View metadata, citation and similar papers at core.ac.uk

Hindawi Publishing Corporation
Journal of Nanomaterials

Volume 2015, Article ID 705390, 6 pages
http://dx.doi.org/10.1155/2015/705390

Review Article

brought to you by .{ CORE

provided by Crossref

Hindawi

Rare Earth Doped Apatite Nanomaterials

for Biological Application

Thalagalage Shalika Harshani Perera,"” Yingchao Han," Xiaofei Lu,' Xinyu Wang,'

Honglian Dai,' and Shipu Li"?

! Biomedical Materials and Engineering Center, Wuhan University of Technology, Wuhan 430070, China
? Faculty of Applied Sciences, Sabaragamuwa University of Sri Lanka, 70140 Belihuloya, Sri Lanka
3 State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, 122 Luoshi Road, Wuhan 430070, China

Correspondence should be addressed to Yingchao Han; hanyingchao@whut.edu.cn

Received 3 July 2014; Accepted 2 October 2014

Academic Editor: Daniela Predoi

Copyright © 2015 Thalagalage Shalika Harshani Perera et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.

In most biological analyses, a sensitive detection technique is primarily dependent on the fluorescence labeling agent. New
generation of fluorophores called rare earth doped apatite nanoparticle (REAnp) has the ability to emit near infrared radiations
which are of low absorptivity by tissue chromophores and especially suitable for biological system imaging. Moreover, bioapatite
is demonstrated to be an excellent candidate for biomedical applications because of its biocompatibility, biodegradability, and
bioactivity. During recent years a lot of efforts have been made for achievement of REAnp for medical diagnostics and targeted
therapeutics applications. In this review, we discuss the significance of REAnps in biological systems, different root of synthesis,
and biological applications. Also we discuss the future studies for the effective biological applications of REAnps.

1. Introduction

The apatite group is a group of similar isomorphous hexag-
onal minerals and can be commonly found in nature as
both geological materials and biominerals in calcified tissues.
Apatite generally has the formula M, (TO,)sX,, with a
hexagonal symmetry (space group P6;/m), where M is a large
divalent cation (Ca**, Sr**, Pb**, etc.), TO, is a trivalent
anionic group (PO, $i0,*”, VO, etc.), and X is usually
a monovalent anion (F~, OH", etc.) [1]. As a mineral, apatite
is mainly used as a phosphorus source for the manufacture
of fertilizers, for fluoridating water, and a protective coat on
metals to prevent rust and used to remove radioactive as well
as metallic contaminants from waste water and polluted soil
[2, 3]. The last decade has in particular witnessed the birth
or evaluation of numerous biomaterials based on apatite.
With the progress of nanotechnology, the decrease of particle
size of apatite host can result in important modification of
their properties which are significantly different from those
of microsized hosts because of quantum confinement effect

and surface effect of nanometer materials. Apatite nanopar-
ticles (Anps) demonstrate favorable biodegradability and
biocompatibility, affinity to biopolymers, and high osteogenic
and low toxicity [4]. Therefore this bioapatite has been
extensively used in biomedical field for hard tissue repair and
replacement, drug/gene delivery, and tumor treatments [5-
9]. Nanodimension allows the prolonged circulation in the
blood stream escaping the capture from macrophages and the
accumulation at the tumor site by “passive targeting” through
the enhanced permeability and retention effect as nanocarrier
[10]. Moreover it shows high stability in normal cellular pH
environment but degradable at acidic environment specially
in tumor region which allows drug release [6, 7]. Another
very important characteristic of nanosized bioapatite is its
structural capacity to accept many ionic substitutions such
as lanthanide ions as luminescent centers for offering an
environment to sensitize the fluorescence of the dopant ions
(11, 12].

The labeling or staining, especially the fluorescent label-
ing, has been demonstrated as an indispensable tool in the
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study of complex biological interaction. Traditional fluores-
cence cell labeling procedures in cell biology were mainly
based on organic dyes, fluorescent proteins, and lanthanide
chelates, which were prone to problems such as short lifetime,
broad spectrum profiles, poor photochemical stability and
photobleaching thresholds, potential toxicity to the cells, and
simultaneous detection of multiple signals [13]. Therefore
last few decades a lot of investigations have been conducted
to find novel biological luminescent labeling methods for
medical diagnostics and targeted therapeutics applications.
In this context, use of quantum dots for cell labeling achieves
much more attentions [14]. However, the photoblinking and
high cytotoxicity limited their application for cell labelling
and they require surface modification for improving bio-
compatibility [15]. Rare earth doped apatite nanoparticles
(REAnps) show several advantageous properties such as long
fluorescence lifetime, high quantum yield, sharp emission
peaks, color tuning depending on the ions doped, and
good resistance to photobleaching from environmental and
other factors [16]. Therefore REAnps are hopeful to become
excellent cell labels.

In view of the growing interest in the lanthanide ions
doped Anps for biomedical application, this review article
will discuss apatite environment for holding RE ions, different
procedures of preparation of Anp with rare earth ions, and
biological application of luminescent Anps. Currently iden-
tified challenges for use REAnps in biological environment
and perspectives of these nanoparticles are also discussed at
the end of this review.

2. The Characteristics of the Lanthanide
Doped Apatite Nanoparticles

The physical, chemical, and biological properties of apatite
are controlled by its crystal structure and composition. One of
the main characteristics of apatite is capable to be substituted
by other metal ions for calcium ions, which can endue the
new properties for apatite [17]. The elements in the lanthanide
series have gained huge attention due to their unique optical
characteristics, especially as a fluorophore in a variety of bio-
logical applications [18, 19]. Their unique optical properties
arise from electronic transitions within the 4f shell or from
4f to 5d shell [20]. These fluorophores can absorb light of a
specific wavelength and reemit a quantum of light with an
energy corresponding to the energy difference between the
excited state and the ground state [21]. The extreme stability
of lanthanides is attributed to the electronic transitions
occurring in the ions, as compared to the involvement of
chemical bonds in organic fluorophores and fluorescent
proteins. As a host material, apatite provides a crystal lattice,
which can fit the dopant ions so that the ions are held
tightly in the crystal. Recent progress in nanoscience has
enabled scientist to develop new fluorescent rare earth doped
inorganic nanomaterials as cell labels with the detectable and
stable fluorescent signal for understanding the complex and
dynamic biological interaction at the molecular level [22].
The presence of multiple metastable states in lanthanide
ions makes them good candidates for upconversion. Due to
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their unique characteristic of absorbing Near Infrared (NIR)
light and emitting in the visible region paved way for their
exploration in biological applications [23]. Upconversion is
very well suited for biological application because NIR light
does not excite any tissue components and hence there is
almost zero background autofluorescence, which is especially
advantageous in microscopic techniques. The use of NIR
light for exciting the nanoparticles also offers high tissue
penetration depth compared to Ultra Violet and visible light,
enabling high resolution in vivo imaging. The phototoxi-
city from NIR is negligible [24]. REAnps show excellent
photostability, chemical stability, and the thermal stability.
Good photostability ensures long term tracking of these
nanoparticles, which is not possible in conventional organic
fluorescent labels with very quick photobleach. They also
do not exhibit the phenomenon of “on-oft” photoblinking,
which is prevalent in quantum dots and causes the loss of
information about the process under study when it is in an
“oft” state [25]. These particles can also be turned to emit
various colors depending on the type of lanthanide dopant
ions. The commonly used lanthanide ions for doping are
Ce**, Pr’*, Nd**, sm®", Eu**, Tb’", Dy’*, Er’*, Tm?*, and
Yb* [26]. Additionally, the codoping of rare earth elements
such as Eu®* and Gd>* can enhance the NIR emission and
the luminescence intensity can be adjusted by changing the
doping element ratio. The NIR emission is of low absorptivity
by tissue chromophores and especially suitable for biological
system [27].

Other than these luminescent properties, rare earth
elements also lead to some changes about physical-chemical
properties of apatite nanoparticles. For example, the doping
of rare earth elements such as Eu’* normally caused the size
decrease in cross-section direction of needle-like hydroxya-
patite crystals and inhibited the crystallinite of apatite [1].
These changes also influence the solubility as well as the
biological properties of apatite to some extent. However, these
are not the main content in this paper. So we do not discuss
them here in detail.

3. Synthesis of REAnps

The biological properties of various Anps used in in vitro
and in vivo applications are strongly depended on their
structural characteristics [28]. Therefore, it is important to
select suitable method to synthesize Anps for application
at cellular level. There are two main approaches for the
synthesis of nanoparticles called top-down and bottom-up.
Top-down approach refers to break down of bulk materials to
get a nanosized particles. Nanosized materials build up from
the basic chemical reaction called as bottom-up approach
[29]. Most of published researches normally use bottom-up
approach to synthesize Anps for the biomedical application
due to their potential ability to load various agents, that is,
therapeutic, bioimaging, and so forth [30, 31]. According to
the literature, there are several methods reported to prepare
RE doped apatite particles for biomedical application such as
solid state synthesis method, chemical precipitation method,
and sol gel method.
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3.1. Solid State Reaction. As a simple procedure, solid state
reaction can be employed in the mass production of apatite
particles. Generally the first procedure is to mix and mill
the raw materials in solid state and then calcine the mixture
at a very high temperature of more than 1000°C. This high
calcination temperature leads to the formation of RE doped
apatite with well crystallized structure [32, 33]. However, solid
state method is not suited for preparing REAnps because
apatite particles generated from solid state method are usually
large in size and irregular in shape. The relatively large
particles are not easily internalized by living cells and cannot
be used in biological application [29].

3.2. Coprecipitation Method. Nowadays, the precise prepara-
tion of nanoscale particles with controllable sizes and well
defined morphologies remains a significantly challenging
issue [34]. As a typical solution based approach, chemical
precipitation method is identified as an effective and con-
venient way to prepare various apatite biomaterials with
tunable architectures and morphologies, attributed to its mild
reaction conditions, ease of operation, and large scale produc-
tion capabilities [35]. Moreover, reaction can be performed
at a number of synthesis ways involving diverse chemicals,
apparatus, and using auxiliary additives. Various researches
had discussed the effects of synthesis parameters such as
temperature, time, reaction concentration, calcination pro-
cedures, and use of different reagents on the morphological
properties of these nanoparticles.

The luminescent Eu* ion doped calcium hydroxyl apatite
was prepared using a precipitation reaction followed by
high calcined temperature (950°C) [36]. Although samples
showed good luminescence, due to use of high temper-
ature, the particle size of the crystals was large and not
at nanoscale level, which was unfavorable for biological
application. Subsequently, researchers focused on the effect of
temperature on the particle size and luminescence property.
Mondejar at el. obtained lanthanide doped nanoparticles
by precipitation method. They used two different reaction
temperatures of 37°C and 80°C and a calcined tempera-
ture of 1100°C. As a result of heat treatment, the thermal
diffusion of the fluorescent ions to the crystallographic
site of Ca** occurred and consequently a strong emission
was achieved. According to the fluorescence emission, the
sample calcined at 1100°C would be the most suitable one
to be used as fluorescent labels due to its strong lumines-
cence; however, the particle size of this sample is larger
than 1pm, which is not suitable for cellular uptake. In
contrast, the particle size of the samples obtained at 37°C
lies between 20 and 50 nm, but their fluorescence is weak.
Therefore the nanocrystalline samples obtained at 80°C with-
out additional heat treatment represent a good compromise
between fluorescence and biologically necessary particle size
[37].

Consequently, coprecipitation method without high tem-
perature calcination attracted more attentions for preparing
REAnps. Doat at el. synthesized europium doped Anps
at 37°C by coprecipitation in water-ethanol medium. This
apatite showed hydrogen phosphate ions rich, calcium

deficient, and poorly crystallized nanosized crystals which
were similar to the mineral component of calcified tissues
of living organisms and thus a biomimetic material [38].
Some researchers synthesized luminescent europium doped
hydroxyapatite nanocrystals by coprecipitation method fol-
lowed by a heating at temperature around 100°C [1, 11,
39]. They obtained biomimic apatitic particles with the best
economical way.

In addition, the properties such as morphology and
luminescence of REAnps can be controlled by coprecipitation
method. Ciobanu et al. prepared europium doped hydrox-
yapatite nanocrystals using simple coprecipitation method at
low temperature with different atomic ratios of Eu’* and Ca**
ions. According to their results Eu’* has been successfully
doped into hydroxy-Anps and doping Eu’* ions little influ-
ence the ellipsoidal morphology [39]. However, other studies
showed that as the Eu’" concentration was increased to
20% the emission spectrum became broaden, suggesting that
the doping inhibits the apatite crystal growth and/or causes
lattice perturbations (microstrain) [1]. At low concentration
of Eu’*, the sample showed less intense Eu’* related red
emissions at 590 nm and 616 nm, whereas, with increased
doping, the emission intensity was increased significantly
with better spectral resolution. They emphasized that more
efficient intensity was found at 700 nm in 2% and 3% of Eu’*
concentration [26]. Ternane et al. reported that Ce**" lumi-
nescence in well characterized calcium borohydroxyapatite
for different boron content and due to introduction of borate
groups causes an increase in structural disorder and a shift of
the emission bands to longer wavelengths resulting in sharp
luminescence intensity [40].

3.3. Sol Gel Method. Sol gel offers advantages of molecular
level mixing of reactants, improving the chemical homogene-
ity of the resulting powder, small crystal size ranging from
50nm to 1ym (depending on synthesis parameters), and
excellent bioresorbability [41]. However only a few studies
directly focused on the sol gel synthesis method because it
is required to calcine the dried gel to remove the harmful
component and form apatite crystals at high temperature
(18, 42].

3.4. In-Situ and Ex-Situ Doping of RE. According to reported
documents there are many strategies that have been employed
to load rare earth element ions to nanosized apatite lattice.
Generally, these strategies can be broadly summarized into
two groups: doping RE ions during the synthesis of apatite
nanoparticles called as in-situ doping and doping RE ions
after synthesis of apatite nanoparticles called as ex-situ
doping [43]. In-situ doping of RE ions in apatite is well
documented in the literature and most of research works
report synthesis method of lanthanide doped Anps is mainly
using chemical precipitation method [32, 33, 37, 38, 44].

A careful survey of literature shows that only a few
researchers have used ex-situ doping for synthesis RE labeled
Anps [45-47]. They especially used ex-situ doping for apatite
particles to make radiolabeled particles. However, the ex-situ



loading technique has generally a lower loading efficiency as
compared to the in-situ techniques.

4. Biological Applications

Optical materials have much attention due to their impor-
tance in the fields of biology, chemistry, medical science,
material science, and biotechnology. The performances of
REAnps mainly depend on their morphologies, structure,
and chemical compositions [48]. RE doped nanoparticles
have been investigated in a wide range of biological applica-
tions such as imaging, immunocytochemistry, DNA detec-
tion. Fluorescence microscopy involves the visualization of
cells or cellular components with subcellular resolution by
labeling them with fluorescent probes [49].

Imaging of live cells and their various cellular compo-
nents and tracking specific biomolecules are essential parts
of cell and molecular biology. The REAnps show stable
luminescence and possess NIR radiation. They provide a high
signal to noise ratio, strong penetration ability, and less photo
damage to the cell and tissue which has great advantages in
cell and tissue imaging [50].

Han et al. demonstrated Eu’" doped HAP nanoparticles
for labeling of Bel-7402 human liver cancer cells. After
internalization by cells they could observe strong green
fluorescence and red fluorescence with excitation of blue
light and green light, respectively, in the visible region. They
also found that after 6.5h incubation time the fluorescence
intensity showed a trend to decline slowly due to activity
of lysosome inside the cell, indicating that the intracellular
degradation of apatite nanoparticles might be tracked by
the change of fluorescence [43]. Therefore, they showed
that Eu-HAP nanoparticles have the potential as valuable
biocompatible fluorescent labeling material in biological
studies.

Doat et al. showed europium doped apatitic tricalcium
phosphate in human epithelial cells detected by confocal
microscopy with the aid of its stable luminescence. Therefore
these nanoparticles show interesting luminescent probe for
observing the traffic and grafted biomolecules in cells [18].
Niu et al. and colleagues monitored strontium fluorapatite
doped with Tb>* or Eu®* samples gives characteristics emis-
sions even after the loading of organic drug molecules and
they suggested its feasible possibility to be monitored or
tracked during the drug release and disease therapy process
[51]. RE doped Anps can be used as a tracking device for the
particle and give an observable indication of agent delivery,
while the nanoparticle can serve to protect the agent in vivo
until it has reached the destination.

Anps have been explored in research as feasible deliv-
ery platforms for therapeutic applications. Hydroxyapatite
(HAP) is of particular interest due to its appealing attributes
such as interconnecting porosity of bulk material, good bio-
compatibility, resistance to mechanical force, and sustained
release capacity. Thus, HAP nanoparticles are actively being
investigated for drug delivery [27, 52], gene and siRNA
delivery [53], and immunoadjuvant therapy. And also HAP
nanoparticles can deliver therapeutic drugs, antigens, and
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proteins without degradation and can release them in proper
place at a slow rate [54]. And also it can be functionalized with
special characteristics for qualitative or quantitative detection
of tumor cells [55]. Chen et al. and group developed Eu’*
and Gd** dual doped calcium phosphate in the presence of
amphiphilic block copolymer and demonstrated imaging and
drug release capacity. They showed their hybrid material can
be used as the drug nanocarriers and have a high drugloading
capacity and ultralong sustained drug release using ibuprofen
as a model drug, and the drug release from the drug delivery
system can sustain for a very long period of time more
than 80 days [27]. REAnps have been applied as nonviral
carriers for drug delivery and gene therapy. After loading
with genes or drugs, REAnps provide a protective environ-
ment that shields them from degradation while providing
a convenient pathway for cell membrane penetration and
controlled release of the genes and drugs. The experimental
results proved that Anp possessed a higher penetration rate
into cell membrane and their transfection efficiency could
be 25-fold higher than that of the micron-sized particles
[4].

5. Conclusion and Perspectives

To optimize and achieve better performances, controlling the
structure and size of nanostructured apatite materials has
become a hot field. This account summarizes some recent
progress on the synthesis, properties, and application of
lanthanide doped Anps. Up to now, many synthesis methods
have been reported and in-situ precipitation method is
identified as effective method. Frequently to obtain well
diffused RE ion in apatite structure, precipitation method
followed by high temperature around 1000°C is required.
But this much of high temperature causes production of
large particle size of apatite particles and it may not interline
with biological applications. Because research on lanthanide
doped apatite particles is still in its infancy, many of the effi-
cient synthesis procedures are yet to be discovered. Currently
some of investigators try to use macromolecular such as PEI
(polyethyleneimine), DNA, PEG (polyethylene glycol), and
PAA (polyacrylic acid) to eliminate use of high temperature
step and obtain well diffused RE ions in apatite structure.
But further experiments are required to select the most
appropriate stabilizer for this.

Also there is growing interest in the trace method of
luminescent Anps within biological system. Luminescent
property of the lanthanide ions can be used to trace Anps
within the biological system. There are more experiments
conducted to check cytotoxicity of Anp at the cellular level
and fortunately they still could obtain positive results. But
further investigation should find out biodistribution and
final destination of these particles. Additionally, due to their
excellent favorable osteoconductive and bioactive properties,
Anps are preferred as the inorganic component of composite
biomaterials [56, 57], which are valuable for bone grafting
and drug delivery. So, REAnp in the composite biomaterials
might be used as contrast agent to monitor the bone regen-
eration in vivo. On the other hand there are a number of
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challenges ahead in the practical applications of REAnps such
as the luminescent efficiency, biological compatibility, and
stability within biological systems.
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