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Abstract—Substituted hydroxylapatites (HAs) containing various La3* or Y3 percentages were prepared.
X-ray powder diffraction, Four-transform IR spectroscopy, and optical spectroscopy verified the formation
of substituted hydroxylapatites (La—HA and Y—HA). Inductively coupled plasma atomic emission spectrom-
etry (ICP—AES) verified the presence of REE ions in the solids. Changes in the unit cell parameters of the
prepared phases indicated that the REE ions substituted for Ca?*' ions in the hydroxylapatite structure. The
lanthanum or yttrium percentage in precipitates increased in response to increasing REE salt concentration
(within 1—5 wt %) in the initial solution as shown by chemical analysis; this brought about a decrease in the
ratio Ca/P compared to the stoichiometric ratio (1.67). The solubility of the synthesized samples was studied,
and it appeared that the cation-substituted hydroxylapatites were less soluble than undoped HA was.
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INTRODUCTION

Rare-earth elements (REEs) are not known as bio-
metals, but their ions can exhibit biological activity.
Some REE salts are used in the treatment of some dis-
eases; their radioactive isotopes are capable of exerting
an anti-cancer effect by acting on malignant tumors
[1-3]. Rare-earth compounds may interfere with
blood clotting to prevent blood clots and have anti-
inflammatory properties. Rare-earth ions are not
aggressive when exposed to the human body, for they
do not have oxidizing properties; moreover, they have
hydrated shells, which reduce their activity [5—8].

Lanthanide salts, their complexes and nanoparti-
cles succeed in the treatment of bone diseases. The
incorporation of lanthanide ions into the structure
makes hydroxylapatite (HA) promising for use in bone
materials engineering, specifically, changing its anti-
microbial activity. Substitutions appreciably affect the
structure, solubility, and thermal stability [9—11].

With the increasing number of bone diseases, tens
of thousands of implants and endoprostheses are used
annually in medicine; they are categorized into bioin-
ert and bioactive ones. The latter comprise two types
of calcium phosphate-based materials: hydroxylapa-
tite and B-tricalcium phosphate, both having good
biocompatibility, bioresorbability, and osteoinductiv-
ity with the human skeleton. Undoped HA, as a rule,
is not used in implants, since it is a brittle material and
has a low degree of osteoinduction; i.e., it poorly acti-
vates the formation of new bone tissue. Therefore, the

material used in practice is HA doped with metal
ions, which enter the HA structure to change its
properties, specifically its bioactivity and bioresorb-
ability [12—16].

Lanthanide-doped HA nanoparticles can be used
as fluorescent labels, and they can become an alterna-
tive to organic fluorophores as they are more stable
and have longer lifetimes. Such materials make it pos-
sible to study tissues in surgery, bone engineering, and
for tissue repair [17, 18].

Lanthanides are known for their high affinity to
HA. This is due to the lanthanide ions (Ln**) having
ionic radii close to the Ca?* radius; their biological
activity is related to this fact. Rare-earth elements
inhibit the formation of osteoclast-like cells and bone
resorption. In addition, lanthanides have biological
effect on the body to inhibit the growth of bacteria and
change the structure of the outer cell membranes,
which are responsible for cell permeability [2, 19].

The La’"-doped HAs, for example, has a high
strength and supports osteoblast adhesion; Y**-doped
HAs are biocompatible, support cell proliferation,
promote accelerated fibroblast growth and better
osteoblast adhesion compared to the respective prop-
erties of unsubstituted hydroxylapatite [19, 20].

The goal of this work was to prepare and study
hydroxylapatites doped with REE ions (La’* and Y?*).
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EXPERIMENTAL
Synthesis

Hydroxylapatite samples were prepared by wet-
chemistry methods [21]. The chemicals used to pre-
pare initial solutions were pure for analysis grade cal-
cium nitrate Ca(NO;), and ammonium hydrogen-
phosphate (NH,),HPO, and aqueous NH,OH solu-
tion. The synthesis was carried out at 23—25°C in
accordance with the equation below:

10Ca(NO,), + 6(NH,),HPO, + SNH,0H
— Ca,y(PO,),(OH), + 20NH,NO, + 6H,0.

To a 250-mL portion of 0.136 mol/L Ca(NO5),
solution, dropped was (at a rate of 4.5—5.0 mL/min) a
250-mL portion of 0.080 mol/L (NH,),HPO, solu-
tion, to which concentrated aqueous ammonia (5 mL)
had been added beforehand, under vigorous stirring.
Afterwards, pH in the thus-prepared solution was
adjusted to 9.00 £ 0.05, and the solution was allowed
to crystallize for 7 days. The precipitate was filtered off
with a water jet pump, and the filtrate was stored for
chemical analysis. The precipitate was washed with
distilled water (¥'= 50 mL) and ethanol to improve the
dispersion, dried in an oven at ~110°C for 24 h,
crushed with a mortar and a pestle, and then placed in
a desiccator to remove the remaining unbound water.
Next, the resulting powder was transferred into a
labeled bottle and weighed. Rare-earth-doped
hydroxylapatites were prepared as described above
using inorganic calcium and phosphorus salts. The
La’" and Y3* ions were entered into the solution as
well-soluble compounds: La(NO;);6H,O0 and
Y(NO3)3'6H20.

Two experiments were carried out. In one experi-
ment, La(NO;);6H,0 was used; in the other,
Y(NO;);6H,0 was. In order to prepare REE-doped

hydroxylapatites (REE/(REE + Ca?*) of 1 to 5 wt %
with 1% steps), a solution containing Ca(NO;), was
added with a 0.1 M REE solution in the amount that
would provide the set percentage.

Next, to the Ca(NO;), solution then containing
REE ions (La*" or Y?*), an (NH,),HPO, solution was
dropped (at a rate of 4.5—5.0 mL/min) under vigorous
stirring; the thus-prepared solution was brought to the
set value of pH (9.00 £ 0.05) and then allowed to crys-
tallize for 7 days.

The precipitate was crushed with a mortar and a
pestle, and placed in a desiccator to remove the
remaining unbound water. Afterwards, the resulting
powder was transferred to a labeled bottle and then
weighed.

X-ray powder diffraction analysis was performed by
the Debye—Scherrer method on a DROM-3 diffrac-
tometer (Cuk,, radiation, A = 0.154 nm, 26 angle
range: 5°—60°).
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The spectra were first processed with the DIFWIN 1
(https://www.updatestar.com/ru/topic/difwin) soft-
ware suite. The recorded X-ray diffraction patterns
were used to determine Bragg reflection angles and
their relative intensities. The phase composition of the
prepared samples was determined by qualitative and
quantitative analyses with the MATCH! 3 software, in
which the interplanar distances and relative intensities
of diffraction peaks for each phase were compared to
the respective values from the file [22].

The X-ray diffraction patterns of phases were used
to calculate crystallite sizes by the Debye—Scherrer
relationship:

__kA
Bcos6’

where d is the crystallite size; k is the Scherrer con-
stant, which is the particle form factor; A is the wave-
length; B is the peak width at half-height; and 0 is the
diffraction angle.

The X-ray diffraction patterns were used to calcu-
late the unit cell parameters of samples in the software
“Spreadsheet Processor for X-ray Structure Analysis”
(RTP), in the natural minerals network database
(Mineralogy Database, http://webmineral.com).

Fourier-transform IR spectra were recorded on an
FSM-2202 spectrophotometer. Test samples to record
a spectrum were prepared as follows: a powder sample
was blended with a KBr powder in the ratio 1 : 100,
then the mixture was compacted on a tablet press, and
the tablet was placed to the spectrophotometer cell.
The software used was FSPEC, the recording range
was from 400 to 4000 cm~!, and the total number of
scans was 32. The software used to process the spectra
was ORIGIN 2021.

The morphology of solids was studied using an
XSZ-107 microscope and a TOUPCAM video eye-
piece at 160% magnification. Micrographs were
obtained using the TOUPVIEW program.

The cations in the solid phases of the prepared
samples were determined by inductively coupled
plasma atomic emission spectrometry (ICP-AES)
[23]. Calibration solutions were prepared via succes-
sive dilution of the standard solution. Solutions were
injected into the plasma in the following order: the
zero solution, then calibration solutions in the ascend-
ing order of concentrations, blank solution, and test
solution. After all solutions were analyzed, the back-
ground correction was applied using software.

The stability to electrolytes was studied on samples
dissolved in 0.01 M HCI (pH 2) and in acetate buffer
(pH 5.5). The process was carried out under vigorous
stirring at 7= 298 K; the change in Ca?* concentra-
tion (pCa) and pH were recorded on an I-160MI ion
meter in certain time intervals (T = 0—40 min in 1-min
intervals). The thus-gained data were used to plot pCa =
J(1) and pH = f(7) kinetic curves and to calculate the
dissolution rates of the samples [24].
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In supernatant liquids after the solid was com-
pletely separated, pH and Ca?' concentration were
measured potentiometrically. Residual phosphate ions
in the solution were determined photometrically as
molybdenum blue (RD 52.24.382-2006, regulatory
documents on the determination of “weight concen-
trations of phosphates and polyphosphates”) on a
KFK-2 device.

La’" and Y’* Determination
in Acid Solution with Arsenazo(I111)

The La*" and Y*>" were determined on a YuNIKO-
1201 spectrophotometer at the wavelength A = 650 nm,
the cell thickness /=3 cm, and pH 1.8—2.0. Three rep-
licate measurements were done, and the average opti-
cal densities were used to plot the d =f(c(REE)) cali-
bration plot.

RESULTS AND DISCUSSION

Figure 1a shows the X-ray diffraction patterns of
undoped HA samples and La*"-doped HAs. One can
see that the prepared phase is hydroxylapatite. The
X-ray diffraction pattern features reflections at 25.8°
(002), 28.9° (210), 31.8° (211), 32.9° (300), and 34.0°
(202), which verifies the presence of a hydroxylapatite
phase in the REE-free sample. The La*"-doped sam-
ples have X-ray diffraction patterns similar to the
X-ray diffraction pattern of the REE-free hydroxylap-
atite, but with the characteristic angles shifting toward
the higher values. This observation can signify the iso-
morphic substitution of La3* (1.17 A) for Ca>* (1.14 A)
in the HA structure and an attendant distortion of the
crystal lattice and its parameters [11].

Figure 1b shows the X-ray diffraction patterns of
undoped HA and the HA samples synthesized in the
presence of Y. The X-ray diffraction patterns are
similar to one another; that is, they refer to a hydrox-
ylapatite phase. The X-ray diffraction patterns of the
Y3*-doped samples feature shifts of characteristic
angles, which can serve as a signature of the substitu-

Table 1. Unit cell parameters

GOLOVANOVA

1
(a)
5% (La)
4% (La)
2% (La)
0% (La)
J\N\T,A/\AI/\N/T/\,\J\/I\M\I
(b)
5% (Y)
4% (Y)
2% (Y)
0% (Y)
1 1 1 1 1

20 30 40 50 60
20, deg

Fig. 1. X-ray diffraction patterns of (a) La3+—doped and
(b) Y3 +—doped hydroxylapatite samples.

tion of Y3* (1.12 A) for Ca?* (1.14 A) in the hydroxylap-
atite structure.

The measured X-ray diffraction patterns were used
to calculate the unit cell parameters for the synthe-
sized samples (Table 1).

The contents of Table 1 imply that La—HA and Y—
HA have greater unit cell parameters than those of
unsubstituted HA. A greater increase in the parameter
a compared to the parameter ¢ is because lanthanum
ions prefer to occupy the Ca(2) position in the hydrox-
ylapatite structure [1, 3]. The Y—HA unit cell param-
eters change to a lesser extent than the La—HA param-
eter because of the smaller difference between the
yttrium and calcium ionic radii than between the lan-
thanum and calcium ionic radii. One-way ANOVA
analysis using the STATIC 2 program showed that, for

C Unit cell parameters, nm
Sample ——REE__ "o
Cree + Cea a£0.001 ¢ +0.001
HA - 0.944 0.689
La—HA 2% 0.948 0.694
4% 0.951 0.695
5% 0.960 0.699
Y—HA 2% 0.945 0.690
4% 0.947 0.692
5% 0.948 0.693

Crek is the REE ion concentration; Cc, is calcium ion concentration, wt %.
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Table 2. Mean crystallite sizes

D ean £ 0.03 nm
&7 % La3* Y3+
Cree + Cea
0 0.31 0.31
2 0.31 0.30
4 0.31 0.30
5 0.32 0.30

all doped samples, the factor was statistically signifi-
cant compared to undoped HA.

The X-ray diffraction patterns were used to calcu-
late mean crystallite sizes by the Debye—Scherrer rela-
tionship (Table 2). Clearly, the compounds were
nanocrystalline, which rises their potential for use in
medicine, e.g., for targeted delivery of drugs, and REE
ion additives, as a rule, did not affect the crystallite
size of the synthesized samples. One-factor analysis of
variance was carried out using the STATIC 2 program,
and showed that the factor was not statistically signifi-
cant. The discrepancy between the samples in terms of
the mean value was statistically insignificant.

Fourier-transform IR spectroscopy was used to
determine the group composition of samples. Figure 2a
shows the spectra of REE-free hydroxylapatite and of
samples containing various amounts of La’* or Y3'.
The broad band at 3340—3600 cm™! relates to the

(a)

— La(5%)

M La(4%)
La(3%)

La(2%)

La(1%)
— La(0%)

8
=

g W/\f_—_"_\/_

£ 1000 2000 3000 4000
g (b)

F.

WW —Y(5%)

Y(4%)
Y(3%)
Y(2%)
Y(1%)
— Y(0%)

500 1000 1500 2000 2500 3000 3500 4000
1

v, cm™

Fig. 2. IR spectra of (a) La>"-doped and (b) Y>*-doped
hydroxylapatite samples.
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bending vibrations in OH™ groups; the band in region
of 1590—1690 cm~! is due to the H—O—H bending
vibrations in the H,O structure. Low-intensity
stretching vibrations appear in the region of 1360—
1410 cm™' corresponding to the P=0 bond, and a
broad strong band appears in the range 900—1100 cm™"
relating to the P—O stretching vibrations; and the P—
O—P bending vibrations appear at 550—620 cm~!. The
spectrum also features bands at 880, 960 (v,), 1080

(v;), and 565 (v,) cm™! relating to the vibrations in

PO?[. Noteworthy, the spectra have similar patterns.
In some IR spectra, a band is observed in the
region of 2300—2400 cm~' due to the vibrations in

CO§_. The carbonate ions appear in the HA structure
due to the carbon dioxide absorbed by hydroxylapatite
from the air during the synthesis, as a result of which

CO§_ ions can occupy the phosphate ion (B-type)
positions in the structure. The IR spectra of all pre-
pared samples are alike; this signifies that substitutions
occur in the cationic, and not anionic, position in the
HA structure.

The as-synthesized solid phases were studied by
optical microscopy in order to elucidate their mor-
phology. Micrographs (Fig. 3a) show that REE-free
HA crystals have irregular-shaped faces; sharp cleaves
are observed, but the particles yet have clear-cut edges
and a small spread in size. The REE-doped samples,
as arule, have crystals with less clear edging. Clear-cut
edging appears in samples with 5% additives (Figs. 3¢
and 3e); such changes in particles characterize the iso-
morphic incorporation of the REE into the hydrox-
ylapatite structure.

Particle aggregation is typical of the REE-doped
samples; that is, REE additives in the form of ions help
aggregation, and this effect is more pronounced in the
5% REE samples. This behavior is explained by the
agglomeration of particles with uncompensated
charges upon the isomorphic substitution of calcium
ions in the HA structure by REE(+3) ions.

The amounts of REE ions in solid samples were
determined and calculated by ICP-AES. The results of
chemical analyses and ICP-AES served us to suggest
structural formulas of the prepared doped hydroxylap-
atite samples (Table 3).

It can be seen that REE ions, introduced as a per-
centage of calcium, almost completely enter the solid
phase and substitute for calcium ions in the hydrox-
ylapatite structure to form La—HA and Y—HA doped
solid phases.

The calcium ion, phosphate ion, and REE concen-
trations were determined by chemical analyses (Table 4).
These concentrations showed that the ratio Ca/P,
which is an important characteristic of synthesized
samples, is smaller for the REE-substituted HAs. The
REE concentrations determined by chemical analyses
in the solution after the precipitate was separated ver-
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Fig. 3. Micrographs of HA samples: (a) REE-free and (b—e) doped with (b) 2% La>", (c) 5% La>*, (d) 2% Y>T, and (e) 5% Y>™.

ify that the REE ions are incorporated into the solid Thus, the ratio Ca/P in the prepared compounds is
phase. The amount of REE ions in the precipitate lower than the stoichiometric value typical of hydrox-

increases as the REE concentration in the initial solu-  ylapatite, equal to 1.67. This observation confirms the
tion rises. occurrence of isomorphic substitution of REE ions for

Table 3. ICP-AES results

CREE (caled.), % REE ion _concentratlon in CRrEE (exp.). % Formula
CREE + Cca SOlutlon, lJ,mOl/L CREE + CCa

La’",5 34£01 4.7 Lay 47Cag 53(PO4)s(OH), 47

Y’h,s 36101 4.9 Y.49Cag 5,(PO4)6(OH); 49
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Table 4. Percentages of ions in the solid phases of synthesized HA samples

C Crek (exp.), % Ca/P £ 0.01
REE __ (caled.), % Cree + Cea
Cree + Cea

La** Y3t La** Y3*
1.0 0.9 1.0 1.62 1.61
2.0 1.8 1.9 1.59 1.59
3.0 2.8 3.0 1.57 1.57
4.0 3.6 3.8 1.56 1.56
5.0 4.7 4.9 1.55 1.54

Ca’" ions in the HA structure. Goldschmidt’s rule
states that isomorphism is possible only when the dif-
ference between the radii of the interchanging ions
does not exceed 15%. Comparing the Ca?* radius (1.14 A)
and the Goldschmidt radii of La3* (1.17 A) and Y3*
(L.12 A) substituents, we can see that they have close
values and their difference does not exceed 15%. Thus,
we can conclude that these ions satisfy Goldschmidt’s
rule and their isomorphism is possible [25, 26].

Bioactivity is an important characteristic of
hydroxylapatite-based materials. While the material
dissolves, inorganic ions leave its structure and contrib-
ute to the formation of the inorganic component of the
bone matrix, which favors the formation of bone tissue.

0.10F (a) ——La(0%)
P La(1%)
0.08 - — —La(2%)
I La(3%)
0.06 - ,/ = La(4%)
0.04f [ La(5%)
0.02F {
’4 O Il 1 1 1 1 1 1 1 1 1 J
~.
g =50 5 10 15 20 25 30 35 40 45 50
g 010 (b)
o ——Y(0%)
= 0.08F —Y(%)
% Y%)
0.06 - ——Y(3%)
Y(4%)
0.04 Y(5%)
0.02
O 1 1 1 1 1 1 1 1 1 1 J
=50 5 10 15 20 25 30 35 40 45 50

T, min

Fig. 4. Dissolution rate curves in acetate buffer for (a)
La3+—doped and (b) Y3+—doped hydroxylapatite samples.
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The prepared samples were dissolved in acetate buffer
(pH 4.5) and in 0.01 M hydrochloric acid (pH 2.0).

The plotted C(Ca?") = f{(7) kinetic curves (Fig. 4)
imply that saturation with calcium ions occurs
approximately in the 15th minute post dissolution.
The HA prepared without addition of REE ions has a
higher solubility than that of samples with REE addi-
tives. The solubility of HA becomes lower when the
REE enters the crystal lattice. This can arise from the
mutual influence of Ca?" and REE ions, which
increases the unit cell parameters of HA and decreases
its solvability and proneness to dissociation.

In addition, there is an energy gain for La—HA and
Y—HA isomorphic compounds. According to Fers-
man’s law of diagonal isomorphism, the energy gain
takes place if an ion of the same (or close) size and of
the same sign, but of a higher charge, enters the crystal
lattice instead of a low-charge ion. The second reason
lies in the surface adsorption of phosphate ions due to
an incomplete compensation of positive charges upon
isomorphic substitution.

Thus, the synthesized HAs that contain La** or Y3*
can inhibit or suppress the activity of osteoclasts and
thereby prevent bone destruction. Accordingly, the
material based on REE-doped HA may have benefi-
cial effects when used in bone engineering.

Various trends were observed when the solubility of
the prepared samples was studied in hydrochloric acid
(pH 2.0), which models active resorption. The solu-
tion saturates with calcium ions at the 10th minute.
The La*"-doped HA samples, for example, are dis-
solved at a lower rate than REE-free HA is (Fig. 5a),
while HA samples doped with 1% Y>* have a higher
dissolution rate compared to undoped hydroxylapa-
tite. Therefore, HAs containing Y3* ions (1 wt %) in
their structures can favor the resorption of the mate-
rial.

Kinetic data processing using the data sampling
technique showed the zero order of dissolution reac-
tions, which is typical of heterogeneous reactions. In
view of this, the dissolution reaction rates were calcu-
lated using the appropriate equation [24, 27] (Table 5).
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Fig. 5. Dissolution rate curves in HCI for (a) La3+—doped
and (b) Y3+—doped hydroxylapatite samples.

Dissolution in acetate buffer exhibited a common
trend: the dissolution rate of undoped HA is higher
than that of REE-doped HAs; La—HA (1%) and Y—
HA (1%) have the highest dissolution rates.

Dissolution in HCI showed that the degradation
rate of the substituted samples was lower than that of
the HA prepared without additive ions. Of the substi-
tuted samples, Y—HA had the highest dissolution rate

Table 5. Dissolution rates of synthesized samples

V' x 1073, mol/(L min)
REE ion additive, %
acetate buffer HCl
0 2.78 9.90
La3t 1 2.34 7.34
2 2.05 6.38
3 1.94 5.94
4 1.74 5.05
5 1.59 4.06
y3+ 1 1.63 10.4
2 1.46 7.39
3 1.41 4.85
4 1.31 4.26
5 1.05 3.24
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(1%). The dissolution process also featured the fol-
lowing trend: the greater the amount of REE ions
incorporated into the HA structure, the lower the HA
dissolution rate.

Comparing dissolution rates in various solvents,
one can see that the process rate is higher in HCI solu-
tions because of their high acidity.

CONCLUSIONS

Substituted hydroxylapatites containing various
amounts of La’* or Y>" (1-5% with 1% steps) have
been prepared. The formation of La—HA and Y—HA
substituted hydroxylapatites with various concentra-
tions of dopant ions has been verified. The increasing
batch concentrations of REE-containing reagents in
the range 1—5% brought about an increase in their
concentrations in the precipitates and, thereby, a
decrease in the ratio Ca/P (1/67). The cation-substi-
tuted hydroxylapatites have been found to be less solu-
ble than undoped hydroxylapatite. Such compounds
can inhibit and suppress the action of osteoclasts,
thereby preventing the destruction of bone tissue and
maintaining its integrity. Accordingly, materials based
on REE-doped hydroxylapatites can be used in bone
engineering.
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