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New biomedical materials based on metal-doped fluorapatite
Novi biomedicinski materijali na bazi metal dopiranih fluorapatita
Dusan Milojkov™”", Vaso Manojlovic?, Miroslav Sokic®
! Institute for Technology of Nuclear and Other Mineral Raw Materials, Belgrade, Serbia
2 Faculty of Technology and Metallurgy, University of Belgrade, Serbia
" d.milojkov@itnms.ac.rs

Abstract

In this paper, metal substitutions in the fluorapatite crystal matrix will be presented in order to
obtain a new type of biomedical material. Fluorapatite has been intensively tested in recent decades
as a building material for luminescent materials for many applications, from fluorescent lamps,
through LEDs, to nanomaterials for high-tech biomedical applications. Fluorapatite has been
shown to be non-toxic, extremely chemically stable and corrosion-resistant, as well as
biocompatible, bioactive and osteoconductive. Also, fluorapatite proved to be a great host material
for doping luminescent centers in the form of trivalent ions of rare earth and transition metals.
Thanks to the position of the fluorine atom in the structure of the crystal lattice of fluorapatite, in
the center of the Ca2 triangle (6h position) in the mirror planes at z = 1/4 and z = 3/4, this
structure is extremely stable and stable. Also, the fluorine atom is responsible for the fact that
fluorapatite, unlike hydroxyapatite, shows antibacterial properties. By touching different metals
into this low phonon energy matrix, luminescent materials can be constructed that will emit light in
the ultraviolet, visible or infrared region of the electromagnetic spectrum. If all these properties of
fluorapatite are taken into account, their combination can lead to new materials for a wide range of
biomedical applications.

Keywords: fluorapatite; metals; luminescence; biomedical nanomaterials.

lzvod

U ovom radu bice prikazane supstitucije metala u kristalnom matriksu fluorapatita s ciljem
dobijanja nove vrste biomedicinskih materijala. Fluorapatit se poslednjih decenija intenzivno
ispituje kao materijal za izgradnju luminiscentnih materijala za Siroki spektar primena, od
fluorescentnih lampi, preko LED dioda, do nanomaterijala za biomedicinske aplikacije visoke
tehnologije. Fluorapatit se pokazao kao netoksican, izuzetno hemijski stabilan i otporan na
koroziju, a uz to i biokompatibilan, bioaktivan i osteokonduktivan. Takode, fluorapatit se pokazao i
kao sjajan materijal domacin za dopiranje luminiscentnih centara u vidu trovalentnih jona retkih
zemalja 1 prelaznih metala. Zahvaljujucéi polozaju atoma fluora u strukturi kristalne reSetke
Sfluprapatita, u centru Ca2 trougla (6h polozaj) u ogledalskim ravnima na z = 1/4 i z = 3/4, ovakva
struktura je izuzetno stabilna i postojana. Takode, atom fluora je odgovoran Sto fluorapatit, za
razliku od hidroksiapatita, pokazuje i antibakterijska svojstva. Dopiranjem razlicitih metala u ovu
matricu niske fononske energije, mogu se konstruisati luminiscentni materijali koji ce emitovati
svetlost u ultravioletnoj, vidljivoj ili infracrvenoj oblasti elektromagnetnog spektra. Ako se uzmu u
obzir sve ove osobine fluorapatita, njihovom kombinacijom mogu se dobiti novi materijali za siroki
spektar biomedicinskih primena.

Kljucéne redi: fluorapatit; metali; luminescencija; biomedicinski nanomaterijali.

Introduction

In recent years, various nanomaterials based on metal-doped apatites have been synthesized and
tested for many biomedical applications [1-4]. Apatites have the general formula of unit cell
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Cayp(PO4)sX2, Where component X is represented by anions of fluorine (F’), chlorine (CI") and
hydroxyl groups (OH’), so that fluorapatite [Cas(PO4)sF], chlorapatite [Cas(PO4)sCl] and
hydroxyapatite [Cas(PO4)3OH] (each with z=2 (two molecular formulas)) are three phases of these
naturally occurring minerals [1]. The most common phase in nature is fluorapatite and makes up
about 95% of apatite rocks [2]. Apatites are subject to various isomorphic substitutions, so the
composition of apatite in nature differs from these ideal compositions.

Fluorapatite, together with hydroxyapatite, is used as a biomaterial for bone repair because it has a
similar structure as the inorganic component of bones and teeth in living organisms [3, 4]. In
addition to that suitable structural fluorapatite, it also shows biocompatible, bioactive and
antibacterial properties [4]. Compared to hydroxyapatite, it has better physicochemical properties,
such as high melting temperature, poor solubility in acids, corrosion resistance [3]. Fluorapatite
doped with rare earth and metal ions has therefore been tested in recent years as a material for use
in biomedicine for bone tissue engineering, biomarking and bioimaging [5, 6, 7, 8]. As fluorapatite
is similar to bone tissue, the interaction of fluorapatite with radioactive radiation for use as a
dosimeter in medicine and environmental protection has also been conducted in recent years [9].
Due to the possibility of a wide range of applications, fluorescent materials based on fluorapatite
have attracted a lot of attention from researchers in recent decades. One of the main characteristics
of apatite crystals is the capacity of the structure to withstand many ionic substitutions. The crystal
structure of fluorapatite is a potentially significant matrix for optically active trivalent ions of rare
earth, due to the highly pronounced crystal field that allows luminescent transitions of electrons
from the orbital [10]. Due to all these properties, fluorapatite doped with rare earth ions has found
application in UV lamps, LEDs for display and plasma TVs and lasers [10, 11, 12, 13].

Crystal structure of fluorapatite and luminescence

Fluorapatite (FAP), Cas(PO,)sF, is the most stable apatite phase, the least soluble, and the hardest of
all apatite structures. On the Moss scale, the hardness is 5. FAP crystallizes hexagonal in the spatial
group P63/m (number 176) with the parameters of the unit cell a = 9,367 (1) A, c=6,884 (1) A, z =
2 (Figure 1) [14 -16]. These unit cell parameters largely depend on the synthesis process.

Figure 1. Arrangement of atoms in the fluorapatite crystal (projection on (001)). The P atom is
colored yellow, the O atoms are red, the Cal is blue, the Ca2 is white, and the F atom is green
[17].
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As many authors have shown, concluding with Hughes et al., The structure of fluorapatite can be
described as a hexagonal network composed of PO, tetrahedra with calcium (Ca) in interstitial
positions and fluoride (F°) anion columns oriented along with the crystallographic axis ¢ ( Figure 1.)
[14-16].

The structure of FAP is constructed by ten calcium atoms arranged in two symmetrically different
crystallographic positions Cal (4f) and Ca2 (6h) [16]. In the Cal (4f) position, each calcium atom is
surrounded by nine oxygen atoms originating from the PO, groups, with the Ca ions themselves
bonding to each other in columns parallel to the crystallographic c-axis (Figure 2). The remaining
six calcium atoms are in the Ca2 position (6h) and form equilateral triangles around the axis at
z=1/4 and z=3/4 within the mirror planes. Unlike the Cal position, the calcium atoms in the Ca2
position are surrounded by six oxygen atoms originating from the surrounding PO, groups and with
one F atom located in the channel. These F ions are located in the center of the Ca2 triangle (6h
position) in the mirror planes at z = 1/4 and z = % (Figure 2).

a) [ Cay Cay b)

C C
i @ 0@
Cay Can
Cay

b
a > a
C) d)
C
A
t
a l<

Figure 2. (a) Tetrahedron PO, with the environment in FAP crystal lattice. (b, c) Ca109 and
Ca206F polyhedra for FAP structure. (d) Bonding F atoms in a column surrounded by Ca2 atoms
[17].

The apatite crystal lattice is formed of three types of polyhedra, in which changes occur when the
anionic members in the columns change. These three polyhedra are shown in Figure 2. a, b, c.
Phosphorus occurs in apatite in tetrahedral coordination with the central P atom in the 6h special
position (Figure 2.a) [15]. The phosphorus atom (charge: +5) as a central atom is connected to 4
oxygen atoms (charge: -2). The various anions that can be in the columns have a significant impact
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on this rigid polyhedron. This primarily refers to the substitution of F anions with OH", CI", COs*
anions.

Ten calcium ions appear in a unit cell in the form of two different polyhedra CalO9 and Ca206F.
The Cal09 polyhedron with a central cation in the 4f (1/3, 2/3, z) position is coordinated with nine
oxygen atoms arranged in a three-pointed trigonal prism [15]. In the Ca206X polyhedron, Ca2 in a
special position binds six oxygen atoms (O1, O2, and 4x0O3) and one anion in column X for 6h in
the P63/m space group [15].

By combining the three polyhedra, an FAP network is formed (Figure 1) when the Cal atoms are
previously connected along the c-axis in the column by connecting above and below over three
oxygen atoms lying in the mirror planes.

So far, we have obtained fluorapatite nanocrystals synthesized in the laboratory by relatively simple
methods of precipitation and neutralization [18, 19]. Nanometer-sized single-phase FAP crystals
were obtained. By excitation of the obtained powders with different wavelengths at room
temperature, emission occurs in the area of purple-blue light of the visible part of the spectrum
(Figure 3).
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Figure 3. Excitation-emission profile for FAP nano-powder with a separate map [20].

In order to create a model system for quantum chemical calculations that can reproduce the
fluorescent spectra of doped fluorapatite, an analysis of crystal structures obtained from the crystal
structure database of the American Mineralogist was performed. Ab initio calculations of
fluorescent spectra were done for three geometries. A model system containing three metal cations,
three PO,> ions, and an F~ ion in the center (luminescent center) showed the best agreement with
the experimental data [1]. The luminescence of the crystal lattice of FAP originates from the F atom
at the 6h position at z = 1/4 and 3/4.

Metal substitutions in the crystal matrix of fluorapatite

The crystal lattice of fluorapatite is tolerant to various isomorphic substitutions, so fluorapatite
mineral compositions differ in nature from these ideal compositions. The most common form of
substitution encountered is called Type-A substitution [17]. This type of substitution refers to
substituting the position of the F anion with other monovalent or divalent anions (type CI', OH’,
CO5%...), but also neutral molecules (H,O, O,) [17]. Also, Type-A substitution refers to
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substitutions of Ca** ion position in FAP structure with monovalent, divalent, and trivalent cations
(Na*, Cu*, Eu* ...). The second type of FAP lattice substitution is Type-B substitution and refers to
the substitution of the position of the PO,> group, most often with COs* groups, but also with
complex anions of the MO,> type [17]. Finally, some dopants, such as Sb** and Mn?*, do not
substitute the FAP structure in a particular position but occur in special positions that modify the
crystal structure. Very often in apatite occurs the so-called. coupled substitution involving the
replacement of ions of the same charge (positive or negative) but of a different oxidation state, with
electroneutrality being achieved by forming vacancies or replacing ions of the opposite charge [10].
All of these FAP substitutions exist in nature and most of them can be reproduced in laboratory
conditions.

Ca®" ion substitutions are most often present in industrial applications when fluorapatite doped with
transition metal ions or rare earths are used to manufacture fluorescent lamps. Depending on the
position in which the Ca** substitution was performed, three types of calcium ion substitution were
found. Thus Ca®* may be substituted in the Cal or Ca2 position, or in both positions. In general, if
the substituent does not have a charge equivalent to 2+, there will be a shift to the Ca2 position,
which will disturb this position. If the substituent is in the form of M?*, then the substitution
depends on the relative size of the substituent and the Ca** ion. According to Kreidler, the radius of
the ion that substitutes for Ca?* ions can be between 0.95 and 1.35 A [21].

Substitution of Ca** by monovalent cations (K*, Na*) occurs frequently at the Cal position, creating
a vacancy at the Fi position sometimes at the Cal position. Generally larger cations have a higher
affinity for the Cal position [22]. In the case of Ag" ion substitutions, it is assumed that they change
Cal positions, with the AB type of CO3” substitution due to the charge balance [19].

If the substituent is a divalent cation (e.g. Sr**, Pb®*, Mg?"), the substitution priority will be the Ca2
position [23]. At the same time, it was noticed that there is no loss of PO,* ions, and the degree of
change is generally small. In the same way, if both Ca** (Cal and Ca2) positions are substituted
with Pb?* or Cd®*, the crystal lattice will not undergo any major structural change [24, 25]. Only an
increase in unit cell parameters and M-O distance was observed. On the other hand, the substitution
of divalent cations only in the Cal position has many consequences per crystal structure. The
crystal symmetry will be broken and the spatial group becomes P63. Therefore, Mn** cations are
considered to perform FAP lattice substitutions at special positions.

Substitution of Ca** with trivalent cations (Sb**, Nd**) is relatively rare in nature, but this type of
substitution is often used in industry for the production of fluorescent lamps [26, 27]. If the degree
of substitution is very small (<2%), the Ca2 positions will preferably be substituted. This is
accompanied by the loss of PO,> ions, so the crystal lattice will compensate for the charge
imbalance in this way. However, when the degree of change is higher, the replacement of Ca?* with
trivalent ions is accompanied by the substitution of F- with divalent cations and / or the substitution
of Ca®* with a monovalent anion. Specifically, the exchange mechanism is 2Sb** for 3 adjacent Ca®*
at the Cal position.

Rare earth ions (REE®") can make substitutions in both cationic positions Cal and Ca2 [28]. In
general, the most frequently tested Eu** cation will replace the FAP lattice in the Ca2 position with
F substitutions with O% anions due to the charge balance, but also the possible creation of a vacancy
(F2n) [29]. In the case of Pr** substitutions, it has been observed that they have an affinity for the
Caz2 position and that there are substitutions of F~ with O® anions due to the charge balance, but also
the possible creation of a vacancy [18].

In the case of co-doped FAP, by the Yb*/Ho®" cation system, it was assumed that there were
13Yb*" and 2Ho®" in 10 unit cells [30]. The charge balance is achieved by forming a vacancy at the
Ca®* position, as well as by substituting F with O~
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Conclusion

New types of biomaterials for a wide range of biomedical applications have been obtained by
substitutions of different metals in the crystal matrix of fluorapatite. The crystal lattice of
fluorapatite is tolerant to various isomorphic substitutions. When replacing Ca ions with metals, a
widespread phenomenon is coupled substitution, when anions are also replaced in order to preserve
the neutrality of the lattice. In addition to these structural properties, doped metals affect both the
luminescent and biological properties of fluorapatite materials.
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