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Hydroxylapatite �HA� nanoparticles were functionalized by depositing rare-earth-doped Y2O3

nanoparticles on the surface, and the structural evolutions of both HA and Y2O3 phases at different
annealing temperatures were investigated by x-ray diffraction and transmission electron microscopy.
Laser spectroscopy indicated that the surface functionalized HA nanoparticles exhibited strong
visible emissions. No visible emissions were observed from rare-earth-doped Y2O3 without any
substrate, suggesting a doping-induced environmental change of optically active rare-earth elements
in the functionalized HA nanoparticles. The luminescent hydroxylapatite nanoparticles may find
important applications as a biodegradable substrate for biomarking and drug delivery. © 2006
American Institute of Physics. �DOI: 10.1063/1.2374687�

Nanoparticles, by design at nanometer scale, can be used
as drug-delivery vehicles that can target tumor tissues or
cells.1 Nanoparticles can also be functionalized for qualita-
tive or quantitative detection of tumor cells.1–7 In cancer di-
agnosis and treatment, specific applications often require
multifunctional nanoparticles, such as fluorescent signaling,
biolinkers, biocompatibility, and drug-carrying capability.
The design of the multipurpose nanostructure is the key to
the success of this approach. For diagnosis, the nanoparticles
must be functionalized with spectrally characteristic fluores-
cent dyes.

One of the approaches in biomarking is through target-
ing cancer cells with luminescent nanoparticles, such as
quantum dots.8–12 Compared to traditional organic fluoro-
phores, quantum dots have superior properties, including
higher quantum yield and much sharper emission spectra.
Due to these unique properties, extensive research has been
carried out on cancer diagnosis by using quantum dots.3–8

Anticancer drug-delivery systems require nanoparticles to be
porous or have “cavities,” i.e., nanospheres and nanotubes,9

which can be used for the transport of the drug.10–12 In our
previous research, carbon nanotubes and Al2O3 nanoparticles
were surface functionalized by rare-earth-doped Y2O3 that
exhibit strong visible emissions.13–15 However, in the bio-
medical applications of surface functionalized carbon nano-
tubes and quantum dots, toxicity has been a major concern as
they are not biodegradable. Standard histological tests
showed that all the carbon nanotubes made their way into the
alveoli of mice, resulting in severe ill effects.16,17 Therefore,
searching for biodegradable biomarkers and drug-delivery

vehicles at the nanoscale is of fundamental importance in
biomedical applications of nanotechnology.

In the calcium phosphate system, hydroxylapatite �HA�
�Ca10�PO4�6�OH�2� exhibits superb biological stability and
affinity.18,19 HA has been routinely used in orthopedic sur-
gery in both powder and bulk forms.19 Due to their biode-
gradable nature, HA nanoparticles may serve as an ideal can-
didate for both cancer diagnosis and drug delivery. The
critical issues in applying HA as a substrate involve both
biomarking and drug-carrying capabilities. It has been found
that the HA particle surface is porous that it can be used for
drug storage.20–22 However, there has been no report on the
optical characteristics of HA. In this study, hydroxylapatite
�HA� nanoparticles were surface functionalized by deposit-
ing optically active rare-earth-doped nanophosphors, i.e.,
Y2O3:Eu3+ nanoparticles, leading to a strong visible lumi-
nescence. It should be noted that the Y2O3 ceramic has been
used as a substrate in orthopedic implants as a bio inner
material.23 Further, the Eu doping level is considered ex-
tremely low that it may have negligible toxic effects. We
report the experimental results of transmission electron mi-
croscopy �TEM� on the surface structures of the HA nano-
particles. The optical behaviors of the functionalized HA
nanoparticles are also presented.

Eu�NO3�3 ·6H2O and Y�COOH�3 ·H2O were used as
starting reactants, both of which were soluble in water. A
total weight of 0.035 g Eu�NO3�3 ·6H2O and 0.5 g
Y�COOH�3 ·H2O were dissolved in 40 ml de-ionized water
at room temperature. After the dispersion process was com-
plete, 0.2 g HA nanoparticles were added into the solution as
prepared. The condensation of Ca10�PO4�6�OH�2 took place
immediately, and a layer of white precipitation was seen at
the bottom of the beaker. After stabilization for 20 min witha�Electronic mail: shid@email.uc.edu
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intensive magnetic bar stirring, the liquid phase in the system
was removed by vaporization at 50 °C. In this process, HA
nanoparticles were coated with Eu3+ and Y3+ balanced with
NO3

−, COOH−. The as-prepared powders were placed in two
quartz containers and annealed in a furnace at 650 and
850 °C for 12 h, respectively. After annealing, the cooling
rate was controlled at a rate of 50 °C/h till room tempera-
ture was reached. For dehydration, both samples were held at
120 °C for 1 h. At the maximum temperature, NO3

−, COOH−

were decomposed as NOx, CO2, and H2O. The Y2O3:Eu3+

coated HA �Ca10�PO4�6�OH�2� nanoparticles were character-
ized by x-ray diffraction �XRD� with Cu K� radiation ��
=1.540 56 Å� and JEOL 2010F analytic TEM.

Figure 1�a� shows the XRD patterns of as-prepared
samples annealed at 850 °C with principal diffraction peaks
indexed by Y2O3 �Ref. 24� and Ca10�PO4�6�OH�2 �Ref. 25�.
As shown in Fig. 1�a�, the diffraction pattern shows charac-
teristic lines of the HA cubic phase combined with the Y2O3
cubic phase. As compared to the XRD patterns of the
samples annealed at 650 °C �Fig. 1�b��, the strong diffraction
peaks in Fig. 1�a� suggest that the degree of crystallization
for both phases, Y2O3 and HA, is enhanced significantly
upon thermal annealing at higher temperatures. The TEM
samples were prepared by dispersing nanoparticles directly
on holy-carbon films supported with Cu grids. Figure 2�a�
shows a bright-field TEM image of HA nanoparticles an-
nealed at 850 °C. As can be seen in this figure, the HA
nanoparticles agglomerate to form large size clusters, and the
selected area diffraction patterns from HA nanoparticle clus-
ters �inset in Fig. 2�a�� can be indexed by structural data of

the HA cubic phase. Small nanoparticles showing dark con-
trast were observed to be randomly distributed on the sub-
strate of HA nanoparticle clusters. Energy dispersive spec-
troscopy measurements were performed by focusing the
nanosize electron probe on the HA substrate and dark par-
ticles �Fig. 2�b��. Strong signals of Eu and Y were observed
in the energy dispersive spectroscopy �EDS� spectrum ac-
quired from the dark particles, while no Eu signal and only
weak peaks of Y were observed in the spectrum acquired
from the HA nanoparticles. These results clearly indicated
that these are essentially Eu-doped Y2O3 nanoparticles
coated on the surface of HA nanoparticles. Significant Ca
and P peaks observed in the spectrum from the dark particles
can be attributed to the contribution from the hydroxylapatite
substrate. A high resolution TEM image �Fig. 3� shows the
nanocrystalline feature of HA particles with random orienta-
tions, consistent with the polycrystalline ring patterns in the
selected area electron diffraction pattern �inset in Fig. 2�a��.
The lattice image �inset in Fig. 3� of a nanoparticle absorbed
on the surface of HA nanoparticle clusters can be indexed as
a cubic Y2O3 phase with �011� orientation, consistent with
the EDS measurements. These results suggest that small
nanoparticles of Eu-doped Y2O3 are either randomly embed-
ded within or attached on the surface of the HA substrate.

Figure 4 shows the emission spectra of the Y2O3:Eu3+

coated HA particles. Apulsed laser at 355 nm was used to
pump Eu3+ into the excited states above the metastable lumi-
nescent state 5D0. Strong fluorescences due to Eu3+ transi-

FIG. 1. X-ray diffraction pattern of Y2O3:Eu3+ coated HA particles.
Samples are annealed at �a� 850 °C and �b� 650 °C. Principal diffraction
peaks of the Y2O3 �X1� and Ca10�PO4�6�OH�2 �X2� are shown �Refs. 24 and
25�.

FIG. 2. Bright-field TEM image showing the typical morphology of
Y2O3:Eu3+ coated HA particles heated at 850 °C, and the inset is the se-
lected area electron diffraction pattern from the HA substrate. �b� EDS spec-
tra acquired from the HA nanoparticle substrate and Eu–Y2O3

nanoparticles.

FIG. 3. High resolution TEM image showing the crystalline feature of HA
nanoparticles heated at 850 °C. The lattice image �inset in Fig. 3� of a
nanoparticle showing dark contrast can be indexed by the structural data of
the cubic Y2O3 phase.
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tions of 5D0→ 7F0, 7F1, and 7F2 in the range of 570–640 nm
were observed. The observed Eu3+ luminescence appears
greener than the emission from most other Eu3+ phosphors.
As shown in Fig. 4, this effect is due to the enhancement of
the 5D0→ 7F0 line centered at 574 nm. A strong 5D0→ 7F0
line is, however, not typically observed from Eu3+-doped
into crystal phases of Y2O3. At a normal crystalline lattice,
the fluorescence line of the 5D0→ 7F0 transition is always
much weaker than that of the hypersensitive 5D0→ 7F2
transition.26 This is consistent with the luminescence spectra
we reported previously for Eu-doped Y2O3 coated on carbon
nanotubes14 and on the surface of nanocrystals of alumina
�Al2O3�,15 in which the emission intensity of the 5D0→ 7F0
transition is always weaker than that of 5D0→ 7F1,2
transitions.

In case the local environment of Eu3+ is perturbed either
by an impurity ion such as O2− or by a structural distortion,
the cross section of the 5D0→ 7F0 transition may be signifi-
cantly enhanced.27 Therefore, the enhanced 5D0→ 7F0 tran-
sition suggests changes of the local environment of Eu3.
Such changes could either be by structural distortion of Y2O3
as deposited on the surface of the nanoscale HA particles or
by diffusion of ions across the interphase of the coated
Eu3+–Y2O3 and the HA nanoparticles. Annealing of nano-
particles coated with a layer of material with a different com-
position could facilitate atom diffusion and conversion of the
coated material into a phase with composition and structure
different from those of the original core and shell
nanoparticles.13 Further investigation on the optical mecha-
nisms is currently underway.

Nanoparticles such as HA particles employed in this
study generally have high vapor pressures at elevated tem-
peratures. Their surface structures can be easily damaged via
chemical decomposition and etching in the surrounding at-
mosphere. Furthermore, due to self-balanced vapor pressure
in the system, the reactants must decompose and precipitate
on the surface of relatively large HA particles during heating.
This is an important step to ensure that the rare-earth-doped
Y2O3 particles will not aggregate together but uniformly de-
posit on the HA particle surfaces. Thus, during the annealing,
control of decomposition of reactants, precipitation, and dis-
persion of Eu-doped Y2O3 particles are the critical processes.
Since the solubility of Ca10�PO4�6�OH�2 �calcium hydroxy-
lapatite� in water is low, water can be used as an ideal dis-

persion phase for uniformly mixing reactants with the HA
nanoparticles on the molecular level.

In summary, Eu3+-doped Y2O3 nanoparticles have been
deposited onto the surface of HA nanoparticles for function-
alizing biodegradable substrates for biomarker and drug de-
livery. The microstructure of rare-earth nanophosphors-HA
composites and their optical properties can be controlled by
varying the annealing temperature. The Eu3+-doped Y2O3 on
HA exhibits luminescent emission in the visible light range,
and the phosphors were associated with doped HA nanopar-
ticles via Y2O3 as the medium.
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