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Comparative study of hydroxyapatite, fluor-
hydroxyapatite and Si-substituted hydroxyapatite
nanoparticles on osteogenic, osteoclastic and
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This study compared the effects of hydroxyapatite (HA), fluor-hydroxyapatite (FHA) and Si-substituted
hydroxyapatite (SiHA) on osteogenic differentiation, osteoclastic activity and antibacterial properties. HA,
FHA and SiHA were prepared via a sol—gel reaction and characterized by scanning electron microscopic
analysis (SEM), transmission electron microscopic analysis (TEM), and X-ray photoelectron spectrometry.
Cell proliferation was evaluated using an MTT assay and cytoskeletal morphology was observed by
fluorescence microscopy. Osteogenic differentiation was evaluated using alkaline phosphatase activity
and Alizarin red staining. Quantitative real-time PCR was used to evaluate the mRNA expression of runt-
related transcription factor 2 (Runx2) and osteopontin (OPN). New bone formation was tested using uCT,
haematoxylin and eosin staining and TRAP staining. The antibacterial actions against Porphyromonas
gingivalis (P. g) were evaluated through plate counting and live-dead bacterial staining. The results
demonstrated that HA, FHA and SiHA can promote proliferation of bone mesenchymal stem cells
(BMSCs). ALP activity in FHA extract with a concentration of 625 ug mL™* was the highest after 14 days
osteogenic induction; similar results were observed for Runx2 and OPN mRNA expression. HA, FHA and
SiHA decreased trabecular space in bone defects, but FHA reduced osteoclastic activity and inhibited
P. g growth. In conclusion, FHA can promote osteogenic activity, reduce osteoclastic activity and
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Introduction

There are nearly 2.2 million patients worldwide who are going to
receive bone grafting to repair bone defects resulting from
trauma, infection, tumour resection or osteoradionecrosis
before undergoing oral implant surgery.' Bone augmentation is
a surgical procedure that involves the repair of defective bone
with a biological or synthetic bone graft. However, the source of
the autologous bone graft is limited and necessitates secondary
surgical incision. The development of synthetic bone substi-
tutes is considered as being important in overcoming the
intrinsic limitations of biological bone grafts.

Hydroxyapatite [HA, Ca;o(PO4)s(OH),] is one of the most
important inorganic minerals in biological hard tissue and
nearly 60-70% of bone tissue is composed of HA.>* HA is also
considered to be a suitable synthetic bone substitute or implant
coating material owing to its biocompatibility and
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osteoconductivity.*® However, there remain several disadvan-
tages of HA as a bone substitute. The mismatch of HA degra-
dation rate and the new bone formation rate imposes
restrictions on its' use.” Meanwhile, as an implant coating
material, the relatively high solubility results in the detachment
of the coating layer, leading to implantation failure.*™*
However, HA in natural bone can be combined with other ions
such as Mg?**, Zn**, sr**, Ag", Si** and F'>®* to promote bone
remodelling and tissue regeneration, impart magnetic proper-
ties, add antibacterial activity, enhance bio-integration, etc.

Fluoridated hydroxyapatite [FHA, Ca;o(PO,)s(OH),_,F,], is an
inorganic substance in which a fluorine ion (F~) replaces the
hydroxyl group (OH)in HA. Fluorine (F) is an important constituent
of bone and teeth. An appropriate concentration of F (a fluorida-
tion degree of 0.8-1.1 (the x value in Ca;o(PO4)s(OH),_,F,)) can
promote the proliferation of the osteoblasts'*” and accelerate new
bone formation.”® Fluoride can promote osteoblast activity, which
may be related to the Ras-Raf-MAPK mitogenic signal transduction
pathway'*** and the Wnt/B-catenin signalling pathway.** F can also
inhibit bacterial growth and protect teeth from caries.** In
addition, FHA possesses better chemistry and heat stability, better
mechanical strength, better biocompatibility and a longer
biodegradation period**>* compared to HA.

This journal is © The Royal Society of Chemistry 2019
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Silicon-substituted hydroxyapatite [SIHA, Ca;o(PO4)s_x(SiO4)-
«(OH),] is an inorganic material with silicate (SiO,) substituting
for phosphate (PO,) in HA. Silicon (Si) is another essential trace
element involved in bone formation and calcification.?”2 Si**
can promote calcification along with Ca** and enforce the
attachment, proliferation and osteogenic differentiation of bone
mesenchymal stem cells (BMSCs).>”***' Moreover, SiHA shows
better osteoconductivity and osteoblast proliferation abilities
than HA.*>* It has been reported that osteoblasts on 0.8 wt%
SiHA have the best bioactivity.**** With its structure a faster
biodegradation rate, which matches the natural bone formation
rate better than HA.**

Even though many studies have reported the physicochem-
ical properties and biological characteristics of HA, FHA and
SiHA, no studies to date have compared the effects of the three
materials on bone formation in vitro and in vivo with reference
to their use as a bone substitute. Therefore, the aim of this study
was to systematically investigate the effects of HA, FHA and
SiHA nanoparticles on cell proliferation, bone formation or
resorption and antibacterial abilities in vitro and in vivo.

Material and methods
HA preparation

HA nanoparticles were prepared via sol-gel method by dropping
an (NH,),HPO, aqueous solution into a stirred Ca(NOs),
aqueous solution at 75 °C for 2 h and pH value was maintained
at 11-12 by adding ammonium hydroxide solution. The
completely mixed reactants were suspended for 24 h at room
temperature (RT) and then was washed, filtered and dried
overnight at 60 °C. The prepared HA nanoparticles were sin-
tered at 1100 °C in order to improve their crystallinity.®®

FHA preparation

FHA nanoparticles were prepared through sol-gel method in
a solution of Ca(NOs),-4H,0 and (NH,),HPO, and NH,F at
75 °C for 2 h and pH value was maintained at 10-11. The
definitive reactants were suspended for 72 h at RT, then washed,
filtered and repeated the above steps twice and finally dried
overnight at 60 °C. The as-prepared FHA nanoparticles were
heated at 1100 °C to improve their crystallinity.*=°

SiHA preparation

SiHA nanoparticles were prepared via sol-gel method in
a solution of Ca(NO;),-4H,0, (NH,),HPO, and tetraethyl
orthosilicate (TEOS) at 75 °C. The pH was also maintained at
10-11 as above. The processes of suspension, lavation and
drying were the same with that of HA except that the tempera-
ture for sintering SiHA nanoparticles were set at 1200 °C for
2h?

Characterization and mechanical test

Scanning electron microscopic analysis. Samples' surface
morphology was observed under scanning electron microscope
(SEM). All powers, previously air dried in RT, were then
mounted on aluminum stubs and sputter coated with gold by
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the Sputter Coater (BIO-RED SC 502; Fisons, Plc, Registered
Office, United Kingdom). Finally, the surface morphology and
microstructure changes were examined using a SEM (Topcon
ABT-60; Japan) and recorded by the analysis 3.0 imaging system
(Soft Imaging System; GmbH, Germany).

Transmission electron microscopic analysis. Transmission
electron microscope (TEM) (HRTEM, JEOL, JEM-2010FEF,
Japan) was used to analyze the crystal structures. Samples
were put in 4 mL centrifuge tube filled with ethanol and ultra-
sonically separated for 15 min to be homogeneously dispersed.
Then, the fragments were carefully picked up from the ethanol
suspension using a TEM copper mesh coated with carbon film.
After drying at RT, samples were directly examined under a TEM
at 200 kv.

X-ray photoelectron spectrometer analysis. Quantitative
chemical composition was analyzed by an X-ray photoelectron
spectrometer (XPS; PHI 5600, multi technique system, Physical
Electronics, USA). The XPS spectra was obtained with an Al Ko
excitation source (ht1/41486.6 eV) and a take-off angle of 45 at
a passing energy of 187.85 eV. All the spectra were obtained after
sputtering the coating surface with argon ions to remove
possible surface contamination.

X-ray diffraction analysis. X-ray diffraction (XRD) analysis
was performed by Rigaku D/MAX 2000 PC X-ray diffractometer
(Rigaku, Japan) using CuK radiation at 30 mA and 40 kv. A
scanning range from 10 to 80 degrees with a speed of 0.04
degrees per s was used to identify the crystalline phases of the
samples. We selected a scanning range from 32.5 to 33.5
degrees at a scanning speed of 0.005 degrees per s for expanded
(300) XRD assay.

In vitro cell culture work

Preparation of HA, FHA, SiHA extracts. After sterilization,
HA, FHA and SiHA nanoparticles was soaking with «-MEM (o-
MEM) (Sigma, USA) at 37 °C for 24 h at the concentration with
625 ug mL ™', The extract was collected by filtrated with 0.22 pm
bacterial filter flowing a centrifugation at 1000 rpm for 1 min.
Every 40 mL extracts of HA, FHA and SiHA were added with 10%
heat-inactivated fetal bovine serum (FBS) (Sigma, USA) and 1%
antibiotics (penicillin-streptomycin solution) (P/S; Sigma, USA)
respectively. All extracts were used for the following cell culture.
And the concentration of F ions of the extract was detected by
ion chromatography (IC) (Prodigy 7, LEEMAN LABS Ltd., USA),
and Si ions was detected by inductively coupled plasma (ICP)
(Optima 4300DV, Perkin Elmer Ltd., USA).

MTT assay. The isolation and culture of bone mesenchymal
stem cells (BMSCs) were conducted according to study.*® The
proliferation of BMSCs in material extracts was measured by the
MTT assay. In briefly, BMSCs were seeded into 96-well plates at
a density of 5 x 10° cells per well. After 24 h of cell adhesion, the
culture medium was replaced by 100 puL material extracts
medium of HA, FHA, SiHA or blank culture medium per well for
1, 3, 5, 7, 10 days. At each time point, serum free «-MEM with
0.5 mg mL~' MTT (Sigma, USA) was used at 37 °C in 5% CO,
incubator for 4 h in dark culture. Afterwards, the solution was
replaced by dimethylsulfoxide (DMSO) (Sigma, USA) as the
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formazan solubilization. The spectrophotometrical absorbance
was measured by a microplate reader (BIO-TEK Synergy HT) at
wavelengths of 490 nm, with DMSO added non-seeded wells set
as blank controls. The optical density (OD) directly showed
results.

Fluorescence microscopy analysis. BMSCs were seeded at 5
x 10° cells per well on cell slides in 24-well plate and cultured
with HA, FHA and SiHA extracts separately for 1 d, 4 d and 7 d of
incubation. Cells were washed with PBS two times and fixed
with 4% paraformaldehyde for 15 min at RT. The samples were
washed with PBS three times, permeabilized with 0.1% Triton
X-100 for 2 min and then washed with PBS two times again.
Cells were stained by FITC-phalloidin (5 ug mL™") for 30 min at
RT. After washed with PBS for two times, samples were incu-
bated with DAPI (10 pg mL ") (Sigma, USA) for 5 min at RT. The
stained cells were taken photos by a fluorescent microscopy
(Leica, Germany).

Quantitative alkaline phosphatase activity. 3 x 10> BMSCs
were seeded in a 24-well plate per well. After cell adherent,
culture medium was changed to material extracts containing o-
MEM supplemented with 10% FBS, 10 mM sodium B-glycerol
phosphate, 50 ug mL~* L™ '-ascorbic acids and 1.0 x 107 M
dexamethasone. Quantitative ALP activity was measured at 7
and 14 days. At each time point, after treated with 200 pL 0.1%
Triton X-100 and 2 mM MgCl, per well to dissolve the cells, then
cell suspensions were transferred to 1.5 mL tubes and centri-
fuged at 14 000 rcf at 4 °C for 10 min. Afterwards, the ALP
activity and total amount of protein were determined by p-
nitrophenyl phosphate method.**

Alizarin red staining. The cell seeding density and culture
procedures were the same as ALP activity assay. About 0.685 g
Alizarin powder was dissolved into 50 mL distilled water, and
the staining (pH = 4.2) was adjusted by adding ammonium
hydroxide. At day 7 and 14, cells were fixed and stained in
Alizarin red solution for 15 min and washed in distilled water to
remove excess stain. The calcium nodule staining was photo-
graphed by Canon DSLR camera (Nikon Eclipse TS100).

Quantitative real-time RT-PCR. The cell seeding density and
culture procedures were the same as in ALP staining. Total RNA
was extracted using RNA kit (Omega, USA), reverse transcription
was conducted according to the manufacturer's instructions
(Takara, Japan). PCR amplification was performed in a real-time
PCR system with specific primers for Runx2, OPN and GAPDH.
The reaction conditions for PCR were 40 cycles of denaturation
at 95 °C for 15 s, annealing at 55 °C for 34 s, and extension at

Table 1 The Primers used for real-time RT-PCR (GAPDH was used as
a housekeeping gene)

Primer Sequence 5'-3’

OPN Forward: ACGAATCTCACCATTCCGAT
Reverse: AGGTCCTCATCTGTGGCATC

Runx2 Forward: ATCCAGCCACCTTCACTTACACC
Reverse: GGGACCATTGGGAACTGATAGG

GAPDH Forward: AGAAGGTGGTGAAGCAGGCGG

Reverse: ATCCTTGCTGGGCTGGGTGG

16108 | RSC Adv., 2019, 9, 16106-16118
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72 °C for 1 min. Primer sequences for differentiation markers
are detailed in Table 1.

In vivo study

Femur defect drilling and implantation. All animal proce-
dures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of Wuhan University,
People's Republic of China, and approved by the Ethics
Committee at the School of Dentistry (No. 00186867), prior to
the start of this experiment. The HA, FHA and SiHA nano-
particles were sterilized before grafting into the femora defects
of 6 week-old female SD rats. Six parallel samples were used for
each group. A liner skin incision in the distal femoral epi-
metaphyseal was made bilaterally and blunt dissection of
muscles was performed to expose the femoral condyle. A 2.5
mm-diameter latero-lateral bicortical channel was made
beneath the growth plate and perpendicular to the shaft axis
(Fig. 1). During drilling, sterile saline was used to minimize
local heat and to remove debris. The nanoparticles were placed
to fill the defects according to group allocation and skin inci-
sions were closed with interrupted sutures. After the operation,
all the rats received a subcutaneous injection of penicillin
(40 000 TU mL™ ") as an antibiotic prophylaxis for three days.
Animals were sacrificed randomly at 4 and 8 weeks after
material insertion operation, respectively.

pUCT analysis. All samples were placed in an embedding
mold with 4% paraformaldehyde and scanned by a micro-CT
(SkyScan 1172; Bruker-micro CT, Kontich, Belgium) with the
X-ray source setting as a voltage of 60 kV and a current of 167 pA
using a 0.5 mm aluminum filter. Scans were performed over
360° with a rotation step of 0.7° at a spatial resolution of 15 pm.
Then, the scanned data were reconstructed by image analysis
software (CT-analyzer; Skyscan). The percent bone volumes (BV/
TV), the trabecular thickness (Tb. Th), the bone surface volume
ration (BS/BV) and the trabecular separation (Tb. Sp) were
measured to analyze the bone regeneration process within the
defect.

Histological staining and analysis. After nCT scanning, the
harvested samples were decalcified in 10% ethylene dia-
minetetraacetic acid (EDTA) for eight weeks. The samples were
dehydrated in a graded ethanol and embedded in paraffin.
Then longitudinal serial sections of 5 um were cut and mounted
on polylysine-coated microscope slides. Each sample was
stained with hematoxylin and eosin staining (H&E) and tartrate-
resistant acid phosphatase (TRAP) staining (Sigma, USA.).
Samples were scanned by Pannoramic MIDI (3D HISTECH,
Hungary), and analyzed by Caseviewer.

Antibacterial test. The antibacterial activities were tested
against Porphyromonas gingivalis (P. g) (ATCC 33277) with the
film attachment method which is acknowledged as a popular
technique to estimate the antibacterial activity of materials.*>*

Bacterial counting on plates. The nanoparticles of three
samples were packed into discs with 30 mm in diameter and
2 mm in high with manual hydraulic pump. Each sample group
contained 4 plates against bacterial strain for colony counting,
the sterilized plates were submerged in sterile saliva at 37 °C for

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 A 2.5 mm-diameter latero-lateral biocortical channel beneath the growth palate (black arrow) and perpendicular to the shaft axis on rat

(a—c).

24 h to form biofilms. A small volume of bacterial suspension
(200 pL, 1.0 x 10° CFU mL™ ", brain heart infusion (BHI; Bio-
Merieux, France)) media with bacteria containing P. g was
dropped on a sample surface. After incubation at 37 °C for 48 h
under an anaerobic condition (80% N,, 10% CO,, and 10% H,
atmosphere), the samples were separately transferred into
a tube containing 10 mL PBS, and vibrated by ultrasonic for
10 min. Then, the bacteria-containing PBS (10 pL) was imme-
diately spread evenly onto a blood agar plate containing BHI
supplemented with defibrinated rabbit blood, hemin, and
menadione. The BHI blood agar plate was anaerobically incu-
bated at 37 °C for 7 d, and the colony-forming units (CFUs) in
the plate were counted by a colony counter (ProtoCOL HR,
England).

Live-dead bacterial staining. Every three plates were repeated
for live-dead bacterial staining for each group. After culturing
bacterial as the above process, the plates were washed by PBS
for three times and stained by FITC/PI according Annexin V-
FITC Apoptosis detection kit (KeyGEN BioTECH, China). And
the samples were observed by an Laser Scanning Confocal
Fluorescence Microscope (Olympus FV1000S, Japan).

Statistical analysis. All samples were measured in triplicate.
The results were presented as mean =+ standard deviation (SD).
The data were submitted to analysis of variance, and means
were compared by the Student's test. Statistical significance was
set to p < 0.05.

Result
Characterization of HA, FHA and SiHA

SEM and TEM results illustrated that three kinds of nano-
particles were rod shaped but with different size. HA nano-
particles were 200 nm in length (Fig. 2a and d), while FHA
nanoparticles were 700-800 nm in length (Fig. 2b and e) and
SiHA nanoparticles were 400-500 nm in length (Fig. 2¢ and f).

XRD analysis showed typical apatite peaks in all patterns
(Fig. 3a—c). The peak intensity of FHA was a little greater than
that of HA, and the peak width was a little narrower, indicating
better crystallization and higher purity; the peak intensity of
SiHA was a little less than that of HA, illustrating weaker crys-
tallization. The results suggested that the adding of F ions in HA
would form a more ordered structure with enhanced chemical

This journal is © The Royal Society of Chemistry 2019

and thermal stability and adding Si ions in HA nanoparticles
was in opposite term.

Fig. 3d-f shows the XPS spectra of HA, FHA and SiHA. For
FHA, an F 1s peak was obvious in the wide scan at ~684 eV,
which is the fingerprint for fluorine in the FHA structure.** An Si
2p peak was evident in the narrow scan at ~102 eV, which is the
fingerprint for silicon in the SiHA structure. Moreover, the
contents of Ca, F, Si and P in the materials were determined by
the ratio of the area under the respective elemental peak in the
XPS narrow scan spectrum; the results are presented in Table 2.
As demonstrated in Table 2, the measured Ca/P ratios of HA,
FHA and SiHA were 1.66, 1.67 and 1.66, respectively; close to the
stoichiometric value of 1.67. This indicates that HA with high
purity and FHA with a fluoridation degree of 1.1 were formed.
The wt% of Si in SiHA was 0.77 wt%, which is close to the
theoretical weight of SiHA with 0.8wt% of Si.*®

The concentration of F ions and Si ions in extracts used in
our experiment was illustrated in Table 3. The concentration of
Fions in extracts with 625 pg mL ™' FHA was 0.3897 mg L™ ". And
the concentration of Si ions in extract with 625 pg mL™"' SiHA
was 0.8235 mg L.

Cell proliferation

A significant increase in the growth of BMSCs was observed in
HA, FHA and SiHA material extracts. All samples showed
similar proliferation patterns within 10 days of culture, except
for the blank group which had limited proliferation from day 5
(p < 0.05) (Fig. 4a and b). Cells in the SiHA group exhibited
relatively lower viability than the HA and FHA groups. Inter-
estingly, a similar growth trend was observed in HA, FHA and
SiHA group from day 0 to 7. After 7 days, the curve in the FHA
group climbed constantly, the proliferation trend in the HA
group ceased and even slightly declined (p > 0.05).

Cell morphology

Significant differences in the fluorescent microscopy photos
were observed among the four groups (Fig. 5). On the one hand,
the number of BMSCs in all groups increased over time. On the
other hand, the morphology of the BMSCs changed differently
during cell spreading and nuclear flattening. On day 1, there
were no significant differences in the morphology and number
of cells among the groups. On day 4, the number of cells was
increased in all groups and the cell density in the SiHA group

RSC Adv., 2019, 9, 16106-16118 | 16109
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Fig. 2 SEM images of HA (a), FHA (b) and SiHA (c); TEM images of HA (d), FHA (e) and SiHA (f).

was higher than the other three groups. With respect to
morphology, there was no obvious changes in the BMSCs in the
blank group; BMSCs in this group had spread the most and
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Table 2 Chemical analysis of the samples
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Content atomic%

Atomic ration

Sample Ca P F Si Ca/(P + Si) Formula

HA 22.18 13.46 — — 1.66 Cao(PO,)s(OH),

FHA 21.44 12.84 5.28 — 1.67 Cay(PO,4)s(OH) oF 1.1

SiHA 21.12 12.10 — 0.58 1.66 Ca10(PO4)s.724(S104)0.276(OH),
Table 3 lon concentration of sample's extracts than that of the HA and SiHA groups; the blank group ranked

Ton concentration (mg L™7)

Sample F Si
HA — —
FHA 0.3897 —
SiHA — 0.8235

cell density in the SiHA group was still the highest. Cell
morphology in the SiHA and HA groups tended to be more
elongated, while cells in the FHA group were smaller in size with
an irregular shape; these cells appeared to have begun to
shrink.

Osteogenic differentiation

Osteogenic differentiation ability was assessed by ALP activity
assay and Alizarin red staining. In the ALP activity assay, there
were no significant differences in BMSCs on day 7 among all
four groups (p > 0.05). There were significantly higher levels of
ALP activity in the HA, FHA and SiHA groups compared to the
blank group (p < 0.05) on day 14; there were no significant
differences among the HA, FHA and SiHA groups (p > 0.05). To
further analyse cell mineralization, Alizarin red staining was
performed after 7 day and 14 day osteogenic induction (Fig. 6a—
h). A few mineralized nodules were formed in the HA, FHA and
SiHA groups; no obvious mineralized nodules were noticed in
the blank group at day 7. At day 14, obvious mineralized
nodules were observed in all groups under a microscope, but
the area of mineralization nodules in the FHA group was larger
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last at the macro level (Fig. 6e-h). The results of Alizarin red
staining were in accordance with those of the ALP activity assay.

Runx2 is a key transcription factor that regulates bone
development and maintenance of the extracellular matrix,*® and
osteopontin (OPN) is an important marker in the later osteo-
genic differentiation period. mRNA expression of Runx2 and
OPN is shown in Fig. 6j and k, as analysed by quantitative real-
time PCR (RT-PCR). Runx2 mRNA expression was highest in the
FHA group; there were significant differences between all
groups (p < 0.01) except for the HA and SiHA groups at day 7
(Fig. 6j). Similar trends in Runx2 mRNA expression were
observed at day 14; again, the FHA group exhibited the highest
expression. However, mRNA expression of Runx2 increased
faster in the SiHA group, resulting in no significant difference
between the SiHA and FHA group (p > 0.05). OPN mRNA
expression in the HA group was significantly higher than the
blank group (p < 0.01) at day 7. At day 14, the blank group
showed the lowest OPN mRNA expression; there were no
statistically significant differences among the other three
groups. In conclusion, the osteogenic differentiation results
above indicate that the ability to promote osteogenesis can be
ranked as follows: FHA > SiHA and HA > blank group.

In vivo study

Radiological study. uCT was used to analyse new bone
formation at week 4 and week 8 after femur defect surgery and
material implantation (Fig. 7). Bone substitutes exhibited high
density in 3D reconstruction images (Fig. 7a-h). BV/TV, Tb. Th,
BS/BV and Th. Sp were taken as indicators for quantitative
analysis (Fig. 7j-1).
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Fig.4 MTT assay: the cell proliferation image of BMSCs cultured in extracts of HA, FHA, SiHA and a.-MEM culture medium from day 1 to day 9 (a

and b) (n = 4 in each group; *p < 0.05).
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Fig. 5 Cytoskeletal morphology of BMSCs cultured in HA extracts for 1 day (a and b), 4 days (c and d) and 7 days (e and f); cytoskeletal
morphology of BMSCs cultured in FHA extracts for 1 day (g and h), 4 days (i and j) and 7 days (k and ); cytoskeletal morphology of BMSCs cultured
in SiHA extracts for 1 day (m and n), 4 days (o and p) and 7 days (g and r); cytoskeletal morphology of BMSCs cultured in a.-MEM culture medium

for 1 day (s and t), 4 days (u and v) and 7 days (w and x).

Atweek 4, the SiHA group exhibited the highest BV/TV and Tb.
Th (p < 0.05), followed by the FHA and HA groups. There was no
statistically significant difference in the BV/TV value between the
FHA and HA groups, but the FHA group exhibited a better Tb. Th
value than the HA group. The BS/BV value was ranked as follows:
SiHA < FHA < HA < blank group (p < 0.05). The SiHA group
exhibited the lowest Th. Sp value, but there were no statistically
significant differences between the other three groups. At week 8,
the BV/TV and Tb. Th values of the SiHA group were still the
highest. BV/TV in the FHA group increased obviously and was
significantly higher than the HA group (p < 0.05). The BS/BV value
exhibited the opposite trend to the BV/TV value. For the Th. Sp
value, all three bone substitute groups occupied a smaller space
compared to the blank group (p < 0.05).

Histological evaluation. Histological evaluation was per-
formed by haematoxylin-eosin (H&E) staining on the distal
femoral metaphysis defect sites 8 weeks after implantation
(Fig. 8A-D and a-d). A 1 cm-diameter boundary could still be
observed in all groups owing to the bone defect drilling surgery;
immature and irregular new bone was filled in the bone defect
areas; and there was still an amount of material remnants sur-
rounded by immature new bone in the material-implanted groups
(Fig. 8A-D). The morphology and bone trabecular orientation
tended to be distinct in each group. The trabecula space in the HA
group was smaller than the other groups, while the blank group
exhibited the largest newly-formed trabecula space (Fig. 8a-d).

TRAP staining was used to study osteoclastic activity with
osteoclasts in brownish-red staining. Most of the stained cells
were distributed around the pore space and close to the mate-
rial remnants; these had not degraded at that time point. The

16112 | RSC Adv,, 2019, 9, 16106-16118

greatest number of stained osteoclasts were observed in the HA
group (Fig. 8e) followed by the SiHA group (Fig. 8g). Less oste-
oclasts were observed in the other two groups (Fig. 8f and h).

Antibacterial activity. Fig. 9a-c shows the agar media with
P. g which was pre-cultured in HA, FHA or SiHA leaching liquor
for 48 hours. Comparison of the bacterial CFUs on the HA, FHA
and SiHA specimens revealed differences in antibacterial
activity. Histograms (Fig. 9d) provide quantitative comparisons
between the CFU numbers. The FHA group exhibited the
highest antibacterial activity against P. g relative to the other
two nanoparticle plates (p < 0.01).

The viability of P. g on the three plates was also determined
by fluorescence staining, as shown in Fig. 9e-m. After bacterial
invasion for 48 hours, there were large amounts of viable
bacteria (green fluorescence) on the HA plates and SiHA plates,
and only small amounts of dead bacteria (red fluorescence)
could be observed on the SiHA plates. In comparison, the
amounts of living and dead bacteria on the FHA plates were
both smaller than the other two kinds of nanoparticles.

Discussion

Bone defects remain a challenge due to limitations associated
with the sources of autogenous bone grafts. A good bone
substitute must possess several properties such as biocompat-
ibility, bioactivity, osteoconduction, osteoinduction, non-
toxicity, etc.*” To better understand the application of HA,
FHA and SiHA nanoparticles, we compared the osteoclastic
activity, antibacterial abilities and the in vitro and in vivo
osteogenesis of the three materials. We fabricated HA, FHA and

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Alizarin red staining of BMSCs cultured in HA, FHA, SiHA extracts and a.-MEM culture medium under osteogenic induction for 7 days (a—d)
and 14 days (e—h). Quantitative ALP activity of BMSCs cultured in HA, FHA, SiHA and a«-MEM culture medium with mineralized solution for 7 days
and 14 days (i) (n = 4 in each group; *p < 0.05). Real-time PCR analysis of mRNA Runx2 and OPN in BMSCs cultured in HA, FHA, SiHA extracts and
a-MEM culture medium under osteogenic induction for 7 days (j) and 14 days (k) (n = 4 per group; *p < 0.05).

SiHA using the sol-gel method,*® and analysed by SEM, TEM,
XRD and XPS assay. The SEM results showed that all three
nanoparticles had rod-like particles with approximate lengths
of 200 nm, 700 nm and 450 nm for HA, FHA and SiHA,
respectively. According to previous studies, we fabricated HA
and FHA nanoparticles with molar Ca/P ratios approaching
a value of 1.67 and SiHA nanoparticles with a molar Ca/(P + Si)
ratio approaching 1.67. Further, FHA with a fluoridation degree
of 1.1 was formed. The wt% of Si in SiHA was 0.77 wt%, which is
close to the theoretical weight of SiHA with 0.8 wt%.****> And the
concentration of F ions in extract with FHA was 0.3897 mg L™,
which is accordance to the proper level (ranging from 0.1 to 100
uM) and can promote proliferation and differentiation of
BMSCs."**' And the concentration of Si ions in extract with SIHA
was 0.8235 mg L™, which is also at a proper level (under 5 mM)
to promote BMSCs.*

These characteristics indicate the successful fabrication of
the three kinds of nanoparticles.

Many studies have reported that HA,** FHA'*"” and SiHA*
possess the potential to promote cell proliferation and differ-
entiation. In this study, cell proliferation potential was in
accordance with former studies and the in vitro osteogenic
enhancing capability of the three nanoparticles was ranked as

This journal is © The Royal Society of Chemistry 2019

follows: FHA > SiHA > HA; SiHA nanoparticles demonstrated the
best osteogenic capability in vivo.

HA has received substantial research attention as a classic
bone substitute that can accelerate bone formation via
increasing cell proliferation and differentiation. The literature
suggests that nanoparticles 100-250 nm in diameter have better
repairing ability.** The mechanism mainly can be summarized
as follows. First, HA influences the metabolism of osteoblasts.
When HA nanoparticles are absorbed in bone tissue, the
released Ca and P ions promote ALP activity and stimulate bone
formation.>* Second, HA takes parts in bone vascularization,
which is key in the process of bone repair.*> HA can enhance cell
responsiveness to vascular endothelial growth factor (VEGF) via
NOS activity, causing microvascular endothelium to differen-
tiate into capillary-like structures® quickly.

With regard to FHA, F ion doping is an effective way to
improve the biological properties of HA. Fluoride at a proper
concentration, ranging from 0.1 to 100 pM, can significantly
enhance both osteoblast proliferation and differentiation.'***>*>
The mechanism by which fluoride promotes cell proliferation
and osteoblast activity is highly complicated and has not yet been
clearly clarified. Studies suggest that fluoride promotes osteo-
blast proliferation by enhancing the effect of growth factor-

RSC Adv., 2019, 9, 16106-16118 | 16113
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Fig. 7 3D reconstruction pCT images of the femurs defects filled with HA (a and e), FHA (b and f), SiHA (c and g) and blank (d and h) 4 weeks and 8
weeks after surgery. Percent bone volume analysis (BV/TV) (i), trabecular thickness (Tb. Th) (), bone surface/volume ration (BS/TV) (k) and trabecular
separation (Tb. Ts) () of new bone formation in the defect areas filled with HA, FHA, SiHA for 4 weeks and 8 weeks (n = 4 per group; *p < 0.05).

mediated stimulation of the Ras-Raf-MAPK mitogenic signal
transduction pathway."?® Another study suggested that fluoride
may influence the Wnt/B-catenin signalling pathway in osteo-
blasts, which is known to play an important role in regulating cell
proliferation, differentiation and morphogenesis.>*** Fluoride
was reported to induce the phosphorylation of Akt at serine 473
and subsequently activate the phosphorylation of glycogen syn-
thase kinase-3B (GSK-3p) at serine 9, leading to inhibition of GSK-
3P activity and activation of Wnt/B-catenin signalling.* However,

16114 | RSC Adv., 2019, 9, 16106-16118

it has been shown that small doses of F ions can promote the
proliferation and differentiation of osteoblasts”*® while large
doses of F ions can inhibit osteoblast proliferation and differ-
entiation and induce cell apoptosis®® because of cell metabolism
imbalance." In this study, although FHA was found to promote
cell proliferation, the cell morphology revealed that cells in FHA
group at day 7 showed shrinking morphology may be related to
the accumulation of F ions (Fig. 5k and 1).

This journal is © The Royal Society of Chemistry 2019
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Si ion doping is another important way to modify the bio-
logical properties of HA nanoparticles. Si ions can stimulate
collagen type I synthesis and osteoblastic differentiation both in
vivo and in vitro.>*® Research has revealed that Si ions can
activate the MAPK-ERK pathway in osteoblast-like cells®* and Si
ions can enhance cellular differentiation and collagen produc-
tion via the TGF-B pathway by the binding of TGF-B1 to its
cognate receptors.® Further, Si ions can significantly upregulate
AXIN2, B-catenin, SHH and patched-1 (PTCH1) gene expres-
sion.* AXIN2 and B-catenin are a critical members of the Wnt/pB-
catenin signalling pathway;**** SHH is one of the ligands of the
Hedgehog-Gli signalling pathway and PTCH1 is a target gene of
the SHH-Gli signalling pathway.*® All of these signalling path-
ways are involved in cell proliferation and differentia-
tion.’7¢7-% Beyond that, orthosilicic acid (SiO4* "), which exists
in SiHA, could regulate the expression of miR-146a to suppress
the activity of NF-kB; this would influence both osteoblast
differentiation and activity.”®”® It should be noted that when the
concentration of Si ions is higher than 5 mM, which is much
larger than that of FHA (0.1 to 100 uM), it may suppress cell
proliferation. This could be due to the cytotoxicity of high

This journal is © The Royal Society of Chemistry 2019

concentrations of Si ions or the change in the pH and extra-
cellular ionic environment.*

Bone formation and resorption appears to be a dynamic
process. Aside from osteoblasts, osteoclasts are also involved in
bone regeneration, especially during the degradation of mate-
rials.”*7¢ With regard to FHA, fluoride with concentration lower
than 8 mg L™ will decrease the activity of new formed osteo-
clasts because but will not affect osteoclasts formation,
involving in inhibiting NFATc1 and downstream functional
genes, such as DC-STAMP, c-Src, Atp6v0d2, MMP9, and CK; this
leads to impaired capacity for osteoclast acidification and
reduced secretion of proteolytic enzymes.” When the concen-
tration of F ions is between 0.5-1.0 mM, the number of
resorption lacunae made by individual osteoclasts and the
resorbed area per osteoclast is decreased.” The pH value is also
important for osteoclasts. Osteoclasts can be activated with pH
values from 6.7 to 7.0,” but the activity of osteoclasts is sup-
pressed when pH > 7.0.*° The releasing F ion will increase the
pH, resulting in less activity of osteoclasts. According to our
results in Fig. 8E-H and e-h, the number of osteoclasts in the
FHA group was significantly less than the other two groups.

RSC Adv., 2019, 9, 16106-16118 | 16115
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Fig.9 Photographs of Columbia blood agar media with colonies of P. g strains after incubation with HA (a), FHA (b) and SiHA (c) respectively and
statistical results corresponding to the survivability of bacteria on three types of sample surfaces (d) n = 3 per group; *p < 0.05). Fluorescence
microscopy images showing viability of the adherent P. gingivalis on the plates of three specimens respectively, as displayed by SYTO® 9 and PI

dyes. HA (e, f and g), FHA (h, i and j) and SiHA plates (k, l and m).

Several studies have reported that Si can also inhibit the activity
of osteoclasts. Osteoprotegerin (OPG)/receptor activator for
nuclear factor-kB ligand (RANKL) ratio plays a critical role in
pre-osteoclast maturation and osteoclast activation. In normal
physiological conditions, RANKL combines with receptor acti-
vator for nuclear factor-kB (RANK) which distributes on the
surface of pre-osteoclast to promote the differentiation and
activation of osteoclasts. Silica stimulates OPG transcription
with unchanged RANKL;*"** thus, OPG competes with RANKL to
bind to (pre)osteoclastic receptor RANK, negatively affecting

16116 | RSC Adv., 2019, 9, 16106-16118

pre-osteoclast maturation and osteoclast activation.®*®*
Accordingly, the SiHA group exhibited less osteoclasts in TRAP
staining compared to the HA group, but more osteoclasts than
the FHA group (Fig. 8).

It is important for bone substitutes to possess good osteogenic
potential, but it is also important to prevent infection in the bacteria-
filled microenvironment. Many studies have illustrated that fluoride
can prevent dental caries. Further, fluoride can also inhibit patho-
genesis in periodontal disease. P. g, a Gram-negative anaerobic

bacterium implicated as a major pathogen associated with peri-

oyal Society of C
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implantitis and periodontitis,* was used in this experiment to
evaluate the antibacterial ability. The results demonstrated that P. g
was obviously inhibited on FHA plates compared to the other two
materials. The contact angle of FHA will increased along with the
amount of F ions adding; this is associated with increased hydro-
phobicity, which reduces the initial adhesion of bacteria.* Further, F
ion released from FHA acts in several ways to affect bacteria
metabolism. For instance, it can act as an inhibitor of the glycolytic
enzyme, enolase.® Further, fluoride complexes are responsible for
fluoride-induced inhibition of proton translocating F-ATPases by
mimicking phosphate to form complexes with ADP at the reaction
centres of enzymes. ATPase plays an important role in the mainte-
nance of intracellular pH by pumping out protons; inhibition of this
enzyme disrupts bacterial metabolism and aciduric capability.***
Beyond that, fluoride ions inhibit acid-producing bacteria like
Fusobacterium nucleatum (F. n) and Treponemas, which are peri-
odontal pathogens; this helps to maintain a normal acid-base
balance necessary for proper osteogenesis. Fluoride ions are
released when bacterial metabolism begins and pH diminishes. The
release of F ions can inhibit bacteria growth, stabilize the micro-
environment and resistant the inflammatory process.*

Conclusion

HA, FHA and SiHA nanoparticles could promote osteogenesis and
FHA and SiHA did better than HA. FHA and SiHA could both
promote BMSCs proliferation, but FHA showed a better perfor-
mance in osteogenesis in vitro, while SiHA did better in vivo. FHA
suppressed osteoclasts activity and presented significant antibac-
terial properties. In conclusion, FHA and SiHA both can be
a potential bone substitutes. However, FHA might be an ideal
material in bone regeneration especially in infectious bone defects.
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