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Abstract: One new, promising approach in the medical field is represented by hydroxyapatite doped
with luminescent materials for biomedical luminescence imaging. The use of hydroxyapatite-based
luminescent materials is an interesting area of research because of the attractive characteristics
of such materials, which include biodegradability, bioactivity, biocompatibility, osteoconductivity,
non-toxicity, and their non-inflammatory nature, as well their accessibility for surface adaptation. It is
well known that hydroxyapatite, the predominant inorganic component of bones, serves a substantial
role in tissue engineering, drug and gene delivery, and many other biomedical areas. Hydroxyapatite,
to the detriment of other host matrices, has attracted substantial attention for its ability to bind to
luminescent materials with high efficiency. Its capacity to integrate a large assortment of substitutions
for Ca*, PO,3>~, and/or OH™ ions is attributed to the versatility of its apatite structure. This paper
summarizes the most recently developed fluorescent materials based on hydroxyapatite, which
use rare earth elements (REEs) as dopants, such as terbium (Tb3*), erbium (Er**), europium (Eu®*),
lanthanum (La3*), or dysprosium (Dy3+), that have been developed in the biomedical field.
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1. Introduction

Bioactive inorganic materials have attracted significant attention for their use in different clinical
applications. A good example of the need for such materials is represented by the demand for synthetic
biomaterials to restore or/and replace bone tissue lost from damage or disease, which has considerably
increased in the last few years [1].

The nanoscale of such luminescent materials has gained a lot of importance due to a growing need
for valuable photosensitive materials for modern optoelectronic or photonic tools, above and beyond
the applications in just the biomedical field. In the biomedical field, luminescent materials, which, for
the most part, include fluorescent molecules (organic especially) and semiconductor nanomaterials,
have been extensively explored for uses in biological staining and prognostics [2].

Currently, considerable focus has been concentrated on the lanthanide elements to provide
photoluminescent materials in bio-technological and/or electronic areas of research. The lanthanide
ions are well known for their photoluminescent properties in the visible and near-infrared regions [3].

Different luminescent nanoparticles and nanomaterials have been utilized in the imaging of
tissues and intracellular structures. However, in order to develop increased applications in living
cells, it is fundamental to develop new biocompatible nanomaterials that can be viewed under visible
light [4].
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Photoluminescent probes also represent an important domain in chemical and biological research
as a result of their capacity to detect particular species with great sensitivity and specificity. In order to
achieve lower detection limits, it is important to find methods of increasing their performance [5].

The improvement of probes for biomedical applications requires special materials with specific
characteristics (e.g., low toxicity levels) apart from fluorescence or magnetic ability in order to be
observed by confocal microscopes or magnetic resonance imaging (MRI) [6].

Calcium phosphate coatings have a superior ability to absorb proteins into biomaterial surfaces,
which is beneficial for early healing events at the tissue or material interface, leading to expanded bone
formation. Among calcium phosphates, hydroxyapatite coatings represent a promising vehicle for
improving osseointegration [7].

Hydroxyapatite (HA; molecular formula: Ca1p(PO4)s(OH),) represents the major inorganic
constituent of human hard tissues and has been extensively used in bone and teeth reconstruction
considering its superior biocompatibility and osteoinductivity [1,8].

Biological apatite is a nonstoichiometric calcium phosphate containing ions, such as Na*, Mg?*,
or CO32~ (Figure 1). Biological calcium phosphate is a nanomaterial with a low crystallinity degree.
Synthetic hydroxyapatite is a stoichiometric material with a Ca/P ratio of 1.67. Thanks to its excellent
osteoconductive characteristics, hydroxyapatite is extensively used as a bioceramic in different clinical
applications, such as bioceramic coating, bone tissue engineering, drug and gene delivery, and dental
applications [9,10].
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Figure 1. Crystal structure of biological apatites. Powder X-ray diffraction patterns and infrared spectra
of enamel, dentine, and bone [11].

The present methods for obtaining hydroxyapatite mostly include conventional template
synthesis [12,13], wet chemical synthesis [14-16], hydrothermal conversion of calcium carbonate
exoskeleton [17-19], calcination of xenogenic bone [20,21], solid phase reactions [22], co-precipitation
reactions [23-25], sol-gel processes [26-28], biomimetic preparation [29-31], and pyrolysis [31-33].
The properties of synthetized hydroxyapatite differ based on preparation route, precursors, etc. [34].

Biological apatite differs considerably from synthetic hydroxyapatite because of its stoichiometry,
composition, and crystallinity (Figure 2). The resorption process of synthetic hydroxyapatite is slow
due to its greatly crystalline character, and for this reason, it has a low capacity to instantly form a
connection with bone tissue or to promote new bone development. Thus, synthetic hydroxyapatite
is not appropriate for decreasing the convalescence time of the subject. Furthermore, synthetic
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hydroxyapatite presents inferior reactivity with the bone environment because of its slower rate of
bone integration and apposition [9].
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Figure 2. Far-IR (Far InfraRed) spectroscopy of bone. Blue line: bovine bone; red line: hydroxyapatite
(HAP) powder [35].

To reduce all these obstacles, synthetic hydroxyapatite can be adapted with the help of ionic
substitution by replacing the Ca?*, PO,3>~, or OH™~ ions. Different ionic substitutions in the
hydroxyapatite crystal structure (Cajo_My(PO4)s(OH),) have been performed to modify its properties,
as can be observed in Figure 3 [9].
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Figure 3. Yearly distribution of scientific articles published on the doped /substituted hydroxyapatite
topic in 1975-2018 (as of 15 August 2018) [36].

These substituted ions have certain impacts on the character of the structure of hydroxyapatite,
affecting the degree of crystallinity, crystallite size, solubility, thermal stability, lattice parameters,
morphology, and bioactivity of hydroxyapatite. It is well known that substituting a modest quantity of
Ca®* ions in the hydroxyapatite structure could contribute to lattice disorder, diminish the particle size,
reduce the crystallinity degree, and promote a bioresorption process. The existence of certain dopants
in hydroxyapatite structure can also lead to an accelerating discharge of Ca®" ions in the enclosing
fluid, which can promote fast deposition of apatite on the surface of the pattern [9].
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In the research of biological processes in living cells, it is essential to examine any modification
in situ in real time. Biological probes are used as one of the most efficient instruments for biological
staining and diagnostics. Hence, the progress of developing innovative biological probes currently
receives extensive attention [37].

The field of nanotechnology has been considered to be the fastest rising trend in the future
of medical care. Currently, lanthanide-doped nanoparticles are being studied as a new category
of luminescent optical labels that could represent a promising alternative to organic fluorophores
and quantum dots for use in the biomedical field, especially considering their great quantum yield,
considerable Stokes shift, enlarged lifetime, and great stability. Nevertheless, there are some important
research challenges that have yet to be solved, such as obtaining a perfect biocompatible and
biodegradable imaging probe based on nanoparticles for medical use [38].

Biocompatible luminescent materials represent a suitable implant material because of their
great potential in biomedical applications. For instance, luminescent marking embodies a promising
approach for achieving nondestructive in vivo observation. Moreover, luminescent properties could be
induced into hydroxyapatite by replacing the calcium (Ca?*) ions with different luminescent rare-earth
elements (Table 1) [9].

Table 1. Synopsis of the realm of bio-functionality of cation-substituted hydroxyapatites (Has) [36].

Doping Range

Cation (M) Sample Form {M/(M + Ca)}100 (at %)

Bio-Functionality/Effect of the Dopant

In vitro cytocompatibility with MC3T3-E1 (doses of 25-100 pg mL ™

b Powder 7 Tb-HA-NPs) and A549 (doses of 20-320 pg mL~! Th-HA-NPs) cell lines.

Induces the formation of biomimetic apatite in-growths in simulated
body fluid (SBF).

Induces the in vitro formation of bone-like apatite in SBF;

In vitro cytocompatibility with MG-63 (cell proliferation up to 4 days),
HeLa, human embryonic kidney HEK 293, 1.929 (viability >80% for
Eu-HA doses of 25-500 ug mL~1);

Low cytotoxicity for human gingival fibroblast (HGF-1) cells after 24 h
(500-2000 pg mL~1);

Cytotoxicity for transformed human umbilical vein endothelial cells
(T-HUVEC) after treatment with 0.3-30 ug mL—1 of 5 at % doped HA;
Eu Powder 0.1-20 Ability to kill cervical HeLa cells after 24 h when combined with

5 fluorouracil (5FU);
Negligible toxicity by hen’s egg test on the chick area vasculosa
(HET-CAV);

Antibacterial effect against E. faecalis * (ATCC 29212), S. aureus * (0364),
and P. aeruginosa * (1397); No antibacterial activity against E. coli * even at
high doping;

Antifungal effect against C. albicans * (ATCC 10231) with a doping content
of 20 at %.

In vitro cytocompatibility with MC3T3-E1 and 1929 cell lines;
No cytotoxicity for adenocarcinoma (MCF-7) and human embryonic
Powder kidney HEK cells at a doping level of 2 at %;

La X 2-30 Antibacterial effect against S. aureus (e.g., ATCC 25175), E. coli,

Coating . ,
P. aeruginosa, and Bacillus;

Improvement of mechanical properties: bonding strength and

Vickers hardness.

Er Powder 2-10

In vitro cytocompatibility with 1929 cell line;
Negligible toxicity by hen’s egg test on the chick area vasculosa
(HET-CAV);
Increase of oxidative stress lipoperoxides and nitric oxide indicators in
the kidney, lungs, and liver of rats; lower activity of anti-oxidant
glutathione peroxidase enzyme.

Dy Powder 0.5-10

* E. faecalis—Enterococcus faecalis, S. aureus—Staphylococcus aureus, P. aeruginosai—Pseudomonas aeruginosa,
E. coli—Escherichia coli, C. albicans—Candida albicans.

2. Hydroxyapatite Doped with Photoluminescent Elements

Photoluminescence is a very important and useful mechanism in in situ investigations for tissue
engineering, surgery, tissue restoration, etc. Labeling with the aid of organic fluorescent molecules has
been popular in clinical trial for years. In recent times, many inorganic components, even nanoparticles,
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have been proposed to be such candidates. Nonetheless, the toxicity of such particles represents a
challenge to practical application because of their composition and nano-size character. A luminescent
material with high biocompatibility is a perfect candidate for implantation and clinical application.
Not only is biocompatibility an important issue, a longer luminescent lifetime is a significant benefit in
practical applications as well [39].

Photo-induced luminescent phenomena are represented by fluorescence (decay time <10 ms) and
phosphorescence (decay time >0.1 s). According to their composition, photoluminescent (PL) materials
can be split into organic and inorganic categories. Inorganic materials from elementary processes
usually have longer lifetime and better stability. Generally, for organic materials under sustaining
metabolism, the effective fluorescent time ranges from minutes to hours, which limits the use of such
photoluminescent compounds in diagnosis applications [39].

Unfortunately, pure hydroxyapatite is not able to exhibit substantial fluorescence under visible
excitation. Furthermore, it is widely accepted that Ca?* ions do not possess notable luminescent ability.
However, due to their great biodegradable characteristics, hydroxyapatite nanoparticles may serve
as an excellent candidate for biological imaging and drug delivery. Prior research has proposed that
calcium phosphate nanoparticles could be utilized as fluorescing probes after doping with rare earth
elements [4]. Hence, it is also indicated that hydroxyapatite could exhibit fluorescence under visible
lights if it is doped with fluorescent ions, of which Eu* and Tb3* ions are the most intense emitting
elements. Nonetheless, the particle sizes and/or the fluorescent radiation in the cells cannot be very
well supervised, which limits the function of these materials [37].

The luminescent character of rare earth elements has been extensively applied, because they can
work as visible and near-IR radiation sources, mainly when they dope phosphate compounds such as
apatite [40]. Rare earth elements (REEs) is the term frequently used for the elements from lanthanum to
lutetium (Z numbers 57-71). REEs have attracted increasing attention in the past decade as a result of
their wide applications (e.g., magnets, catalysts, electronics, alloys, ceramics, etc.) [41]. Nowadays, rare
earth elements are of significant importance for the global economy. In particular, REEs are important
in new technologies, such as LCD (liquid-crystal display), batteries, catalytic converters, and green
technologies (e.g., wind turbines) (Figure 4) [42].

Under Day Light Under Ultraviolet Light

(@)

(b)

Figure 4. Colorless and transparent emission materials produced by dissolving Eu(IIl) complexes
and/or Tb(III) complexes in a polymer. (a) block; (b) flexible sheet; (c) print on glass [43].
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Luminescent rare earth probes present a highly surprising spectral nature that makes them
favorable as a nonisotopic substitute for organic fluorophores, especially where there are complications
from background autofluorescence. The applications of this class of materials vary from in vivo
detection of cellular function and luminescent labeling of biologically related molecules to the
clarification of the structure and function of proteins and enzymes (Figure 5). Even if the luminescent
properties of aqueous solutions of elementary salts of rare earth ions (e.g., Tb3*, Eu3*) are relatively
poor because of their small absorption cross-section in the UV-visible domain, the particular emission
characteristics of these metal ion (Tb**, Eu3*) complexes have been applied in biological systems [44].
It is well known that rare earth elements concentrate in marine phosphorite deposits during their
formation process, mainly through early diagenetic processes where carbonates are substituted by
carbonate fluorapatite (CFA), which also precipitates in void space [45].

Luminescence Computed
Tomography

Source

Direction
of rotation

Luminescence
emission

Magnetic Resonance

Magnet

Radio frequency
coils

Figure 5. Overview of the imaging techniques most used in heterostructure-based diagnostics.
Owing to the multiple domain structure, the patient model can be examined by different imaging
methods after the administration and delivery of a single nanostructure [46].

Rare earth-based materials present important, valuable benefits relative to other existing
photoluminescent materials as result of their photostabilities, inferior toxicities (Figure 6), great
thermal and chemical stabilities, sharp emission bands, and high luminescence quantum yields [47].
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Figure 6. Half-maximal cytotoxic concentration (in mM) of various cationic species [36].

2.1. Hydroxyapatite Doped with Terbium

Terbium is an essential element of the rare earth family that presents complex optical, magnetic,
and electronic properties. It is also an appropriate candidate for applications in the glass industry [48,49],
information industry [50], polymers [51,52], bio-chemical sensors [53-55], and solar cells [56-58]. Terbium is
unavoidably present in the environment, organisms, and food chains due to its extensive development
and utilization. It is necessary for the human body and/or environment to determine and monitor
exposure to Tb>* because of its increased discharge of toxic properties and other adverse effects [50].

Li et al. [37] proposed an appropriate approach to synthesize nano-hydroxyapatite, whose
luminescent properties could be stimulated under visible excitation. The method replaces the surface
calcium ions on hydroxyapatite nanoparticles with a specific quantity of Tb*". They prepared an
inorganic biological probe by doping 20 nm hydroxyapatite with terbium ions. The calcium ions on
the hydroxyapatite particle’s surface can be partially substituted by terbium. Nevertheless, a very
low amount of the doped Tb%* ions on the hydroxyapatite surface can considerably increase its
luminescence, maintaining, at the same time, the principal physicochemical properties and bioactivity
of hydroxyapatite. The nanoparticles of the terbium-doped hydroxyapatite were obtained at room
temperature, and the atomic ratio of Tb:(Ca + Tb) was 2:100. It was proved experimentally that the
Tb-hydroxyapatite nanoparticles could induce a constant luminescence. Moreover, these fluorescent
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Tb-HA nanoparticles can be incorporated by living cells. Even if the total number of Tb** ions in the
material is moderate, it should be noted that the terbium is nearly nontoxic, because its lethal dose is 50 g
via an oral route (LD50PO), which is more than 5 g/kg of terbium nitrate in rats. Using a visible light
beam (488 nm), the green emission of the hydroxyapatite nanoparticles could be stimulated. The ready
internalization of the nanoparticles and its steady fluorescence indicate that the terbium ion-doped
hydroxyapatite represents an excellent inorganic probe for living cells with high biocompatibility.
After incubation with rabbit bone marrow mesenchymal stem cells (MSCs) in culture, the luminescent
hydroxyapatite was clearly visible under a fluorescent microscope. It was determined that the
obtained terbium-doped hydroxyapatite could represent a promising biological probe for cellular
research. These results indicate that the Tb-doped HA has great potential to advance the development
of luminescent nanoparticles, which is an important subject in nanobiotechnology and medicine.
Moreover, in order to evaluate the potential applications of HA-Tb3* in the biomedical field, studies on
the biological reaction of MC3T3-E1 cells with different concentrations of Tb3*-doped hydroxyapatite
(HA-Tb) nanorods (25, 50, and 100 pg/mL) were performed [59]. The photoluminescence of the
internalized hydroxyapatite in the intracellular cytoplasm was visible under a fluorescent microscope,
and the cells retained their natural morphology (Figure 7).

A 25 pg/mL

100 pg/mL

50 pg/mL

P s "o e S 1 e

________________________

100 pg/mL '
. -’{'.;’.‘i )‘

Figure 7. (A) Representative fluorescent images of MC3T3-E1 cells after incubation with HA-Tb
nanorods for 24 h at 37 °C. (B) Transmission electron microscopy images of MC3T3-E1 cells after
incubation with HA-Tb nanorods.

Wang et al. [60] published a study in which luminescent Tb-doped hydroxyapatite nanoparticles
were obtained via a microemulsion-mediated solvothermal process. The raw materials used for the
synthesis were calcium nitrite, terbium oxide, and diammonium hydrogen phosphate. The authors
demonstrated that the resulting Tb-doped hydroxyapatite nanoparticles presented homogeneous
distribution with two different morphologies (rod- and sphere-like) and notable luminescent properties.
A study published by Hairong Yin et al. [61] in 2017 also presented a similar morphological aspect



Nanomaterials 2019, 9, 239 9 of 21

of Tb-HA. As observed from Figure 8, the resulting Tb-HA powders had needle-like morphology
at lower temperature, but with the increase of calcination temperature, the shape changed to short
rod-like and sphere-like. In addition, the evident excited peak could be identified under a 400-nm
wavelength, which promotes Tb-HA as fluorescent bio-probe [60].

Figure 8. TEM of 6 mol % Tb-HA calcined at different temperatures: (a) 300 °C, (b) 400 °C, (c) 500 °C,
(d) 600 °C, and (e) 700 °C; (f) HRTEM image of Tb-HA calcined at 700 °C [61].

The Commission International del’Eclairage coordinates were useful in the determination of the
exact emission color and color purity of the samples [61].

Qiao et al. [62] prepared hydroxyapatite particles doped with Tb3* via a chemical deposition
method. The x-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR) results
showed that Tb** doping has no important influence on the structure of hydroxyapatite.
The photoluminescent spectra of the Tb-HA samples demonstrated that the finest excitation light is
378 nm when the wavelength of the monitoring light is 545 nm. When the doping mole fraction of Tb3*
is 8%, the luminescent intensity of the Tb-HA sample reaches the maximum. Moreover, the fluorescent
lifetime of the Tb-hydroxyapatite samples show a decreasing trend along with the increasing of the
Tb** concentration. The green emission spectra of 6 mol % Tb-HA determined by their corresponding
emission spectra under excitation at Aex = 378 nm was noticed by Hairong Yin et al. [61] (Figure 9 and
Table 2).

Terbium ions can be used as a probing reagent to mapping metal-binding sites on valuable
biological macromolecules by reason of its comparable chemical characteristics to calcium (Ca®*) or
magnesium (Mg?*) ions. Generally, the luminescent properties of terbium complexes represent the
support of many fluorescence applications in clinical chemistry and molecular biology on the grounds
of the intramolecular energy transfer through the triplet state of the ligand to the emitting level of the
Tb ion [2].
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Figure 9. CIE (Commission International del’Eclairage) chromaticity diagram of 6 mol % Tb-HA
determined by the corresponding emission spectra under excitation at Aex = 378 nm [61].

Table 2. Commission International del’Eclairage (CIE) coordinates of 6 mol % Tb-HA [61].

Samples (b) 300 °C (c) 400 °C (d) 500 °C (e) 600 °C (f) 700 °C
X 0.2893 0.2910 0.2981 0.2985 0.3000
Y 0.3682 0.3976 0.4161 0.4234 0.3743

2.2. Hydroxyapatite Doped with Erbium

The existence of erbium (Er®*) in rib bones has been studied, and it is supposed that the doping of
hydroxyapatite with erbium ions could improve the biological properties of hydroxyapatite. Er,O3 may
be exploited to dope calcium phosphate with Er®* ions in order to stipulate photo sites for absorption
laser energy, which may contribute to the densification of the manufactured enamel mineral over
typical dentine. Moreover, the photoluminescent properties of Er** can be used to study the in vivo
resorption of Er-HA, which can be applied to supervise the bone healing process [9].

Alshemary et al. [9] prepared nano-sized erbium-doped hydroxyapatite using a microwave-assisted
precipitation method. It was observed that the crystallinity and the particle dimensions reduced
from 75% and 78 nm to 36% and 25 nm, respectively, with the growth of the Er’>* amount for doping
hydroxyapatite. The photoluminescence test revealed the existence of red and green emission in
the spectra. The study showed that Er-HA could be a promising alternative as a sensing material
in the future. In vitro bioactivity tests for erbium-doped hydroxyapatite materials conducted in
simulated body fluid (SBF) revealed the production of an apatite layer with a (Ca + Er)/P ratio
in the range of 1.59-1.72. For that reason, Er-HA can be designed as a possible biomedical
material. Alshemary et al. [9] also described a promising method to obtain mesoporous erbium-doped
hydroxyapatite by applying a microwave-assisted wet precipitation approach. They obtained results
that showed the production of crystalline Er-HA with a crystallite size of 25 nm and a spherical and
rod-like morphology. The transmission electron microscopy (TEM) analysis proved the mesoporous
structure of the obtained particles.

The optical spectra of erbium-doped HA consist of seven electron transitions, although a blue shift
in the energy band gap (Eg) was noticed upon the increase of the Er>* amount. The photoluminescence
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spectra consisted of green and red emissions [9]. An in vitro bioactivity test performed in simulated
body fluid (SBF) showed that the substitution of Ca?* with Er** ions into the hydroxyapatite structure
leads to a rapid discharge of Er3* ions, showing a strong increase of apatite grains on the surface of the
Er-HA pellets with a Ca/P ratio of 1.72 [9].

Pham et al. [24] synthesized erbium-doped hydroxyapatite using a coprecipitation method.
The near-infrared luminescence emission of hydroxyapatite may be obtained definitely by doping with
erbium. The photoluminescent properties of the erbium-doped hydroxyapatite utilizing a thermal
annealing treatment (=1100-1200 °C) were demonstrated by a strong band emission at ~1540 nm,
which was more intense than those of the lower-temperature-annealed erbium-doped hydroxyapatite.
This improvement of the photoluminescence was, for the most part, associated with the incorporated
B-TCP (tricalcium phosphate) phase in the material’s microstructure, which is an inhibitor of photo
quenching. Erbium-doped hydroxyapatite can be used as potential material in applications such as
waveguide telecommunication and biomedicine [24].

Erbium represents an appropriate element for doping the materials designed for luminescent and
biocompatible materials because of its light emission spectra and great biocompatibility [24].

2.3. Hydroxyapatite Doped with Europium

Lanthanide ions, such as europium or terbium, present regular fluorescence for cell imaging under
a specific excitation wavelength. Particularly, doping with europium, which has 4f-4f intraorbital
electronic transitions covering the visible and near-infrared ranges, leads to a relevant material for
biomedical applications in the near-infrared spectral range [38].

Escudero [47] synthesized europium-doped calcium hydroxyapatite nanoparticles using a
microwave-assisted approach. An aqueous solution with a stoichiometric amount of sodium phosphate
monobasic was combined with another aqueous solution consisting of calcium nitrate tetrahydrate,
europium-(II) nitrate pentahydrate, and polyacrylic acid. The final concentration of calcium,
phosphate, and poly(acrylic acid) were 0.06 mol dm~3, 0.036 mol dm~3, and 2 mg cm~3, respectively.
The solution’s pH was adjusted to 11 by adding aqueous ammonia. Due to their luminescent properties
(red luminescence), their small toxicities (negligible toxicity for Vero cells), and the functionalization
with poly(acrylic acid), which induces the capacity for further functionalization with molecules of
biomedical interest, these nanophosphors appear to be a promising candidate for use as potential tools
for biomedical applications.

Chen et al. [38] reported a study on the doping mechanism and photoluminescence of Eu/Fe:HA
nanoparticles. The luminescent Eu/Fe:HA nanoparticles were synthetized via wet chemical
precipitation in water, without the addition of any surfactant. The doping concentrations of Eu3*
and Fe3* in hydroxyapatite measured by ICP-AES (Inductively Coupled Plasma Atomic Emission
Spectroscopy) were similar to the theoretical values (Figure 10).

The Eu/Fe:HA single-phase nanoparticles were situated in the nanometer domain, with
dimensions of about 100 nm and rod-like morphology. Due to their biological properties, Eu/Fe:HA
particles could be suspended in a culture medium (Figure 11). The nanoparticles were obtained
as hexagonal single crystals without the presence of a second phase, and the nanoparticles
belonged to the biodegradable, B-type, carbonated hydroxyapatite. These synthetized nanoparticles
present luminescence at notable peaks at 536, 590, 615, 650, and 695 nm under 397 nm excitation
(Figure 12). The results show that Eu/Fe:HA nanoparticles could be a perfect candidate for biological
applications [38].

Yang et al. [63] prepared luminescent, bioactive, and mesoporous europium-doped hydroxyapatite
(Eu-HA) via a simple one-step method, using cationic surfactant as a template. The prepared
multifunctional hydroxyapatite was used as a drug delivery carrier in order to examine the drug
storage and/or release properties. The obtained results displayed the typical ordered characteristics of
the hexagonal mesostructure, with rod-like morphology and a particle size of 2040 nm in diameter
and 100-200 nm in length.
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Figure 10. The ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy) results: (a) Eu3*
and Fe** doping amount; (b) (Eu + Fe)/Ca molar ratio of hydroxyapatite with different dopant

concentrations [38].
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Figure 11. (a) Re-suspended HA and Eu/Fe:HA particles in a culture medium with 10% FBS (fetal
bovine serum)-A-HA; molar ratios of Eu®* to Fe3* from B to F: 1:0, 2:1, 1:1, 1:2, and 0:1. (b) Assessment
of particle suspension in a culture medium by turbidity measurement at 320 nm. (c) SEM image
of Eu (5 mol %)-Fe (5 mol %):HAp. (d) cells incubated with Eu (5 mol %)-Fe (5 mol %):HA; (cell

nucleus—Hoechest stain) [38].

The drug storage and release assay showed that the luminescent hydroxyapatite presents a
very similar drug loading amount and cumulative release rate to those of the pure hydroxyapatite.
The ibuprofen-loaded samples still showed the red luminescence of Eu®* (°Dy—"F1,2) under UV

irradiation, and the emission intensities of Eu®*

in the drug carrier system differed with the released

amount of ibuprofen, thus making the drug release easy to follow and control by varying the intensity
of the luminescence. This system exhibited a potential application in the area of drug delivery and
disease therapy due to its bioactive, luminescent and mesoporous properties [63].
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Figure 12. (a) The PL (photoluminescence) excitation spectra and (b) PL emission spectra [38].

Han et al. [64] presented a cell labeling approach utilizing biocompatible, europium-doped
hydroxyapatite (Eu-HA), inorganic nanoparticles. Eu-HA nanoparticles were obtained via a precipitation
method and used to label Bel-7402 human liver cancer cells as a fluorescent probe. The europium-doped
hydroxyapatite nanoparticles were internalized by the cells. After that, the strong green and red
fluorescence were visible by the irradiation of blue and green light, respectively. The Eu-HA nanoparticles
presented a temporally stable luminescence and could be excited by wavelengths in the visible area.
The result demonstrated that the Eu-HA nanoparticles represent a potential material for use in the
field of biocompatible fluorescent labeling in biological studies [64].

A paper published by Yang et al. [65] proposed the synthesis of Eu** and Tb3*-doped
hydroxyapatite phosphors with homogeneous morphology and narrow size distribution through
a CTAB (Cetyltrimethylammonium bromide) /water/n-octane/n-butanol microemulsion process
under hydrothermal treatment. The prepared Eu-HA and Tb:HA phosphors presented the typical
emission lines of Eu** and Tb?*, and the decay curves of both samples were appropriate with a
double-exponential function.

In addition, the photoluminescence intensities of these samples increased with the solvothermal
temperature as a result of the enhanced crystallinity. The photoluminescence emission intensities
of Eu®* and Tb%* increased with the rise of their concentration and reach a maximum at 5 mol %
concentration of Ca2* and then decreased with further increased concentration, which could be a
consequence of the concentration quenching effect. The decrease of the fluorescence intensity with
further increased concentration can also be caused by self-absorption.

These phosphors show promise as candidates for carriers for drug release and targeting due to
their biocompatible and luminescent properties [65].

A study published by Doat et al. [66] reported a novel inorganic bio-probe synthetized at a low
temperature (37 °C). The bio-probe consisted of mineral nanoparticles of apatite tricalcium phosphate
doped with europium. The size, structure, and composition of the prepared material were similar
to those of the mineral part of the calcified tissues. The red luminescence of the obtained probe
was photostable, in contrast to organic probes, which degrade immediately due to photobleaching.
This luminescence could be obtained under visible irradiation, which makes it appropriate for extended
examinations of living cells. For this purpose, human pancreatic epithelial cells in culture were
incubated in the presence of these particles, and their internalization could be detected by laser
scanning confocal microscopy:.

Transmission electron microscopy and electron microdiffraction analysis proved that the particles
were internalized while maintaining their apatite structure. This probe appears to be a promising
approach for biovectorization [66].
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According to presented studies, Eu* is quite a suitable dopant ion for hydroxyapatite because
of the ease with which it incorporates into the HA crystal lattice as a result of its similar ionic
radius. Furthermore, Eu* displays excellent optical properties and emits in the visible region,
exhibiting mostly red luminescence with a high Stokes shift that simplifies excitation and subsequent
detection [67].

2.4. Hydroxyapatite Doped with Lanthanum

La%*-substituted hydroxyapatite displays excellent biocompatibility compared with pure
hydroxyapatite. A few studies have been conducted in order to demonstrate the benefits of lanthanum
in the biomedical field.

Mayer et al. [68] obtained hydroxyapatites by precipitation from an aqueous solution with La®*
(0-0.75%) and carbonate (0-6.1%) at a controlled pH of 7.0. The assimilation of La* was 90-95%
complete. Due to nonstoichiometry, the Ca/P (1.54-1.63) ratios were relatively low. With the aid
of IR spectroscopy, it was determined that the carbonate from the samples was a B-type carbonate.
The lattice parameters of the hexagonal apatite structure were not changed because of the La** amount.

After heating to 800 °C, the noncarbonated samples were partially transformed into 3-Caz(PO,)s.
Thermogravimetric analysis indicated a release of 0.4 mol adsorbed and 1 mol crystalline water up
to 400 °C and the deterioration of the carbonate up to 900 °C in the obtained samples. These results
reveal that La®* could replace Ca®* in the crystal lattice of hydroxyapatite [68].

Phase pure hydroxyapatite and lanthanum phosphate powders were obtained by Ghosh et al. [69]
using a wet chemical synthesis method. Composite samples were obtained by mixing the powders,
pressing, and sintering.

The composite nature of the prepared pellets incorporating up to 50 wt.% lanthanum phosphate
(HO — 100%Hap, HL1 — 90% Hap + 10%LP, HL2 — 80% Hap + 20%LP, HL3 — 70% Hap + 30%LP,
HL4 — 600% Hap + 40%LP, HL5 — 50% Hap + 50%LP) was achieved even up to sintering at 1150 °C.
A continuous decline in densification, bending strength, and hardness were reached by increasing
the content of the lanthanum phosphate. It was found that the obtained composites could be drilled
by solid carbide drill bits up to 1150 °C. The composites with a high lanthanum phosphate amount
presented better processability compared with the ones with a lower lanthanum phosphate content,
and also the force and torque required was much higher. The materials sintered at 1200 °C revealed
a new phase. Thus, the composite structure was not maintained, and the drillability was also not
obtained for any amount of the lanthanum phosphate content. All the different prepared compositions
(HO, H1, H2, H3, H4, H5) demonstrated positive character for in vitro bioactivity and biocompatibility
assay. The cell viability also displayed the irrelevant difference in the results with the increasing
lanthanum phosphate amount [69].

La®* promotes osteoblast proliferation (Figure 13). The incubation of osteoblasts with La%*
(1 x 10781 x 10~ M) showed that all the tested concentrations significantly increased the cell number
after 2 days [70].

Jadalannagari et al. [71] synthesized rod-shaped nanoparticles of lanthanum-doped hydroxyapatite
(La-HA) using a modified sol-gel method at a low temperature of 100 °C. The (La + Ca):P proportion
was maintained at 1.67 while the La/(Ca + La) ratio was varied as x = 0.02, 0.06, 0.1. By increasing the
concentration of La from x = 0.02 to 0.1 an increase in crystallinity and crystallite size was observed.
These obtained particles were internalized by human embryonic kidney and human adenocarcinoma
cells and showed fluorescence when detected under tetramethylrhodamine (TRITC) and fluorescein
(FITC) filters using epifluorescence microscopy. Lanthanum-doped hydroxyapatite nanoparticles with
x = 0.02 displayed the highest internalization, maximum intracellular fluorescence, and no cytotoxicity.
It was observed that the cell viability and internalization decreased with increases in the La amount.
Nanoparticles corresponding to x = 0.1 presented spindle-shaped morphology [71].
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Figure 13. Effect of La* on osteoblasts proliferation (* p < 0.05; ** p < 0.01) [70].

Nano-rods of pure hydroxyapatite and lanthanum-doped hydroxyapatite were obtained by
Ahymah [72] using a sol-gel route and calcium nitrate and diammonium hydrogen phosphate as
precursors. The samples did not contain La;O3 or 3-TCP phases, compared with the samples obtained
by the solid state and co-precipitation methods. The control sample was noted as CHAp, and the
lanthanum-doped samples with 10 mM, 20 mM, 30 mM, 40 mM, and 50 mM were denoted as L1IHAp,
L2HAp, L3HAp, L4Hap, and L5HAp. Enhancement in the amount of lanthanum resulted in the
increase of the crystallinity and crystallite size. Furthermore, enhancements in the specific surface area
(31%) and hardness (14%) were noticed in the doped samples. The tests using phosphate-buffered
saline (PBS) showed a reduction in the dissolution of the samples as a result of the enhancement in the
dopant concentration.

An in vitro study of drug release was determined by measuring the absorbance using a UV
spectrophotometer at 230 nm. The hydroxyapatite sample and amoxicillin was taken in 2:1 ratio, and
it was mixed thoroughly and made into a pellet. The bactericidal effect against Gram positive and
Gram negative bacteria showed high antimicrobial resistant activity of the samples when they were
functionalized with amoxicillin [72].

La**-doped hydroxyapatite is a promising approach in the biomedical field for biocompatible
fluorescent probes applied in cellular internalization and drug releasing agents over a long period
of time.

2.5. Hydroxyapatite Doped with Dysprosium

Dysprosium is considered to be a heavy rare earth element (HREE). Dysprosium-165, its
radioactive isotope, was studied for potential applications in the field of medicine. Radiation with
dysprosium-165 has been demonstrated to be more efficient in treating injured joints than traditional
treatment and surgery.

Dysprosium-doped hydroxyapatite represents an attractive option for a biocompatible ceramic
material for luminescence imaging applications.

Tesch et al. [67] prepared luminescent and magnetic hydroxyapatites by doping with europium
(Eu**) and dysprosium (Dy**). A co-doping of Eu®" and Dy®** was used in order to blend the
requested physical properties. Both REE ions, Eu3* and Dy>*, were assimilated into the hydroxyapatite
crystal lattice, where they preferentially chose calcium sites. Eu-doped hydroxyapatite presents a
dopant concentration with persistent photoluminescent properties, while Dy-doped hydroxyapatite
exhibits paramagnetic comportment as result of the high magnetic moment of Dy**. Co-doped HA
nanoparticles blend both properties into one single crystal. Curiously, the multimodal co-doped
hydroxyapatite increased its photoluminescent properties due to the energy transfer from the Dy3*
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sensitizer to the Eu®* activator ions. Eu:Dy:HA presents strong transverse relaxation effects with a
maximum transverse relativity of 83.3 L/(mmol's). Because of their tunable, photoluminescent,
magnetic properties and cytocompatibility Eu-HA, Dy:HA, and Eu:Dy:HA serve as alternative
biocompatible ceramic materials with applications in luminescence imaging and may also be suitable
as a contrast agent for magnetic resonance imaging (MRI) in implantology or functional coatings [67].

A study published by Sanchez et al. [6] in 2015 evaluated the toxicity of hydroxyapatite doped
with dysprosium cations and hydroxyapatite loaded with folic or glucuronic acids. Nanoparticles
functionalized with folic acid are able to identify cancer cells. Functionalization with glucuronic
acid decreases the toxicity levels, because this acid helps to eliminate nanoparticles through urine.
Hydroxyapatite doped with dysprosium was synthesized by co-precipitation. This modified structure
revealed fluorescent character, which can be identified with a fluorometer, stimulated at 344 or
360 nm by confocal microscopy. The contrast effect in MRI images at a concentration of 0.2 mg mL 1,
considering the effect on the transversal relaxation time of protons in water, represents an important
feature of these particles. The biochemical tests indicated that the increase of oxidative stress indicators
(lipoperoxides (LPO) and nitric oxides) generated by hydroxyapatite and hydroxyapatite-Dy particles
present in the kidney, lungs, and liver could be constricted by functionalizing these particles with
glucuronic or folic acid. The increase of ATP activity caused by hydroxyapatite can be reduced by
adopting the substituted forms, HA-Dy, HA-F, and HA-G, respectively, at doses of 10 mg, and the HA
particles’ toxicity could be decreased by functionalizing with folic or glucuronic acid [6].

3. Conclusions

As the major inorganic constituent of human bone and tooth enamel, hydroxyapatite presents
highly biocompatible and bioactive properties.

Pure hydroxyapatite nanoparticles do not possess luminescent properties. As a consequence, they
are complicated to identify in living cells during in vitro tests.

In the study of biological processes in living cells, it is necessary to examine all the modifications
that can occur in situ. Biological probes are extensively used as the most competent instruments for
biological staining and diagnostics.

Considering its proper bioactive, biocompatible, osteoconductive, biodegradable, and
nonimmunogenic properties, HA can play an extraordinary role in the areas of tissue engineering,
drug release, and gene delivery and in different biomedical fields. At the same time, hydroxyapatite
nanocrystals are promising candidates for host materials for rare earth element doping, which could
provide novel fluorescent properties. These lanthanide-doped hydroxyapatite nanoparticles could be
utilized as photoluminescent probes in biological imaging, considering that they not only maintain
their great biocompatibility and valuable biodegradability, but also present more improved features
than other developed optical probes and have been successfully applied in the fluorescence imaging of
cells (Table 3).

The photoluminescent hydroxyapatite nanoparticles utilized in biological probes are generally
prepared in an aqueous solution; they can easily agglomerate and can even present flaws in crystallinity
or uniformity sizes. Nevertheless, the fluorescence and imaging quality of rare earth ion-doped
hydroxyapatite nanoparticles are altered by size, crystallinity, size distribution, and the dispersed state
of the nanocrystals.

Lanthanide ions have been extensively used as luminescent sensors due to their long excited-state
lifetimes, sharp emission bands, large Stokes’ shifts, and sensitive and efficient luminescence detection
because of their capacity to remove the interference from the fast decaying background fluorescence.
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Table 3. Influence of different doping elements on HA properties and the biomedical applications.
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microemulsion-mediated the particles could be excited by a fluorescent bio-probe Wang et al.,
solvothermal process visible light beam at 400 nm P 2010 [60]
Terbium excitation light is 378 nm when the Qiao et al
chemical deposition wavelength of the monitoring light fluorescent probe ! v
. 2015 [62]
is 545 nm
microwave-assisted red and green emission sensing material Alshemary et al.,
precipitation method in the spectra & 2015 [9]
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strong transverse relaxation effects

functional coatings

Dysprosium

co-precipitation

fluorescent character—stimulated at
344 or 360 nm

bimodal probes with
low toxicity

Sanchez et al.,
2015 [6]

Hydroxyapatite doped with rare earth elements presents enhanced biological properties.
La®*-substituted hydroxyapatite displays great biocompatibility when compared with pure
hydroxyapatite. It also constrains the spread of dental caries, serves as a promising biocompatible
fluorescent probe for cellular internalization, and is a good drug-releasing agent for a long period of
time. At the same time, Eu®*-doped hydroxyapatite is a valuable drug carrier, which can be quickly
detected in vivo because of its notable photoluminescent emission.

Dy**-doped hydroxyapatite also represents a promising biocompatible ceramic material for
luminescence imaging. Tb*"-doped hydroxyapatite nanoparticles may also be used in order to
obtain an inorganic florescent probe with superior biocompatibility properties and stability in cells.
The doping of hydroxyapatite with Er3* may improve the biological characteristics of hydroxyapatite
and could induce enhanced photoluminescent properties.
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