Journal of
the Serbian
Chemical Society

Py 00011yl & JSCS-info@shd.org.rs » www.shd.org rs/JSCS
J. Serb. Chem. Soc. 81 (4) 433-446 (2016) UDC 66.017.000.57:543.424.2:535.37+
JSCS-4858 549.753.1-36

Original Scientific paper

Cerium-doped hydroxyapatite nanoparticles synthesized by the
co-precipitation method

CARMEN STELUTA CIOBANU!2, CRISTINA LIANA POPA! and DANIELA PREDOI!*

! National Institute of Materials Physics, P. O. Box MG 07, 07725, Magurele, Romania and
2University Politehnica of Bucharest, Faculty of Applied Chemistry and Materials Science,
Department of Science and Engineering of Oxide Materials and Nanomaterials,

1-7 Polizu Street, P. O. Box 12—134, 011061 Bucharest, Romania

(Received 24 August, revised 20 December, accepted 25 December 2015)

Abstract: The present work reports a simple adapted co-precipitation method
for the synthesis of stable Ce-substituted Ca hydroxyapatite (HAp) nano-
particles. The structural and morphological properties of the Ce-doped hydro-
xyapatite (Ce:HAp) were characterized by X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDAX). The optical properties of the Ce-
doped hydroxyapatite were also investigated using Fourier transform infrared
(FTIR) spectroscopy, Fourier transform Raman spectroscopy and photolumine-
scence analysis. The results of the XRD studies revealed the progressive inc-
rease in the a- and c-axes with increasing Ce concentration. In the FTIR studies
of Ce:HAp powders, a structure similar to that of hydroxyapatite was observed.
The IR and Raman wavenumbers and the peak strengths of the bands asso-
ciated with the P-O and O-H bonds decreased progressively with increasing
Ce concentration. All the emission maxima could be attributed to 5d—4f tran-
sitions of the Ce ions. The displacements of the maximum emission bands with
increasing Cerium in the samples were in agreement with the results obtained
by XRD studies. The Ce:HAp samples with xc, = 0.03 and 0.05 exhibited
significant antibacterial activity against Staphylococcus aureus and Escherichia
coli bacterial strains compared to Ce:HAp samples with x¢. = 0 (pure HAp)
and 0.01.

Keywords: biomaterials; FTIR; FT Raman; photoluminescence; Staphylococ-
cus aureus; Escherichia coli.

INTRODUCTION

Hydroxyapatite is one of the most studied biomaterial with the chemical for-
mula Cajg(PO4)(OH);,, (HAp) and represents the principal inorganic component
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of bones and teeth. Its excellent biological properties (biocompatibility, osteo-
conductivity, inductivity, etc.) have made HAp a suitable material for the bio-
medical field.]-© Recent studies demonstrated that the structure of apatite allows
a large number of substitutions.”~2 These substitutions modify the physical, che-
mical and biological properties of HAp. Moreover, the crystallinity, solubility
and thermal stability are also influenced by the substitution of Ca with different
ions (Eu, Ag, Sm, Zn, Cu, efc.). The substitution of Ca with Ce is also possible
because their radius and electronegativity are very similar.

Studies conducted by Doat er al. showed that lanthanide-doped hydroxy-
apatite (e.g., europium-doped hydroxyapatite) nanoparticles could be used as bio-
active fluorescent carriers of biological molecules and drugs.10-12

It is well known that the morphology, structure and physicochemical pro-
perties of HAp powders depend on the synthesis method. Thus, various tech-
niques are used to synthesize hydroxyapatite nanopowders, such as precipitation,
sol—gel, solid-state reactions, pyrolysis, microwave synthesis, a mechanochem-
ical route.13-16

It was found that cerium (Ce) can act similarly to calcium in the human body
and accumulate in bones. According to these results, cerium-doped hydroxy-
apatite could improve/stimulate metabolism.!7-18 On the other hand, cerium ions
also have antimicrobial activity and unique regenerative properties. Moreover,
recent studies showed that the use of cerium in dentistry may help prevent
cavities.19:20 These biological properties make cerium suitable for applications in
the biomedical field.2!

A large number of studies were also conducted in order to discover new
biomaterials with improved biological and physicochemical properties (espe-
cially antibacterial and luminescent) in order to be successfully used in the bio-
medical field.

As Ce cations possess luminescent properties (under UV excitation22:23) and
antimicrobial activity, their incorporation in the structure of HAp could lead to a
biomaterial being obtained with promising applications in medicine (for imaging,
drug delivery, etc.).24

The present structural, morphological and optical studies were conducted on
Cajg_Ce(PO4)s(OH), (Ce:Hap) synthesized by the co-precipitation method.
Small concentrations of cerium (xce = 0.01, 0.03 and 0.05) were incorporated in
the hydroxyapatite structure in order to demonstrate that Ca was replaced by Ce
in the apatite lattice. The structural changes to the apatite lattice after Ca sub-
stitution by Ce at small concentrations is described herein for the first time. All
Ce:HAp samples were characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), scanning electron microscopy (SEM), energy dis-
persive X-ray analysis (EDAX), Fourier transform infrared (FTIR) spectroscopy,
FT Raman spectroscopy and photoluminescence analysis. This study proposes
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various complementary characterization techniques for a general understanding
of what occurs in the apatite lattice when Ca is replaced by Ce.

The aim of this work was also to study the influence of cerium on the
physicochemical, photoluminescent and antimicrobial properties of hydroxy-
apatite doped with small concentrations of cerium.

In addition, the results obtained in this study could be of importance for
future studies concerning the influence of rare earths on various ceramic mat-
erials.

EXPERIMENTAL
Powders preparation

In this work, Ce-doped Ca;y(PO4)¢(OH), powders, (Ca;(Ce(PO4)s(OH),; Ce:HAp)
with different concentrations of cerium (xc, = 0.01, 0.03 and 0.05) were synthesized by the
co-precipitation method. In order to obtain Ce:HAp powders, appropriate amounts of cerium
nitrate hexahydrate Ce(NO3);'6H,0 (99.999 %, Sigma—Aldrich) and calcium nitrate tetra-
hydrate Ca(NO3),"4H,O (99.999 %, Sigma—Aldrich) were dissolved in deionised water,
resulting 350 mL of solution (solution 1). In a separate beaker, an appropriate amount of
(NHy4),HPO,4 ( >98 %, Sigma—Aldrich) was dissolved in deionised water, resulting 350 mL of
solution (solution 2). Both solutions were obtained under vigorous stirring (300 rpm, 150 °C,
1 h) on a magnetic stirrer (Velp Scientifica). Solution 2 was dropped into solution 1 under
vigorous stirring (300 rpm) at 100 °C. The pH of the mixture was adjusted to 10 by the
addition of NH4OH. The resulting precipitate was washed several times with deionised water
and then filtered. The powder was dried at 100 °C for 48 h in an air oven.

Powders characterization

The powders were investigated by X-ray diffraction using a Bruker D8 Advance
diffractometer, with nickel filtered CuK,, (1 = 1.5418 A) radiation and a high efficiency one-
dimensional detector (Lynx Eye type) operated in the integration mode. The diffraction pat-
terns were collected in the 26 range 20—-60°, with a step of 0.02° and 34 s measuring time per
step. Insightful analyses of the Ce:HAp structures were performed by Rietveld refinement
analysis using the MAUD code.252% Transmission electron microscopy (TEM) studies were
realised using a JEOL 200 CX instrument. Scanning electron microscopy (SEM) measure-
ments were performed using a Quanta Inspect F microscope from the FEI Company, equipped
with an energy-dispersive X-ray spectrometer (EDAX). The FTIR studies of the powders
were performed on a Spectrum BX Spectrometer using the KBr pellet technique. The spectra
were registered in the spectral region 400-4000 cm™! with a resolution 4 cm™! and 128 scans.
An FT Raman Bruker RFS 100 spectrophotometer was used in order to obtain complementary
information about optical properties of the Ce:HAp powders. The powders were excited using
a laser wavelength of 1064 nm. The spectra were recorded with a resolution of 4 cm™! and 100
scans. The fluorescence emission spectra were obtained on a HORIBA Scientific Fluorolog-3
spectrofluorometer (model FL3-2iHR320 with Hamamatsu R-928 PMT).

Antibacterial tests

The antibacterial activity of Ce:HAp samples were investigated against Gram-positive
and Gram-negative bacterial strains, i.e., Staphylococcus aureus ATCC 6538 and Escherichia
coli 714. The antibacterial activity was assessed using the standardized Kirby—Bauer disc
diffusion method.?” The S. aureus ATCC 6538 and E. coli 714 bacterial strains were acquired
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from American Type Culture Collection. The Ce:HAp samples were inoculated on Mueller—
Hinton agar plates followed by incubation at 37 °C for 24 h. To evaluate the antibacterial
activity of the Ce:HAp samples, the inhibition areas were examined. The total diameter (in
mm) of the inhibition zone was measured for each sample. The survival rates of the S. aureus
and E. coli bacterial strains were evaluated after they had been exposed to the Ce:HAp and
pure HAp (as reference) bioceramic powders. The tests for all Ce:HAp samples were per-
formed in triplicate.

RESULTS AND DISCUSSIONS

The X-ray diffraction patterns of cerium doped hydroxyapatite,
Cajg_Ce(PO4)6(OH),, with different concentrations of cerium (xce = 0.01, 0.03
and 0.05) are depicted in Fig. 1A. The broad peaks in the X-ray diffraction
patterns assigned to the characteristic (002), (210), (211), (300), (202), (310),
(222), (123) and (004) planes of Cajg_Ce(PO4)s(OH), were in accordance with
the expected patterns for crystalline hydroxyapatite with a hexagonal structure
(JCPDS No. 9-432). Separate phases for cerium oxide or other impurity phases
were not observed in these diffraction patterns. Nevertheless, when some Ca sites
were replaced by Ce, there was some distortion of the lattice cell parameters. For
the peaks registered at lower degrees, a slight shift was observed. This behaviour
seems to be the effect of substitutions that change the crystal structure (Fig. 1B),
which according to Lim et al?8 suggests a significant incorporation of the
dopants into the apatite lattice.
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Fig. 1. A) X-ray diffraction patterns of Ce:HAp with xc. = 0.01, 0.03 and 0.05; B) comparison
of the X-ray diffraction patterns for Ce:HAp with xc, = 0.01, 0.03 and 0.05.
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The crystallite sizes of all the Ce:HAp samples decreased with increasing Ce
concentration in the samples (Table I). In this study, both the a- and c-axes
increased with increasing Ce substitution (Table I). This result is logical because
the ionic radius of Ce (0.107 nm) is greater than that of Ca (0.100 nm) and pack-
aging of the larger size atoms has the tendency to distort the lattice para-
meters.29-32
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These results obtained from XRD studies demonstrate that the Ce:HAp pow-
ders synthesised by the adapted co-precipitation method revealed the charac-
teristic structure of hydroxyapatite with good crystal structure without the pre-
sence of any new phase or impurity.

TABLE I. Lattice cell parameters and the crystallite sizes of Ca;(_,Ce (PO4)s(OH), obtained

from Rietveld refinement

XCe

Cell parameters

Crystallite size, nm

a/nm c/nm
(JCPDS 9-432) 0.9418 0.6884 -
0.01 0.9420+0.0001 0.6886+0.0001 25.45+0.1
0.03 0.9424+0.0002 0.6889+0.0003 22.86+0.1
0.05 0.9436+0.0002 0.6895+0.0004 18.95+0.1

In order to examine the microstructure and elemental composition of Ce:HAp
powders, scanning electron microscopy studies were performed. The SEM images
and EDAX spectra of the Ce:HAp samples are presented in Fig. 2. From the
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Fig. 2. SEM images and EDAX spectra of Ce:HAp powders (xc. = 0.01 (A),
0.03 (B) and 0.05 (C)).
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SEM images, it could be observed that the increase in the Ce concentration
slightly influenced the morphology of the samples. However, the ellipsoidal
shape of the nanoparticles was preserved in all the samples. The SEM micro-
graphs confirmed the nanometric dimensions of the particles but also their ten-

dency to agglomerate. This tendency to agglomerate is due most probably to the
nanometric dimensions of the particles.

Ce:HAP (xco = 0.05)
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Fig. 3. TEM images and size distribution of Ce:HAp samples (xc. = 0.01 (A),
0.03 (B) and 0.05 (C)).
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The EDAX spectra (Fig. 2b) of the studied powders confirmed the presence
of all constituent elements of the Ce:HAp powders: Ce, Ca, P and O. In the tables
inserted in the EDAX spectra, the calculated atomic ratios of the constituent
elements for each powder are presented. These results suggest that cerium ions
were incorporated in the hydroxyapatite structure. Moreover, these studies con-
firmed the increase of the Ce concentrations in the samples.

The TEM images of the synthesized samples are presented in Fig. 3 (left).
The TEM images clearly demonstrated the morphologies of Ce:HAp nanopar-
ticles. The grain size of the Ce:HAp samples determined from TEM images are
in full agreement with the results from the XRD studies. The mean particle size
was determined from TEM images after counting approximately 500 nanopar-
ticles Fig. 3 (right). Therefore, the average particle size obtained for Ce:HAp
with xce = 0.01 was 26.5+£0.5 nm, for the Ce:HAp powder with xce = 0.03, it was
23+0.1 nm and for Ce:HAp with xce = 0.05, it was 19.5+0.1 nm.

In the FTIR spectra of cerium doped hydroxyapatite (Fig. 4), characteristic
vibrational bands related to phosphate, hydroxyl and adsorbed water were pre-
sent. Moreover, an additional band attributed to the carbonate group (1269 cm1)
was also presented.
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Fig. 4. FTIR spectra of the cerium-doped hydroxyapatite powders.

The vibrational bands from the region 31003460 cm~! were attributed to
adsorbed water. The bands at 3577 and 631 cm~! were assigned to the stretching
and vibrational mode of the hydroxyl group (OH-).33-35 The presence of the

Available on line at www.shd.org.rs/JSCS/

(CC) 2016 SCS. All rights reserved.



440 CIOBANU, POPA and PREDOI

bands at 566, 603 (assigned to the v4 bending mode of PO43~ groups) and 631
cm! indicate the formation of a well crystallized powder.

The phosphate vy stretching mode band was present at 960 cm™! and the
PO43~ v3 stretching mode band at 1094 and 1037 cm~!. Furthermore, the band at
470 cm~! was assigned to the v, bending mode band of the PO43~ group. In
addition, the IR wavenumber and the peak strength of the P-O and O-H bonds
decreased progressively with increasing Ce concentration.

Complementary information to those obtained by FTIR spectroscopy was
obtained by Raman spectroscopy. The main vibrational bands observed in the
Raman spectra (Fig. 5) were attributed to the stretching (v3 and v1) and bending
(v4) modes of the phosphate group from the HAp structure. The bands from 594
and 610 cm~! were assigned to the v4 bending mode of the PO43~ group. On the
other hand, the phosphate v| stretching mode band appeared at 965 cm~! and
another stretching mode (v3) was observed at 1053 cm™!.
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Fig. 5. Raman spectra of cerium-doped hydroxyapatite powders.

In the Raman spectra we could also observe that the intensity of the vib-
rational bands decreased with the increase of Cerium concentration in the pow-
ders. This behaviour is due to the substitution of Ca ions with larger ions (Ce) in
the HAp lattice which leads to a decrease of bonding strength of P—0.23 These
results obtained by Raman spectroscopy are in good agreement with the inform-
ation derived from the FTIR studies presented above. On the other hand, the
results obtained by FTIR and Raman spectroscopy confirmed the XRD analysis.

The emission spectra of Ce:HAp samples with xce = 0.01; 0.03 and 0.05 are
presented in Fig. 6. Under an excitation of 250 nm, the spectrum had a maximum
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at around 390 nm and a shoulder at about 350 nm that covered the wavelength
range from 330 to 430 nm.

25
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515
<
1.0
0.5
0.0 | ! . . . ,  Fig. 6. Emission spectra of Ce:HAp
320 340 360 380 400 420 440 powders (xc. = 0.01, 0.03 and

Wavelength, nm 005), Aexc =250 nm.

As the spectra were asymmetric, they were deconvoluted into four Gaussian
peaks with maxima at around 390, 375, 357 and 347 nm (Fig. 7). All these
emission maxima could be attributed to 5d—4f transitions of the Ce ions.
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Fig. 7. Deconvolution of the emission spectra of Ce:HAp powders
(xce =0.01; 0.03 and 0.05); Aeye = 250 nm.
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In the structure of HAp two types of Ca site (positions) are present: Ca (I)
and Ca (II). Here, the emission maximum around 360 nm is attributed to Ce ion
which substituted the Ca(I) position in the hydroxyapatite structure.3¢ In addi-
tion, the emission band at around 390 nm occurred due to Ce ion that substituted
the Ca(Il) position. The results reported in this paper are in good agreement with
data reported in the literature.3¢ Furthermore, it is obvious that the intensity of
the emissions bands increased with increasing cerium concentrations in the
samples. Furthermore, the maximum emission bands were displaced with inc-
reasing cerium in the samples. These results are in agreement with the results
obtained by XRD studies.

The antimicrobial activity of the cerium substituted hydroxyapatite against
E. coli 714 and S. aureus ATCC 6538 bacteria was studied after 24 h incubation
(Figs. 8 and 9, respectively). The antimicrobial activity of the cerium-substituted
hydroxyapatite was compared with that of pure hydroxyapatite (xce = 0), which
was considered as the reference. According to a previous study,3” pure HAp did
not exhibit any antibacterial effect against E. coli 714 and S. aureus ATCC 6538.
The results of this study suggest that the survival rate of E. coli 714 bacterial
strain decreased with increasing concentration of Ce in the hydroxyapatite.
Moreover, for xce = 0.05, the antibacterial effect against E. coli 714 was sig-
nificant (*p < 0.05, compared to pure HAp).

100

,_.
[} [l
S S
| |
1

(o))
[}
|
I

29.87

16.35
’ #

X=0 X=0.01 x=0.03 x=0.05

N
[}
|
I

Survival rate (%)
[\
(=

Fig. 8. The survival rate of E. coli 714 in dependence on the concentration of Ce in the
analyzed samples; *p < 0.05.

The survival rate of S. aureus in dependence on the concentration of
Ce in the analyzed samples is presented in Fig. 9. The survival rate of the
S. aureus ATCC 6538 bacterial strain decreased with increasing
concentration of Ce in the hydroxyapatite. However, the survival rate of S.
aureus ATCC 6538 was still around 10 % when xc. = 0.05. To demon-
strate that the antimicrobial effect of Ce:HAp was greater against Gram-
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-negative bacteria than Gram-positive bacteria, future studies on the effect
against several strains of Gram-positive and Gram-negative are required.
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Fig. 9. The survival rate of S. aureus ATCC 6538 in dependence on the concentration of Ce in
the analyzed samples.

The results of this research demonstrated that cerium-doped hydroxyapatite
may be prepared by the co-precipitation method at low temperatures. Ce3* can
enter into the HAp structure by substituting calcium ions. After substituting Ca2"
in hydroxyapatite structure, the crystallite sizes of Ce:HAp decreased with inc-
reasing cerium concentration. According to previous studies,38 the crystallinity
decreased gradually with increasing cerium concentration in the Ce:HAp samples.
Many studies have been focused on the synthesis of various materials based on
rare earth elements with antimicrobial activity and their applications in different
biological fields was highlighted.3?

The antimicrobial activity of the cerium-substituted hydroxyapatite with low
concentrations of cerium was compared to that of pure HAp. The antimicrobial
activities of pure HAp against E. coli 714 and S. aureus ATCC 6538 were com-
parable with previous results.®-% On the other hand, the present study demon-
strated that the antimicrobial activities of hydroxyapatite doped with low concen-
trations of cerium against E. coli 714 and S. aureus ATCC 6538 were more pro-
nounced than those reported in previous studies for copper-doped hydroxy-
apatite.*0 In addition, the present study also showed that the antimicrobial acti-
vity of cerium-substituted hydroxyapatite was more pronounced than the antimic-
robial activity of both unsubstituted hydroxyapatite and fluorapatite.#1-#2 This
result could be explained by the interaction of cerium ions present in the hydro-
xyapatite structure with the cell membrane that could lead to structural damage
and death of the cells.*3-44 This research demonstrated that cerium is a good
candidate that could impart excellent antibacterial activity on HAp.
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CONCLUSIONS

In this article, the synthesis of hydroxyapatite doped with small concen-
tration of cerium is reported. The lattice parameters showed that Ce substituted
Ca in the apatite structure. The crystal size decreased with increasing concen-
tration of Ce. The results obtained in the XRD studies demonstrated that the
Ce:HAp powders synthesized by an adapted co-precipitation method gave hydro-
xyapatite with a good crystalline structure without any new phases or impurities.
The nanometric dimensions of the particles were confirmed by SEM and TEM
micrographs. Raman and FTIR studies confirmed the initial results obtained by
XRD investigations. The deconvolution of the emission spectra of all Ce:HAp
samples revealed four peaks that could be attributed to 5d—4f transitions of the
Ce ions. This research demonstrated that cerium is a good candidate that can
provide HAp an excellent antibacterial activity. In conclusion, the results pre-
sented in this paper encourage further studies and research on the antimicrobial
properties of cerium-doped hydroxyapatite aimed at possible applications as an
antimicrobial agent.
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U3BOJ
HEPHUJYMOM JOITMPAHE HAHOUYECTHULE XUIPOKCHAITATUTA CHHTETUCAHE
METOJOM KOIMPEUUIIMTALIUIE

CARMEN STELUTA CIOBANU'? CRISTINA LIANA POPA' u DANIELA PREDOI"

'National Institute of Materials Physics, P.O. Box MG 07, 07725, Magurele, Romania u *University
Politehnica of Bucharest, Faculty of Applied Chemistry and Materials Science, Department of Science and
Engineering of Oxide Materials and Nanomaterials, 1—7 Polizu Street, P.O. Box 12—134,
011061 Bucharest, Romania

Y pany je nmpukasaH jefHOCTaBHU MOJU(MUKOBAHU KONPELUNUTAIIMOHN NOCTyNaK 3a CHH-
Te3y crabunHux Ce-ponupaHux HaHodecthna Ca-xuppokcuanatuta (HAp). CTpykTypHa U
Mopdosonka CBOjcTBAa CHHTeTHCAaHMX npaxoBa Ce:HAp cy ucnuTHBaHa NMPUMEHOM pEHJ-
reicke pudpakuvoHe aHanuse (XRD), TpaHCMHCHOHE eneKkTpoHcke mukpockonuje (TEM),
ckeHupajyhe enekrpoHcke Mukpockonuje (SEM) u eHepreTcke fUCTIEp3UBHE CIIEKTPOCKOIIHje
(EDS). OnTtnuka cBojctBa Ce-monmupapaHHMX XHAPOKCHANaTUTa Cy HWCIHTHBAaHA NMPHUMEHOM
uH(ppanpseHe crnexkTtpockomndje ca dypujeoBum TpaHcopmauujama (FTIR), Paman cmex-
Tpockonuje ca PypujeoBumM TpaHchopMaurjama U POTOTyMUHUCLIEHTHOM aHanu3oM. Pesyi-
taTh XRD aHanuse cy mokasaau fa [j0lasd O KOHTUHYalIHOT NoBehawa d M ¢ napamerapa
jenunnune henuje ca nosehameM koHueHTpauuje uepujyma. FTIR ananusa npaxosa Ce:HAp
je mokasana CIMYHy CTPYKTypy modujeHmx npaxosa. IR m Paman TanmacHu OpojesH, kao u
WHTEH3UTETH Tpaka Kkoje oxrosapajy sesama P—-O u O—H omnazajy kKoHTHHYyanHO ca nosehamem
koHueHTpanuje Ce. CBU eMHUCHOHH MakCUMyMu Mory ce mpumucatd 5d—4f mpenasy Ce-joHa.
[Tomepame eMHCHOHUX MaKCUMyMa ca noBehameM KOHLEHTpalyje Liepujyma y y30pLumMa je y
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cartacHoctd ca pesynratuma XRD ananuse. Ce:HAp ysopuu ca xce = 0,03 u 0,05 moxasyjy
3HauajHO Behy aHTUDaKTepHjCcKy aKTUBHOCT mpema OakTepHjcKUM Bpctama Staphylococcus
aureus ATCC 6538 u Escherichia coli 714 y ogHocy Ha y3opak Ce:HAp ca xce = 0 (uuct HAp) u
XCce = 0,0'1.
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