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Abstract

To avoid sudden release of fluoride, F-substituted hydroxyapatite (FHA) porous microspheres were prepared
for the treatment of F-deficiency tissues. In the absence of any template-directing reagents, FHA microspheres
with diameters of about 30 um were successfully fabricated via hydrothermal method with urea as homoge-
neous precipitant to regulate the nucleation, growth and self-assembly process. Urea concentration and hy-
drothermal temperature played an important role in the formation and regulation of spherical hydroxyapatite.
The synthesized FHA microspheres with large specific surface area, large pore volume and complex porous
structure were efficient for the adsorption and long-term stable release of ionic extracts. Concentration of F~
ions in physiological salt solution was maintained in the range of the therapeutic window without exceeding
the toxic threshold within 30 days. The ionic extracts of FHA porous microspheres promoted the proliferation
of human osteoblast-like cells (MG-63). The fabricated FHA microspheres may be a potential candidate as
bioactive fluoride-release carriers for the treatment of osteoporosis and bone defects.

Keywords: porous hydroxyapatite, microspheres, hydrothermal method, self-assembly, fluoride-releasing

I. Introduction Common inorganic bioactive carriers [7] include bio-
glass, calcium phosphate and hydroxyapatite (HA).
However, the loss of introduced fluoride during the
melting process and the high dissolution rate of bio-
glass limit its long-term stability. Fluoride ions cannot
enter the calcium phosphate structure and are often en-
riched at the grain boundary, which easily leads to sud-
den release of fluoride. Hydroxyapatite has good bio-
compatibility and can be slowly dissolved in the body.
Unlike the physical adsorption, hydrogen bond or elec-

Fluorine mainly exists in hard tissues, such as bones
and teeth as an essential trace element. Fluoride ion has at-
tracted attention due to its therapeutic ability in osteoporo-
sis. Supplemental F~, upon implantation in a bone substi-
tute, promotes bone formation around the implant and ac-
celerates the recovery process in elderly people. Fluoride-
containing substances, such as highly soluble sodium flu-
oride, calcium fluoride and sodium monofluorophosphate,

are usually combined with organic carriers (such as com- ¢ cati adsorption between HA and other drugs, fluo-
posite resin [1], oligomeric L-lactic acid [2], glass ionomer 1340 can enter the apatite lattice to form fluoride sub-
cement [3], sodium alginate [4], hydroxymethyl chitosan  giryteq apatite (FHA). So far, the effect of F~ ions on
[5], etc.) to prepare fluoride sustained-release materials. HA structure and properties has been widely reported.
However, the above-mentioned highly soluble fluoride and  g_obstitution not only changes the composition, solu-
strong biodegradable carrier can easily cause the sudden bility and crystallinity of HA, but also is important in
and excess release of fluoride [6]. In addition, during the cell proliferation, bone development and has pharma-
treatment of bone diseases, organic carriers cannot have ceutical effects on bone regeneration [8—10]. FHA has
the dual functions of nidus filling and drug release. improved crystallinity and markedly reduced acid reac-
tivity, exhibits superior corrosion resistance, biocompat-
ibility and chemical stability. A local release of F~ ions
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in a low dosage may improve bone regeneration, avoid-
ing the sudden release of fluoride at the initial stage.
Thus, it has aroused widespread interest for FHA and in
situ sustained-release of ionic extracts for the treatment
of osteoporosis.

The regular porous HA microsphere material has the
advantages of high specific surface area, good affin-
ity and excellent adsorption ability. Moreover, the ad-
sorbed ions can achieve uniform and equal release from
all sides. Thus, spherical HA has promising applica-
tions for bone/tooth materials as bioactive carrier. It
has attracted widespread attention in the field of drug
sustained release. Conventional precipitated HA of-
ten shows rod-shaped aggregates because of the pre-
ferred orientation growth of HA crystal along the c-
axis. The traditional strategy to synthesize porous mi-
crospheres is focused on the template method. Porous
HA microspheres are self-assembled by electrostatic
interaction between organic polymers spherical mi-
celles and HA nanosheets [11,12]. Inorganic or or-
ganic solid microspheres can also be used as tem-
plates to form HA microspheres by heterogeneous
nucleation or ion exchange [13]. These methods re-
quire the sacrifice of templates, which may be harm-
ful to health and environment. Up to now, self-assembly
of microspheres in the absence of any templates is
still a major challenge. At the low-temperature hy-
drothermal conditions, hydrolysis of homogeneous pre-
cipitant generates the driving force for crystal nucle-
ation, growth and self-assembly process, thus control-
ling the morphology and structure. Hydrothermal reac-
tion has become the common method to prepare spher-
ical structures. The similar phenomenon of nucleation-
dissolution-recrystallization-self-assembly growth pro-
cess has been widely observed in the synthesis of metal
oxides and other kinds of materials [14]. However, fur-
ther work needs to be done to understand the role of
all parameters in structure regulation, such as concen-
tration, pH value and hydrothermal temperature. Up to
now, lots of studies have focused on the effect of hy-
drothermal conditions on the grain size and morphology
[15], and the effects on the self-assembly process of mi-
crospheres are rarely reported.

In the present study, FHA microspheres with porous
structure via hydrothermal process have been devel-
oped. The effects of urea concentrations and hydrother-
mal temperature on the crystal structure, morphology
and self-assembly process of FHA microspheres were
further investigated. The sustained release of fluoride
ions and osteoblast cell (MG-63) proliferation were
evaluated to lay the foundation for the treatment of os-
teogenic disease.

II. Experimental details

2.1. Synthesis and characterization

All chemicals Ca(NO,),-4H,0, (NH,),HPO,,
NH,F were analytical grade reagents obtained from

249

Tianjin Fengchuan Chemical Reagent Technology
Co. Ltd. and used without further purification. In the
synthesis process, the aqueous solutions containing
0.15mol/l Ca**, 0.09mol/l HPO;~ and 0.01 mol/l
F~ were added drop-wise into the urea solution with
designed molar concentrations of 0.75, 1, 1.25 and
1.50 mol/l. Correspondingly, the obtained products
were labelled as Ul, U2, U3 and U4, respectively. A
solution of 0.1 mol/l HNO, was used to adjust pH to
2.50-2.55 to obtain clear solutions. Then 70 ml of the
obtained solution was transferred into 90 ml autoclave
and heated at certain temperature (90, 120 or 150 °C)
for 48h, followed by cooling to room temperature
naturally. Finally, the obtained suspension was filtered
and washed with distilled water and anhydrous ethanol
for three times. The obtained powders were dried at
120 °C for 24 h.

The structures of the samples were investigated by
X-ray diffraction (XRD, D8 Advance, Bruker, Ger-
many) with monochromatic Cu Ke radiation. The lat-
tice constants were calculated from the well deter-
mined positions of the intense XRD diffraction peaks
that were processed by MDI Jade 6.1 software. To
evaluate the crystallinity degree, the reflection of the
(211) plane of the pure HA was selected for crys-
tallinity measurement and calculation of the relative in-
dex of crystallinity. The morphology and particle size
of the samples were determined by scanning electron
microscopy (SEM, JSM-6700F, JEOL, Japan). Nitro-
gen adsorption and desorption was used to analyse
the specific surface area and pore size of the samples
(BET, BELSORP-max, MicrotraBEL, Japan). Fluoride
contents in the apatite were quantified by X-ray flu-
orescence spectroscopy (XFS, ARLADVANT X Intel-
liPower TM, Thermofisher, USA).

2.2. Fluoride ion release test

200 mg of the FHA microspheres was placed into
100 ml of physiological solution and allowed to stay at
37°C. After certain periods of time, the physiological
solution was filtered using a membrane with a pore size
of 0.22 um, and the F~ concentration in the solution was
measured by Fluoride ion meter (D-53, Horiba, Japan).

2.3. Cell culture experiment

The human osteoblast-like cells (MG-63 cell, Cell
bank, Shanghai, China) were used and cultured in the
Dulbecco’s modified Eagle’s medium (DMEM). Ionic
extracts were first prepared by immersing each group
of powders in DMEM culture medium with concen-
tration of 100mg/ml. After incubation at 37°C for
24 h, the mixture was centrifuged and the supernatant
was collected. Subsequently, these extracts were steril-
ized by filtration through 0.22 um filter membrane for
cell culture experiments. The ion concentrations of the
extracts were measured by ICP-OES (Optima 8000,
PerkinElmer, USA). The proliferation of MG-63 was
carried out using Cell Counting Kit-8 (CCK-8) assay at
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a density of 5x 10? cells/96-well for 1 and 3 days of cul-
ture by the method reported previously [10]. The results
were expressed as optical density (OD) and all experi-
ments were done in triplicate to obtain the average data.

II1I. Results and discussion

3.1. The effect of urea concentration

It is well known that with the increase of the hy-
drothermal temperature urea ((NH,),CO) in the reac-
tion system continuously decomposes to form CO, and
aqueous ammonia species (NH,). The released NH,4
easily dissolves in water and increases the pH value to
alkaline condition, wherein HA becomes the more ther-
modynamically stable compound. Therefore, the con-
tinuous and homogeneous decomposition of urea gen-
erates the driving force for the nucleation and growth of
HA crystals under moderate supersaturation conditions.
In addition, CO, dissolves in water and then incorpo-
rates as carbonate in the HA lattice [16].

Figure 1 presents XRD patterns of the FHA porous
microspheres with different urea concentrations. All of
the products were identified as pure HA phase with-
out other impurities. With the increase of urea concen-
tration, the peak corresponding to (112) plane gradu-
ally disappeared and finally it overlapped with the (211)
peak to form a broad peak. With the increase of urea
concentration, the more and more CO%’ produced by
the decomposition of urea entered the apatite structure,
causing the disordered lattice [17]. As a result, the crys-
tallinity of the hydrothermally synthesized FHA porous
microspheres decreased from 81.4% to 71.7%.

CO%‘ in HA has two alternative types named as A-
type and B-type. In the former CO? replaces OH™ and
in the latter CO%‘ replaces POi‘. Substitution types
have different effects on the lattice parameters of HA.
Studies have shown that B-type substitution will cause
the lattice parameter a to decrease and c to increase [18],
whereas A-type substitution will cause the lattice pa-
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rameter ¢ to decrease [19]. It can be seen from Table
1 that the lattice parameter a decreased, the ¢ rose first
and then descended with the increase of urea concentra-
tion, indicating that the obtained products in hydrother-
mal conditions were carbonated HA giving priority to
B-type substitution. As the urea concentration further
increased, more CO, generated by decomposition pro-
moted carbonate substitution, and the possibility of A-
type substitution also increased. Previous studies [20]
have shown that the presence of B-type carbonate in the
apatite will interfere with the apatite crystallization and
which then tends to form small-size crystals, which can
explain our XRD and SEM results well.

Figure 2 presents SEM images of the FHA micro-
spheres prepared with different urea concentrations. It
can be seen from Fig. 2a that only parts of crystals
assembled into microspheres with a large number of
rod-like crystals being scattered randomly. The crys-
tals in the samples U2 and U3 grew into nanosheets,
whereas the more inhomogeneous and smaller rod-like
structures appeared in the sample U4. Almost all crys-
tals of the sample U2 were successfully assembled into
spheres and the loose and porous microsphere structure
can be clearly observed in the enlarged image (Fig. 2b).
All of the formed microspheres in the sample U3 ex-
hibited good dispersion without obvious agglomeration
(Fig. 2c). With the further increase in urea concentra-
tion, the obtained microspheres were characterized by
uneven size and irregular morphology (Fig. 2d).

According to the Gibbs free energy change [21],
the larger the supersaturation is, the more free energy
of crystal growth goes down and the crystal nucleus
can rapidly precipitate in the solution and grow into
nanocrystals in the early stage. Due to the high surface
energy, the as-formed nanocrystals aggregated to reduce
their surface energy in solution. The optimum shape
for minimizing the surface free energy is a spherical
structure due to the lowest surface area of the spheres,
which favours the self-assembling of the 2D nanocrys-
tals into microspheres rather than other types of aggre-
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Figure 1. XRD patterns of the FHA samples with different urea concentrations: a) U1, b) U2, ¢) U3 and d) U4
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Table 1. The effect of different urea concentration on lattice parameters and diffraction angle

Lattice constant 26 [°] ..

Sample d[A] c[A]  (002) (300) Crystallinity [%]
Ul 9425 6.927 25.69 32.87 81.4
U2 9410 6.934 25.66 32.85 80.2
u3 9409 6936 25.65 32.80 78.4
U4 9406 6.928 25.68 3291 71.7

10.0pm
—

Figure 2. SEM images of samples with different urea concentrations: a) U1, b) U2, c¢) U3 and d) U4

gations [22]. The increase of pH and supersaturation
caused by the urea hydrolysis in the hydrothermal pro-
cess can effectively promote the formation of HA micro-
spheres. Due to the low urea concentration of the sample
Ul, the low supersaturation made the driving force to-
wards nucleation insufficient. It tended to form of larger
rod-like crystals, which was difficult to assemble into
a sphere. The supersaturation provided by the urea hy-
drolysis in the samples U2 and U3 can coordinate the
nucleation and growth of HA crystals, thus crystal grew
into nanosheets with a tendency to assemble as “petals”
into porous microspheres structure. However, the exces-
sively urea concentration in the sample U4 increased the
supersaturation too much, which led to faster nucleation
and smaller crystals. Rapid microsphere self-assembly
process made the assembled microspheres small and
dense.

Figure 3 shows N, adsorption/desorption isotherms
and BJH pore size distribution curves of the FHA micro-
spheres prepared with different urea concentrations. All
the samples have similar type IV adsorption/desorption
isotherms and the typical H3-hysteresis loops [23] de-
riving from particles aggregates with silt-shaped pores
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[24]. With the continuous increase of urea concentration
from 0.75, to 1.25 mol/l, the specific surface area (S pgr)
increased from 46.8 to 91.8 m?/g and pore volume Vp)
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Figure 3. The nitrogen adsorption curves and pore size
distributions of FHA microspheres with different
urea concentrations
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Figure 4. SEM images of the U3 synthesized at different hydrothermal temperatures: a) 90 °C, b) 120 °C and c) 150 °C

Table 2. The effect of different urea concentrations on the
specific surface area Sggr, pore volume V, and
average pore size D

Sample S pgpr [m?/g]  V, [em®/g] D [nm]
Ul 46.8 0.18 10.39
U2 75.4 0.43 22.86
U3 91.8 0.53 25.68
U4 76.1 0.52 20.45

also increased from 0.18 to 0.53 cm?/g, respectively (Ta-
ble 2). However, due to the dense structure of the formed
microspheres, the S pgr of the sample U4 decreased to
76.1 mz/g instead. Moreover, the increasing number of
mesopores indicated the wider distribution of pore sizes
and the more complex pore structure. The characteris-
tics such as high S ggr, large V), and complex porous
structure not only provided ideal physical space, active
adsorption sites and nanoscale channels for the loading
and sustained release of traditional drugs, but also made
conditions for the in situ adsorption and sustained re-
lease of carrier ions.

3.2. The effect of hydrothermal temperature

Morphologies of the FHAs obtained at different hy-
drothermal temperatures are shown in Fig. 4. When the
hydrothermal temperature was 90 °C, the FHA micro-
spheres self-assembled from small acicular crystals into
dandelion clusters with compact structure. At the tem-
perature of 120 °C, the flaky crystals self-assembled into
porous flower-like microspheres. When the hydrother-
mal temperature increased to 150 °C, the microspheres
tended to be uniform and compact with fully-developed
flaky crystal. With the increase of temperature, urea hy-
drolysed more quickly to induce the ion concentration
higher than required for crystal nucleation in solution.
Then the rapid outbreak of homogeneous nucleation ef-
fect made ion concentration to drop sharply and the
formed nanoparticles lost the nutritional conditions for
continuous growth. As a result, the obtained particles
can be controlled within the small size range. The mor-
phology observation showed that the fabricated FHA
porous microspheres with diameters of about 30 um
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were assembled from two-dimensional nanosheets with
30-70 nm in thickness, up to 4-5 wm in length and about
2um in width. Under the different condition of hy-
drothermal temperatures, the different driving forces of
nucleation and growth induced formation of different
morphology and size of crystals, leading to different mi-
crosphere structures.

Figure 5 shows the nitrogen adsorption curve and
BJH pore size distribution of the U3 microspheres pre-
pared at different hydrothermal reaction temperatures.
With the increase of the reaction temperature from 90
to 120 °C, the specific surface area and pore volume
increased from 58.6 to 75.4m?/g and from 0.31 to
0.43 cm?/g, respectively (Table 3). However, when the
temperature rose to 150 °C, both the specific surface
area and pore volume decreased a little bit, which were
consistent with the phenomenon that the microspheres
formation tended to be uniform and compact as ob-
served in Fig. 4c.

It is well known that the substitution process of fluo-
rine into apatite lattice was controlled by the diffusion of
fluoride ion and the formation of fluoride-containing ap-
atite [25]. The increase of temperature will increase the
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Figure 5. The nitrogen adsorption curves and pore size
distributions of U3 synthesized at different
hydrothermal temperatures
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Table 3. The effect of different hydrothermal temperatures
on pore structure parameters and fluorine contents Cy

Temperature S pgr Vy Cr
[°C] [m%/g] [cm®/g] [wt.% apatite]
90 58.6 0.31 0.414
120 75.4 0.43 0.675
150 66.7 0.38 0.814

diffusion coefficient and promote the formation of FHA.
As a result, the fluoride contents of the FHA increased
from 0.414 to 0.814 wt.% in apatite with the hydrother-
mal temperature, as listed in Table 3.

3.3. F~ release properties

The data obtained from the fluoride ion release stud-
ies are displayed in Fig. 6. Obvious burst of fluoride re-
lease can be observed in the sample Ul, and the over-
all fluoride release data fluctuated greatly, indicating the
poor stability of the fluoride release. The reason may be
related to the large number of scattered rod-like crys-
tals existing in the sample U1, characteristic of fewer
microspheres, small S ggr and low V.. The rapid disso-
lution and release of F~ in physiological salt solution
resulted in a burst of fluoride concentration on the first
day. When F~ is released from the crystal, the posi-
tively charged Ca®* could form strong adsorption site.
As a result, the released F~ would re-enter the apatite
in the form of chemical adsorption and physical adsorp-
tion, which slowed down the F~ release to a certain ex-
tent within 6 days. However, when the concentration of
F~ in the solution was too low, adsorbed F~ on the sur-
face was quickly released under the driving force of the
concentration difference, which caused another burst of
F~ release on the 9" day. With the dynamic process of
adsorption-desorption, F~ concentration fluctuated dur-
ing the soaking time. The released F~ concentration of
the sample U2 was stably maintained in the range of 95—
190 ug/l (the therapeutic window of serum F~) within
30 days, which could well fulfil the requirements of flu-
oride release carriers. When the U2 microspheres were
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Figure 6. Fluoride release curves of FHA microspheres with
different urea concentrations
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immersed in physiological salt solution, the F~ on the
surface of the microsphere dissolved first, so the F~
concentration increased in the first few days, and then
the F~ ions inside the microspheres were also gradually
dissolved and released with time. Due to the complex
pore structure of the microspheres and the messy pore
size distribution, the release path for F~ ions was defi-
nitely prolonged. It can be seen from Table 2 that the ob-
tained microsphere had higher V,,, indicating more sur-
face active sites which can adsorb the released F~ in or-
der to avoid the accumulation of F~ in the solution. The
fluoride-releasing process of the sample U3 was simi-
lar to that of the sample U2. Larger S ggr of the sample
U3 indicated more complex pore structure, which will
significantly extend the release path of F~. In the same
way, the increase in V), can help adsorb more F~ so as
to maintain F~ in a lower range. Therefore, its average
released fluoride concentration was lower and more sta-
ble. The fluoride-releasing concentrations of the sam-
ple U4 during 30 days were also relatively stable, but it
exceeded the range of fluoride therapy. The increase of
urea concentration promoted the carbonate substitution,
which led to higher solubility of FHA and then F~ ions
dissolved and released more quickly, inducing the av-
erage fluoride release concentration of about 200 ug/1.
However, due to the large V, and S pgr of the micro-
sphere structure, the released fluoride concentration of
the sample U4 was guaranteed to maintain at high and
stable level.

Fluoride ion releases of the U3 samples synthesized
at different hydrothermal temperatures were relatively
stable. The burst release on the first day indicated the
ions release from the surface of the microspheres in
physiological salt solution, while the subsequent sta-
ble release within a certain range can be attributed to
the pore size and pore structure of the microspheres. As
shown in Fig. 4a, the structure of the microspheres ob-
tained at 90 °C was relatively dense with small average
pore size, which would extend the release path of F~
and reduce the release rate to a certain extent. Because
the fluoride load of the microspheres obtained at 90 °C
was only 0.414 wt.% in apatite, correspondingly, the F~
concentration was only stably maintained in the range of
30-60 ug/1 within 30 days, which is higher than that in
the body fluid of normal adult humans (7.2-43.7 ug/l)
[6]. The fluoride-releasing concentration of the micro-
spheres synthesized at 120 °C was stable in the thera-
peutic range (95-190 pg/l), which was attributed to the
good microsphere formation, the complex pore struc-
ture, and the large S ppr and pore volume. The aver-
age fluoride-releasing concentration of the samples pre-
pared at 150 °C was much higher due to the high fluo-
ride loading.

3.4. Cell culture of FHA porous microspheres

The ICP-OES analysis indicated that F~ ion con-
centrations of the extracts for cell culture were 0.072,
0.073, 0.075 and 0.082 mmol/l for the samples U1, U2,
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U3 and U4, respectively. The B-type CO%‘ substitution
promoted by the decomposition of urea decreased the
crystallinity. As a result, the dissolution rate of the FHA
samples can be expected as U4 > U3 > U2 > Ul. No
significant difference on F~ ion concentrations of the
extracts for the samples U1, U2 and U3 can be detected
due to their similar structure and crystallinity. On the
other hand, the excessive urea concentration of the sam-
ple U4 decreased the crystallinity to 71.7%, which pro-
moted the extraction of F~ ions. Moreover, with the in-
crease of hydrothermal temperature, F~ ion concentra-
tions of the U3 extracts for cell culture increased from
0.046 mmol/1 (90 °C) to 0.085 mmol/l (150 °C), which
were consistent with the change trend of fluoride con-
tent of the FHA porous microspheres seen in Table 3.

Many researchers have also demonstrated that fluo-
ride ions in the culture medium stimulated osteoblas-
tic activities in terms of cell proliferation and differen-
tiation [26]. For example, Cheng et al. [27] reported
that FHA with fluoride content in the range 0.033—
0.4 mol F/mol was suitable for implantation. Wang et
al. [28] indicated that coatings with fluoride contents
in range 0.8—1.1 had a stronger stimulating effect on
cell proliferation and differentiation activities. However,
high F~ concentration in bone can also lead to severe
adverse effects such as osteomalacia [29].

The CCK-8 evaluation results revealed that all ex-
tracts of the FHA porous microspheres exhibited no cy-
totoxicity to MG-63, as shown in Fig. 7. There was no
significant difference in the fabricated FHA samples af-
ter being incubated for 1 day. A greater proliferation
rate occurred after 3 days of culture. The OD values
of the ionic product from the porous U3 microspheres
prepared at 120 °C on MG-63 proliferation was extraor-
dinarily higher than other materials in culture periods,
which was attributed to optimal F~ ion concentrations.
Too high F~ ion concentration of samples with exorbi-
tant solubility and fluoride contents may interfere with
the stimulatory effect on cell proliferation. So, the ca-

06

© o o
w IS (&

OD values

o
N

0.1

00k

U1-120°C

U2-120°C

U3-120°C U4-120°C U3-90°C U3-150°C
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pability of tailoring the solubility and microstructure of
the FHA microsphere is quite useful for the long-term
controllable F~ releasing properties.

IV. Conclusions

In the absence of any template-directing reagents,
porous fluoride-substituted hydroxyapatite micro-
spheres were successfully synthesized by hydrothermal
method as the carrier for in sifu controlled fluoride
release. The ideal structure of microspheres can be ob-
tained by regulating urea concentration (1-1.25 mol/l)
and hydrothermal temperature (120150 °C). The syn-
thesized FHA microspheres in diameters of about 30 pm
with large specific surface area (75.4-91.8 m?/g), large
pore volume (0.43-0.53cm?/g) and complex porous
structure were helpful for the adsorption and long-term
stable release of ionic extracts. The ionic product of the
FHA porous microspheres could apparently stimulate
the proliferation of MG-63 at certain concentrations of
F~ ion. F~ concentration in physiological salt solution
was maintained in the range of the therapeutic window
(95-190 png/l) without exceeding the toxic threshold
within 30 days, which may be a potential candidate as
bioactive fluoride-release carrier for the treatment of
osteoporosis and bone defects.
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