actually displayed red fluorescence under ultraviolet (UV) irradiation. It was evident that the *Dy—"F 4
transitions of Eu (III) ions played a key role in the photoluminescence (PL) activity. Finally, the MTT assay
results revealed the continuous proliferation and no morphological change of MC3T3-El cells co-cultured

with the extracts of Eu-HApMs powders and the calculated relative growth rate (RGR) indicating the cytotox-

icity grade at level 1.
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Hydroxyapatite (HAp, Ca;o(PO4)s(OH), has been con-
sidered as the molecular model to the mineral component
of bones and tissues in human for decades, and was widely
studied and commercially used in the fields of the recon-
struction of damaged bone and teeth due to its biocom-
patible and non-inflammatory properties' . So far, many
methods have been applied for the synthesis of HAp with
different morphologies, including nano/micro-sized nee-

591 and so

dles™, rods™, ribbons!®, plates[7], and spheres
on. Among these materials, the controlled production of
spherical HAp particles with higher flowability still was
needed to be extensively investigated since such particles
were essential for the synthesis of bone cements or bone
defect filling implants delivered into the host bone. In fact,
HAp existed as hexagonal crystal (space group P63/m)!'"
and spherical HAp particles cannot be obtained by the
monocrystal growth method. So far, several routines have
been reported for the spherical HAp preparation, for in-
stance, wet chemical precipitation''”)] flame-synthesis!'?,

spray-drying!®!, and emulsification!'!, et al. However,
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some disadvantages were found for these current synthesis
of spherical hydroxyapatite methods, such as uncon-
trollable sphere size, long time consuming and chemical
contamination.

Europium (Eu (III)) doped HAp (Eu-HAp) particles
have also been regarded as biocompatible with no cyto-

[15-16]

toxicity and non-inflammatory and were explored for

developing biomedical applications such as gene therapy

vector!'”], luminescent drug carrier!'™!

and bioimaging con-
trast'”! for years. By virtue of its special features of the
[Xe] 4f" (n=0-14) of Eu (III),

the luminescent Dy—’F,, transitions of Eu-HAp were

electronic configurations

sharp, time discriminated, easily recognizable and little
sensitive to the chemical environments?”. Moreover, these
luminescent transitions of Eu-HAp spanned both the visi-
ble and near-infrared ranges which made them an ideal
fluorescent agent for in vitro and in vivo biological imag-
ines. For example, Doat, et al®" research showed that
Eu’" ion luminescence can be irritated under visible light,
and had a stable luminescence with time for prolonged
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examination of living cells. Mondéjar, et al** found that
Eu-HAp was easily internalized by transformed human

umbilical vein endothelial cells. Yang, ez all'™

investigated
that the luminescent intensity of Eu-HAp correlated with
the released amount of ibuprofen (IBU), which made the
drug release process be easily tracked and monitored by
change of the luminescence intensity. Han, ez al''” utilized
the Eu (III) doped HAp to label Bel-7402 human liver
cancer cells as fluorescent probe and found that the strong
green and red fluorescence were observed with excitation
of blue and green light respectively. Chen, et /™ indi-
cated that Eu-HAp nanorods had a potential application in
photoluminescence imaging.

In this paper, we proposed a convenient method to syn-
thesize the Eu-HAp microsized particles with high crystal-
linity and controlled ellipsoidal morphology under mild
reaction conditions. The morphology, phase, composition,
luminescent property and cytotoxicity of the samples were
well characterized by means of SEM, XRD, ICP, photo-
luminescent (PL) spectra and 3-(4,5-dimethyl-2- thia-
zolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) as-
says respectively.

1 Materials and methods

1.1 Synthesis of ellipsoidal calcium carbonate
microspheres (CCMs)

0.2 mol/L CaCl, (Beijing chemical works, China)
stock solution was rapidly poured into an equal volume
of 0.2 mol/L Na,COj; (Beijing chemical works, China)
solution at 0°C, and after intense agitation with a me-
chanical stirrer for up to 1 h, the precipitate was fil-
tered off, washed with de-ionized water and CCMs
was obtained.

1.2 Synthesis of Eu(l11)-doped hydroxyapatite
microspheres (HApMs)

A total of 5.5 g of (NH,),HPO, (Beijing chemical
works, China) was dissolved in 900 mL of de-ionized wa-
ter and 100 mL NH;-H,O (Beijing chemical works, China)
was used to modulate the pH of the solution up to 11.0.
Then the above prepared ellipsoidal CCMs were added to
this (NH4),HPO, solution. The aqueous suspension was im-
mersed in 100°C oil bath for conversion to HApMs as long
as 47 h.

After reaction, 2 g of Eu(NOs); (Sigma, USA) were
dissolved in 20 mL deionized water and mixed with the
resulted HApMs suspension as described above. The reac-
tion was further progressed at 100°C in oil bath for 7 h
and then the suspension was vacuum filtered, de-ionized

water washed and dried at 50°C in an oven, finally,

Eu-HApMs were obtained.
1.3 Characterization

Morphological investigations of the precipitated pow-
ders were carried out with an S-4800 scanning electron
microscope (Hitachi, Japan). XRD patterns of the
as-precipitated powders and sintered powders were ob-
tained using a D8 Focus (Bruker, Germany) powder dif-
fractometer in the range between 10° << 20<<70° with
Cu K, radiation (4 = 0.15406 nm), with a step size of 0.02°
every 0.1 s. The actual Eu’" doping concentration of sam-
ples were examined by inductively coupled plasma (ICP)
analysis with a Varian 710-OES (Varian, USA). Photolu-
minescence emission and photoluminescence excitation
(PLE) spectra were measured by a F-4500 fluorescence
spectrophotometer (Hitachi, Japan) equipped with a
xenon lamp and a solid sample holder accessory at
room temperature.

1.4 Cell viability test

The extracts of the Eu-HApMs were prepared accord-
ing to the protocols of the International Standard ISO
10993-12: 2012: Biological evaluation of medical de-
vices-part 12: sample
materials'**. Generally, 0.2 g of the Eu-HApMs powders

preparation and reference
were immersed into 1 mL o-MEM medium (Institute of
Basic Medical Sciences, China Academy of Medical Sci-
ence, Beijing, China) at 37°C for 72 h, then the super-
natants were filtered with the 0.22 um disposable needle
filter for the cell viability test. The cell morphologies
were characterized by Inverted biologic microscope
(Chonggqing Photoelectric Instrument Co., Ltd., China).

Mouse embryo preosteoblast cells (MC3T3-E1) (Institute
of Basic Medical Sciences, China Academy of Medical
Science, Beijing, China) were cultured in an a-MEM me-
dium supplemented with 10% fetal bovine serum (FBS) at
37°C for 48 h, and used for cell viability tests. The cells
were digested with 0.05% trypsogen and dispersed into the
new a-MEM medium supplemented with 10% FBS. Then
the cells were seeded in 96 well flat-bottom microassay
plates at a concentration of 1.5x10°~2.0x10° cells/mL and
cultured for 24 h. After 24 h, the supernatant fluid were
discarded and the extracts of the Eu-HApMs particles
were added into wells at the concentration of 0.2 g/mL,
and co-cultured with cells for 1, 3, 5 and 7 d. The o-MEM
medium supplemented with 10% FBS was used as a nega-
tive control. The cell viability was quantified by the MTT
assay and measured at 490 nm on a microplate reader
(Multiskan Mk3, Thermo Scientific, USA).

Experiment group everage

RGR:( }100% 0

negative group average

The cell viabilities were calculated and evaluated ac-
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cording to the relative growth rate (RGR) expressed in
equation (1). And the grade of cytotoxicity was correlated
with the RGR data regulated in the United States Pharma-
copeial Convention (Table 1),

1.5 Statistical analysis

In this study, all experiments were done in quintuplicate
and measurements repeated at least three times. The re-
sults were expressed as meantstandard deviation and sta-
tistically analyzed with one-way ANOVA method (soft-
ware SPSS 20, SPSS Inc., USA). P<0.05 and P<0.01 were
regarded as significant difference and extremely signifi-
cant difference, respectively.

2 Results and discussion

2.1 Morphologies of CCMs, HApMs and Eu-
HApMs

Fig. 1(a) showed typical SEM images of ellipsoidal
CCMs particles. We could see that ellipsoid-like CCMs
structures having a smooth surface with diameters of
about 2.5 um and lengths of about 7 um were obtained.
Fig. 1(b-d) showed typical SEM micrographs of ellipsoi-
dal HApMs and Eu-HApMs which had similar sizes to
those of the CCMs. The replacement of CO5> by anions of
PO, the substitution of Ca(Il) by cations of Eu(III), and
the Eu(IIl) substitution time did not significantly change
the morphologies and sizes of the CCMs, and the sizes
kept constant throughout the whole reaction time (Fig. 1(c)
and Fig. 1(d)). However, the CCMs surfaces became
coarse and Hedgehog-like as the PO, source was directly
poured into the CCMs suspension. The inset in Fig. 1(b)
showed that needle shaped structures appeared on their
surfaces. Accordingly, it can be deduced that the transfor-
mation of CCMs to HApMs was primarily via a dissolu-
tion-precipitation mechanism. As the CCMs particles were
treated in (NH4),HPO, solution at high temperature and
pH conditions, Ca®" could immediately react with PO, to
form HApMs due to the lower thermodynamic free energy
of hydroxyapatite than that of calcium carbonate.

Table 1 Correlation between RGR and grade of cytotoxicity

Relative growth Grade of cyto- -
. Cytotoxicity
rate/% toxicity
=100 0 No
75-99 1 No
50-74 ) Analyzed with the
cell morphology
5-49 3 Yes
1-24 4 Yes
0 5 Yes

i

~ HApMs*

Fig. 1 SEM images of CCMs (a), HApMs (b) and Eu-HApMs
(c:1h;d: 7h)

As hydroxyapatite existed as hexagonal crystal, it would
grow along the c-axis direction and form a Hedge-
hog-like morphology with needle shaped structure on its
surface.
2.2 Phases of the samples

XRD patterns of the as-prepared CCMs, HApMs,
Eu-HApMs and the transformation process of CCMs to
HApMs were presented in Fig. 2 and Fig. 3. As shown in
Fig. 2(a) and Fig. 2(b), the XRD pattern of the ellipsoidal
CCMs was indexed to the well-crystallized rhombohedral
calcite phase of calcium carbonate (JCPDS 47- 1743)12,
and the XRD pattern of the HAPMs was indexed to the
hexagonal phase of hydroxyapatite (JCPDS 09-0432)""".
Calcite is the most thermodynamically stable phase of cal-
cium carbonate in the water®. In this work, calcium car-
bonate was synthesized in a lower temperature conditions
and the low temperature was vital for the formation of cal-
cite. Fig. 3 show the transformation process of CCMs to
HAPMs. The peak intensity of calcium carbonate decreased
quickly and largely as the CCMs particles were poured into
the (NH4),HPO, solution after 1 h, and complete replace-
ment of PO,> for CO;” ions took place at or above 32 h. As
the solubility product constant of hydroxyapatite (K=
6.31x10""%)%! was lower than that of calcium carbonate
(Ksp=3.8><10'9)[30], the PO, would replace the CO,* ions
and preferentially combine with the Ca*" ions to form the
thermodynamically existed phase of hydroxyapatite at
higher pH. The splitting and sharper of the typical planes
(211), (112), (300), (202) belonging to hydroxyapatite
indicated an improved crystalline structure of HApMs, in
accordance with the needle shaped structure observed on
its surface (Fig. 1(b) inset). The incorporation of Eu (III)
ions in the crystal lattice of HApMs did not change the
XRD patterns of the hexagonal phase of hydroxyapatite,
and no additional crystallized phase could be detected.
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Fig. 2 XRD patterns of CCMs (a), HApMs (b) and Eu-
HApMs (c)

2.3 lons release

In order to quantitatively determine the ion concen-
tration changes of Ca”" and Eu’", continuous sampling and
the inductively coupled plasma (ICP) method was applied.
Fig. 4 presented the amount of metal ions concentration
changed during the doping period. It can be also clearly
seen that the ions-doping process took place quickly.
The doping process would reach an equilibrium point at
10 min as long as the HApMs powders were poured into
the Eu’" solution. Theoretical molar ratio of Ca: Eu was
10:1, and the final molar ratio was 10:1.21, indicating that
the partial Ca®" ions were successfully substituted and
doped by Eu*" ions. In fact, the ionic radii of the Eu®" ions
(94.7 pm) was smaller than that of Ca® ions (100 pm),

*—Hydroxyapatite +— Calcite and resulted in greater charge density and a high affinity
. Fﬂ, . .. HAPMs-32h of Eu’" ions for Ca®" sites.
g b il 2.4 Luminescence properties of Eu-HApMs
=y : “"fu__”“‘“‘““\“‘““—”l IAPMﬂ e As shown in Fig. 5 (inset), the Eu-HApMs showed red
= | : §-2 . T
< lm——dwdw“—% luminescence under UV irradiation (365 nm). The PL
jé LMt HAPMs-Th properties of the sample were further characterized by the
£ ~ HAPMs-5h PL emission and excitation spectra. In the excitation
HAPMSs-1 h 0.40
!:CMS-| h =~ 0.35
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HAPMs g 0.10 L i
o
] 0.05 |
The results showed that Eu (III) ions were successfully 0 : A S P
doped into the crystal lattice of HApMs. XRD pattern of ¢ 5 sz?pini?mc ?E:ﬁnl 80 340 420 425
Eu-HApMs (Fig. 2(c)) revealed a single phase of hy- )
droxyapatite. Fig. 4 ICP results of the ion-doping process
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Fig. 5 Emission (a) and exciation (b) spectra of the ions-doped HAPMs
Inset is the corresponding photograph under ultraviolet (365 nm) irradiation
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spectra monitored by the Eu’* °Dy-'F, transition at 613 nm
(Fig. 5(b)), peaks may arise from the direct excitation of
the Eu®" ground state into higher levels in the 4f° configu-
ration, which can be assigned to "Fo—"Dy (361 nm),
"Fy—>G, (381 nm), "Fy—"Ls (396 nm), 'Fy—"D5 (416 nm),
respectively®' %, In the emission spectra upon excitation
at 395 nm, the characteristic transition lines of Eu®" could
be detected (Fig. 5(a)). The response from the Eu’*ions in
the powder corresponded to the typical >Dy—F, emissions
and the four main characteristic peaks from SD—"F,
(590 nm), *Dy—F, (613 nm), *Dy—'F; (649 nm), and
°Dy—'F; (693 nm) were predominant in the emission
spectra.

In the crystal structure of apatite (space group P63/m),
it permitted a wide range of cation and anion substitutions
which would be introduced in the process of preparation.
In particular two Ca”" positions had distinct steorochemis-
try; the first type of site Ca(I) was of C; symmetry sur-
rounded by nine oxygen atoms and the second type of site
Ca(II) was of C; symmetry surrounded by six oxygen ions
and one OH™ ion®*!. Previous studies have shown that the
Eu’" ions predominantly occupied the Ca(Il) site, and Eu®"
located in the Ca(I) position would completely migrated to
Ca(Il) position as the sample was thermally heated. In our
experiment, the reaction temperature was 100°C and the
Eu®’ ions substituted Ca®" through an ion-exchange proc-
ess. And from our PL emission spectra, it can be seen that
the Eu’" ions located at the Ca(II) site with a higher local
symmetry indicated by the relative intensity of the
*Dy—F; (590 nm) and *Dy—'F, (613 nm) transitions®*.
What’s more, the PL luminescence results would also indicate
the ions-doped HAPMs with a high crystallinity (Fig. 3(c)).

(a)

5d SIS E e

2.5 Cytotoxicity

Mitochondrial redox activity of the preosteoblast
MC3T3-El cells in the extracts of Eu-HApMs was evalu-
ated by reduction of MTT to formazan by mitochondrial
succinate dehydrogenase which played a vital role in both
oxidative phosphorylation and the tricarboxylic acid cycle.
The higher the concentration of formazan was, the more
active the MC3T3-E1 cells proliferated. Fig. 6(a) showed
the MC3T3-E1 cells co-cultured with the extracts of
Eu-HApMs powders for different culture times. It was
notably that the cells were not disturbed by the extracts of
Eu-HApMs powders, maintaining a healthy morphology,
good adhesion and continuous proliferation. And the MTT
values increased consecutively throughout the whole in-
cubation period of 1, 3, 5, and 7 d (Fig. 6(b)), denoting
that the cell proliferation was not affected after the
long-time of Eu-HApMs exposure. As shown in Fig. 6(b),
no significant change in cell viability was detected be-
tween the extracts of Eu-HApMs and the cell culture me-
dium (contrast) at the beginning of culture time of 1 and
3 d, and the differences between these two samples be-
came statistically significant (P<0.01) after prolonged
incubation (5 d and 7 d). However, the calculated RGR
results showed that the cytotoxicity grade was level 1
and confirmed that the Eu-HApMs powders were
non-cytotoxic (Table 2).

Table 2 Results of the cytotoxicity test

Date/d OD (x +5) RGR/% Grade
1 0.165+0.044 132.48 0
3 0.819+0.044 110.05 0
5 1.376+0.091 79.90 1
7 1.531+0.050 89.54 1
2.0

(b) % ¥
! Sample
Contrast

3 1sf
=
)
&
=+ 1.0F
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o
2
w2
2
g
£ 05
=]
oy
£
=

0.0 1 i I | L
1 3 5 &,

Time /d

Fig. 6 (a) The MC3T3-E1 cells co-cultured with the extracts of Eu-HApMs powders for different culture time;
(b) MTT results for tested Eu-HApMs for different culture time
*P<0.05, **P<0.01
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3 Conclusions

In summary, a novel carbonate assisted process was
proposed to synthesize an ellipsoidal Eu-HApMs particle
mild The
Eu-HApMs powdrs were of high crystallinity. The mor-

under reaction conditions. as-prepared

phologies of the as-prepared samples were ellipsoidal with
a diameter of about 2.5 um and a length of about 7 pm.
The Eu’ ions had no effects on the morphologies and
crystalline structure of the final products. The as-made
Eu-HApMs powders showed red luminescence under UV
irradiation and exhibited four sharp emission peaks at
’Dy—"F, (590 nm), °Dy—'F, (613 nm), Dy—'F (649 nm),
and “Dy—F,4 (693 nm) upon excitation at 395 nm. The in
vitro MTT assay results showed that the cytotoxicity grade
was level 1. In conclusion, the lack of Eu-HApMs powder’
cytotoxicity held potential uses as a novel biomaterial with

fluorescence in biomedical applications.
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