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ARTICLE INFO ABSTRACT

Keywords: Objectives: This study aimed at evaluating the cytotoxicity, chemical and structural properties of experimental
Crystallisation fluoride-doped calcium-phosphates as potential remineralising materials for dental applications.

Apatite Methods: Experimental calcium phosphates were formulated using [-tricalcium phosphate, monocalcium
Fluoride ) phosphate monohydrate, calcium hydroxide, and different concentrations of calcium/sodium fluoride salts
Fl,uor'hydr?x,yflpame [(5 wt%: VSG5F), (10 wt%: VSG10F), (20 wt%: VSG20F)]. A fluoride-free calcium phosphate (VSG) was used as
Biocompatibility

control. Each tested material was immersed in simulated body fluid (SBF), (24 h, 15 and 30 days) to assess their
ability to crystallise into apatite-like. Cumulative fluoride release was assayed up to 45 days. Moreover, each
powder was placed into a medium containing human dental pulp stem cells (200 mg/mL) and their cytotoxicity
was analysed using the 3-(4,5-dimethylthiazol-2-yl) — 2,5-diphenyltetrazolium bromide (MTT) assay (24 h, 48 h
and 72 h incubation). These latter results were statistically analysed by ANOVA and Tukey’s test (a = 0.05).
Results: All the experimental VSG-F materials produced fluoride-containing apatite-like crystals after SBF im-
mersion. VSG20F presented prolonged release of fluoride ions into the storage media (45d). VSG, VSG10F and
VSG20F showed a significant cytotoxicity at dilution of 1:1, while at 1:5, only VSG and VSG20F demonstrated a
reduction in cell viability. At lower dilutions (1:10, 1:50 and 1:100) all specimens showed no significant toxicity
to hDPSCs, but an increase in cell proliferation.

Significance: The experimental fluoride-doped calcium-phosphates are biocompatible and possess a clear ability
to evoke fluoride-containing apatite-like crystallisation. Hence, they may be promising remineralising materials
for dental applications.

1. Introduction detection and risk assessment, adapt ideal measures for caries pre-
ventive and remineralisation of demineralised dental tissues (e.g., en-

Modern minimal invasive dentistry aims at preserving the natural amel and dentine) [2].
structure of patients’ teeth and keep their functional as long as possible Lamentably, demineralisation of dental hard tissues (DDT) remains a
[1]. The main strategies to accomplish such a target include early caries critical issue in modern society, and it remains the main responsible for
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erosion, dental caries and dentine hypersensitivity [3]. DDT is generated
by a drop of pH, which is due to several different causes such as the
intake of acidic food or drinks, the presence of gastroesophageal reflux
disease or the acidogenic activity of a specific cariogenic biofilm [4].
Indeed, when the pH in the oral cavity drops below 5.5, there is an in-
creased solubility of dental hydroxyapatite (HA), which triggers a loss of
mineral such as calcium (Ca?*) and phosphates (PO437)and the forma-
tion of porosities within the enamel crystals. Such a situation causes a
deeper diffusion of acids into the tooth with consequent critical demi-
neralisation of the sub-surface of the tooth [3]. However, during such
demineralisation events, the release of Ca®?* and PO,* may raise the
degree of saturation with respect to the enamel mineral and protect this
latter from further demineralisation [5,6]. Moreover, natural reminer-
alisation can occur through epitaxial crystallisation on Ca/P nucleation
sites in enamel, whereas saliva favours super-saturation of the environ-
ment with Ca®>* and PO,>~ [3,6,7]. Nevertheless, once the physiological
equilibrium between demineralisation and remineralisation in the oral
cavity is irreversibly altered, it is imperative to apply specific prophy-
lactic agents to achieve prompt remineralisation of demineralised dental
tissues. For instance, fluoride application is the most employed strategy
to reduce and prevent dental demineralisation [8]. It is generally be-
lieved that it is the most effective approach to prevent caries formation
thanks to two specific mechanisms: (i) alteration of the metabolism of
microorganisms in the cariogenic biofilm [9]; (ii) formation of acid re-
sistant fluorapatite [FA: Cas(PO4)3F] by replacing the hydroxyl groups
(OH™) with fluoride ions (F~) within the dental hydroxycarbonate
apatite [10]; such a phenomenon seems to occur especially when fluoride
is present in a relatively low concentration (< 45 ppm) [11,12]. It is well
known that fluoride is also used to induce the transformation of stoi-
chiometric hydroxyapatite (HA) into a more acid resistant fluor-hydro-
xyapatite [FHA: Ca;o(PO4)6(OHF,)] [13,14].

Apart from fluoride, several alternative materials based on calcium
phosphates [15,16] and bioactive glasses [17,18] have been advocated
as suitable remineralising agents for dental hard tissues [19]. Such re-
mineralising agents were also incorporated as ion-releasing fillers into
experimental dental resin-based materials with the aim to remineralise
the interface between the restoration and the dental substrate [20-23].
This target is usually achieved in vitro through the release of specific
ions such as Ca®>* and PO, in specific range of pH [23,24], which
may act as precursors for the deposition of apatite-like crystals within
the demineralised dentine [25,26]. Moreover, such a specific reminer-
alisation process may also protect the collagen fibrils from enzymatic
degradation, so preventing the degradation of the hybrid layer [22,27].
It has also been advocated that the precipitation of crystals at the
bonding interface may act as a potential physical barrier against the
penetration of microorganisms, so avoiding secondary caries at the
tooth-restoration interface [28-30].

Although the ability of fluoride-functionalised calcium phosphates
to remineralise dental hard tissues has been already demonstrated [16],
there is still a great interest in generating innovative fluoride-doped
calcium phosphates as potential remineralising materials for dental
applications, which may be able to react with body fluids (i.e. saliva)
and convert into FA and/or FHA.

Thus, this study aimed at evaluating the ability of experimental
fluoride-doped calcium-phosphates to convert into fluoride-containing
apatite-like crystals. The objectives of this study were accomplished
through chemical, morphological and structural characterisation of the
tested materials subsequent to immersion in simulated body fluid (SBF)
for different periods of storage, by means of magic angle spinning —
nuclear magnetic resonance (*°F MAS NMR), ultra-high-resolution ana-
lytical focused ion beam scanning electron microscopy (FIB-SEM),
transmission electron microscope equipped with energy dispersive X-ray
spectroscopy and selected area electron diffraction (TEM-EDX-SAED), X-
ray diffraction (XRD) and Fourier-transform infra-red spectroscopy
(FTIR). Fluoride release, pH, and cytotoxicity of the tested materials on
human dental pulp stem cells (hDPSCs) were also examined.
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2. Materials and methods
2.1. Specimen preparation, pH, and fluoride release

Experimental calcium phosphates were formulated by incorporating
a constant concentration of calcium hydroxide and different con-
centrations of fluoride salts as previously reported [31]. In brief, a 1:1
molar ratio of beta-calcium-phosphate (3-TCP: Ca3(PO,4),) and mono-
calcium phosphate monohydrate (MCPM: Caz(H,PO,),) were doped
with calcium hydroxide (10 wt%), calcium and sodium fluoride salts
(1:1) at different concentration (5 wt%, 10 wt%, or 20 wt%). The re-
sultant calcium phosphates doped with different concentrations of
fluoride were VSG5F; VSG10F; VSG20F, while a fluoride free (VSG)
calcium phosphate was also formulated and used as the control mate-
rial. The simulated body fluid (SBF) employed in this study was pre-
pared by mixing sodium chloride (NaCl: 7.996 g), sodium bicarbonate
(NaHCOs3: 0.350 g), potassium chloride (KCl: 0.224 g), dipotassium
hydrogen phosphate trihydrate (K;HPO33H,O: 0.228 g), magnesium
chloride hexahydrate (MgCly6 H,0O: 0.305 g), calcium chloride dihy-
drate (CaCl,2H,0: 0.368 g), sodium sulphate (Na,SO4: 0.071 g), and
6.057 g tris(hydroxymethyl)amino methane, (CH,OH)3CNH, (Tris
buffer) per litre of SBF in distilled water. The pH was regulated using
1 N hydrochloric acid (HCl) as described by Kokubo et al. [32]. All
chemical reagents were purchased from Merck Life Science SLU (Ma-
drid, Spain). The experimental VSG powders (150 mg; particle size <
50 um) were dispersed in the SBF (1.5 g/L) [14].

Five specimens were prepared for each tested powder and the pH of
the solution was assessed using a pH metre (Hach Sens Ion+, SN:
705013, Hach-Langg SLU), while fluoride-release was measured using a
direct potentiometry method with a liquid membrane for selective
fluoride-ion electrode up to 45 days (45d). Four standard fluoride-
containing solutions (1 mg.L?, 5 mg.L'Y, 10 mg.L™! and 100 mg.L'")
were used for calibration of the Ion (Fluoride)-selective electrode (ISE,
NT-F-MDO019), using the reference electrode Ag/AgCl (SK-402-75B-CR)
by XS 80 +DHS (XS Instruments, Italy) [13]. After each reading, the
electrode was washed with osmosis water. Fluoride release data were
expressed in (mg/L) and analysed statistically by Kruskal-Wallis and
Bonferroni tests, with a significance level of 5 %.

2.2. FTIR vibrational spectroscopy

Each experimental VSG powder was dispersed in the SBF as afore-
mentioned and agitated at a rate of 60 rpm in an orbital shaker for
5 min. Subsequently, the specimens were left undisturbed at 37 °C in
SBF, which was replaced every 7 days. Each powder was filtered
through medium porosity filter papers after different periods of im-
mersion in SBF (24 h, 15d and 30d) and subsequently dried at 40 °C for
24 h. These were submitted to vibrational analysis in triplicate and the
spectra were recorded in the range 3000-500 cm ™! with 32 scans at
4 cm™' resolution using the Spectrum Two FT-IR Spectrometer
equipped with attenuated total reflection (ATR) device (Perkin Elmer,
Madrid, Spain). The peaks were analysed subsequent to baseline sub-
traction and normalisation using the Spectrum 10™ software (Perkin
Elmer) in order to identify the most characteristic inorganic compounds
in the specimens.

2.3. X-ray diffraction (XRD)

After the FTIR analysis, the specimens were submitted to XRD using
the X-ray powder diffractometer XPert MPD (PANalytical,
Westborough, USA) equipped with CuKa tube (A = 1.5418 nm), 40 kV
of voltage and a 30 mA current in a range of scanning 26 = 20-80°. The
diffraction patterns were obtained by using Bragg—Brentano geometry
in continuous mode with speed of 0.5°/min and step size of 0.02° (26).
The Rietveld structure refinement was used for interpreting and ana-
lysing the diffraction data using the software DBWS Tools [33]. Using
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this type of refinement, it was possible to obtain important information
regarding molar fraction and size of apatite particles [34,35]. The
progress, as well as the quality of the refinement was demonstrated in
terms of weighted factor RWP (percentage of error obtained) and S
factor (goodness of fit); such values for the refinement of all specimens
revealed a successful calculation [34,35]. The size (D) of the crystals
was also calculated from the refinement data using the following
Scherrer equation

D= K
Bcosb

Where K is a constant, A is the wavelength of the X-ray, 0 is a Bragg
diffraction angle and  is the full width at half-maximum (FWHM). It is
important to mention that the instrumental FWHM was calculated
though the XRD measurement using LaBg NIST standard sample and
subtracted from FWHM of the sample.

2.4. 1°F MAS NMR

The experimental calcium phosphates were also investigated using
19F MAS NMR on a Bruker Avance III 400 (400 MHz, 9.4 Tesla) NMR
spectroscopic device to identify the presence of fluorapatite (FA) and/
or fluor-hydroxyapatite (FHA) subsequent to 30 days of storage in SBF.
Spectra were recorded using a 4 mm wide bore triple resonance Bruker
probe spinning at 10,560 Hz. The delay time used was 1.0s. Spectrum
of a synthetic fluorapatite was collected and used as comparison [13].
The '°F chemical shift was referenced to an external standard of CeFe
(hexafluorobenzene) primary standard [14].

2.5. Chemical and morphological characterisation (FIB-SEM/TEM-EDX-
SAED)

Similar to the previous tests performed in this study, each experi-
mental VSG powder, along with hydroxyapatite (99.8%, HAP, Merck
Life Science SLU, Madrid, Spain), was analysed at baseline (24 h) and
after 4 weeks of storage in SBF periods. The specimens were suspended
in ethanol and the nano-suspensions were deposited on carbon-coated
copper grid and analysed using the transmission electron microscope
(TEM, Tecnai G2 F30, FEI, Eindhoven, The Netherlands). Moreover, the
specimens were also examined through selected area electron diffrac-
tion (SAED) and energy-dispersive x-ray spectroscopy analyses (EDX -
kV: 200.00 Azimuth: 45.00 Elevation: 35.00 AmpT: 51.2). During the
EDX analysis, the specimens were assessed in six different areas in order
to calculate the Ca/P ratio of the crystals [36]. Further specimens were
mounted on aluminium stubs with carbon cement and gold-sputter-
coated to be subsequently analysed using a ultra-high-resolution ana-
lytical focused ion beam scanning electron microscopy (FIB-SEM,
Thermo Scientific Scios 2 DualBeam, Waltham, Massachusetts, USA) in
secondary electron mode. The FIB-SEM was equipped with an energy
dispersion-type x-ray spectroscope (EDX), which was used at 20kV to
analyse the presence of fluoride in the tested materials.

2.6. Cell viability and proliferation

Human Dental Pulp Stem Cells (hDPSCs) were purchased from
Lonza (PT-5025, Swiss, Basel, Switzerland) and used in this study.
These were cultured following manufacturer’ instructions and main-
tained in a medium containing DPSC (BulletKit™ Medium, PT-3005,
Lonza, Walkersville, USA) in an incubator at the temperature of 37 °C
and 5 % CO,.

Each powder was immersed in SBF for 24h and then diluted in
DPSC medium at the concentration of 200 mg/mL, in accordance with
the ISO/EN 10993-12 [37]. After incubation at 37 °C for 24h at 5 %
CO,, the eluate was recovered and sterilised using a 0.2-mm filter
(Merck Millipore, Tullagreen, Carrigtwohill, Co. Cork, Ireland). Serial
dilutions of powder extracts were prepared (1:1 (non-diluted), 1:5,
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1:10, 1:50, 1:100) in DPSCs medium.

The cytotoxicity of the powders on DPSCs was evaluated using the
MTT [3-(4,5- dimethylthiazol-2-yl)— 2,5-diphenyltetrazolium bro-
mide] assay, according to the manufacturer’s instructions (Sigma-
Aldrich, M5655 St. Louis, USA). The cells were placed into a 96-well at
an initial density of 5 X 10° cells/well; after 24 h, the extracts were
added to the 96-wells and hDPSCs were incubated for 24, 48, and 72 h.
At each time point, the medium of the controls and eluates were
eliminated by each well and the MTT solution was added and incubated
for 4h at 37 °C and 5 % CO,. At the end of the incubation period, the
medium was removed and the converted dye was solubilised with
acidic isopropanol (0.04-0.1N HCl in absolute isopropanol).
Absorbance was measured at 570 nm using a microplate reader (Tecan,
Grodic, Austria). Cells cultured on tissue culture plates with DPSCs
medium were used as a control (CTL). The results were obtained in four
replicates from 4 separate experiments for each test. The results were
presented as mean ( + SD) and the statistical analysis of the data was
performed by means of an analysis of variance (ANOVA) followed by a
Tukey’s test for multiple comparison (a = 0.05) [37,38].

3. Results
3.1. pH and fluoride release

The influence of the tested materials with increasing fluoride con-
tent on pH of the storage media over a period of 45 days can be seen in
Table 1. It was observed that the pH of the storage media containing the
experimental fluoride-doped calcium phosphates presented higher va-
lues compared to the fluoride-free VSG. In particular, VSG20F showed
the highest values (mean pH:7.6), while the fluoride-free VSG had a pH
of 6.4; however, this latter increased to 7.0 after 45 days of storage.
Conversely, all the tested fluoride-containing materials presented no
drastic change of the pH over time. In terms of fluoride ions release
(mg/L), the results can be found in Table 2. It was interesting to observe
that VSG5F showed no significant (p < 0.05) release of fluoride com-
pared to the fluoride-free VSG up to 24 h. Moreover, VSG5F showed no
significant variation of fluoride over time (p > 0.05), except at day 45.
Contrariwise, VSG10F presented significantly higher (p < 0.05) re-
lease of fluoride ions compared to VSG5F at all periods of time, with the
cumulative values that significantly increased over time (p < 0.05).
On the other hand, VSG20F presented the greatest (p < 0.05) release
of fluoride ions compared to all the tested materials. In particular, this
latter material showed a significant increase in fluoride released at day
1, day 30 and day 45 (p < 0.05); 99.15mg/L of cumulative fluoride
was detected for the VSG20F at day 45 of SBF storage.

3.2. FTIR-ATR vibrational spectroscopy

In Fig. 1 it is possible to observe the results obtained during the FTIR
vibrational analysis. The commercial hydroxyapatite (HA) presented
characteristic bands corresponding to the PO4 group at 1092 cm™ and
1022 cm™, which are associated with the stretching vibrations out of
plane (v3)s, of P-O, whereas the weak (w) band at 962 cm’! was related
to the symmetrical stretching vibration (v3)ss of O-P-O. The strong
bending vibrations (v4), of O-P-O can be observed at 560 cm™and
602 cm™ [39,40]. Furthermore, the commercial B-TCP showed bands at

Table 1
Influence of the tested materials with increasing fluoride content on pH of the
storage media over a period of 45 days.

24h 7 days 15 days 45 days
VSG 6.4 * 0.1 6.8 = 0.1 6.9 * 0.1 7.0 £ 0.1
VSGS5F 7.2 £ 0.1 7.3 £ 0.1 7.2 £ 0.1 7.4 = 0.1
VSG10F 7.3 £ 0.1 74 £ 0.1 7.5 = 0.1 7.5 £ 0.1
VSG20F 7.6 £ 0.1 7.6 = 0.1 7.5 * 0.1 7.5 = 0.1
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Table 2

Fluoride release (mg/L) from the tested materials over a period of 45 days.
Day 0: VSG 5 %: VSG5F 10: VSG10F 20: VSG20F
0 2.2102 + 2,6110° 4 0.13 + 3.37:1028 13.03 * 0.66° 41.13 + 4.22°
1 6.310° + 3.93103 4" 4.5010° + 8.37-10*" 10.86 + 0.55%" 40.73 + 2.88°€
4 1.710* + 4.0810* 4" 5.17-10° + 1.1710°% 2.73 * 0.097 ¢ 34.25 + 2,73
7 3.510° + 1.6410* 4" 5.67-10° + 1.21110°34 6.10 + 0.22%" 35.93 = 3.09¢
15 1.010° + 2.6110%" 6.3310° + 5.1610" 4.82 + 0.77¢ 36.07 + 2.30°
30 8.210° + 7.5310* A" 6.3310° + 517108 11.52 + 0.08¢ 55.97 + 0.15°"
45 3.1102 + 1.34102 4" 7.05102 + 4.3210°%" 20.40 + 0.14¢ 99.15 + 0.68""

Same letter indicates no significant difference in the values in rows.
The symbol* indicates a significant difference in the values in columns.

3 - 1022
] 0
1002/ \970 602’
VSG 940
1022
1 560
] 1092 602
VSG10F 962
7 560
1 602
VSG20F "’”M
: 1022
l 560
VSGSF
: - o105
] 970 602543
BTCP 1118 940 K
T 1022
: 560
g HA 109. 962 602
3000 1500 1000 500
cm-1

Fig. 1. FTIR-ATR spectra of the tested materials after SFB storage. Please note
the characteristic peaks of commercial HA and B-TCP analysed at baseline. VSG
at 4 weeks of SBF storage is still characterised by the presence of 3-TCP, while
VSGS5F, VSG10F and VSG20F at 2 weeks of SBF storage present already a
spectrum comparable to that of pure HA.

940 cm™, 970 cm, 1015cm™, 1118 cm™? characteristic of POy groups,
while further PO stretch vibrations were observed at 543 cm™and
602 cm™ [39,41]. VSG5F, VSG10F and VSG20F were characterised by a
spectrum totally comparable to that of HA just after 15 days of storage
in SBF. Conversely, the fluoride-free VSG presented incomplete con-
version into HA, but the presence of characteristic peaks of 3-TCP even
after 30 days of storage in SBF.

3.3. X-ray diffraction (XRD)

The results obtained during the qualitative and quantitative XRD
analysis of the tested materials are depicted in Fig. 2 and Table 3, re-
spectively. In particular, it was possible to observe that all the experi-
mental materials analysed after 24h of SBF storage showed a pre-
dominant existence of 3-TCP. However, VSG5F, VSG10F and VSG20F
were already characterised by an early signal of HA formation, along
with the presence of CaF,. While, in the fluoride-free VSG, slight apa-
tite-like and brushite (CaHPO,4-2 H,0) phases were detected, along with
a strong presence of B-TCP (Fig. 2A and Table 3). Structural refinement
demonstrated that VSG5F had the higher molar fraction of HA with
respect to 3-TCP, after immersion in SBF for 24 h (Table 3).

The specimens of VSG5F, VSG10F and VSG20F immersed for 15
days in SBF were characterised by a predominant presence of HA, but
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with the presence of residual B-TCP. Again at 15 days of SBF storage, all
the experimental materials doped with fluoride presented a clear pre-
sence of CaF,, especially in the specimens VSG20F and VSG1OF.
Conversely, the fluoride-free VSG showed the presence an important
presence of B-TCP, with slight precipitation of HA, and no sign of
brushite anymore (Fig. 2B and Table 3),

The situation for the fluoride-free VSG remained unaffected after 30
d of SBF storage, as it was still characterised by a prominent presence of
B-TCP, although an increased presence of HA (%molar) was detected.
Conversely, in accordance with the reported data ICDD/PDF-16742, it
was observed that the relative intensities of the diffraction peaks (i.e.
crystallinity, 20 = 30.2°(0 0 2)) became greater with the fluoride-
doped powders (VSG5F > VSG10F > VSG20F); no (-TCP (% molar
con.) was detected in VSG5F, VSG10F, VSG20F. It was evident in
VSG20F the greatest presence of CaF, (Fig. 2C and Table 3),

Moreover, after 30 d of SBF storage of the tested materials con-
taining increased amount of fluoride within their compositions, the
diffraction peaks of HA in the region of 30-35° became sharper, as well
as the % molar HA. It was also interesting to see the relativity intensity
of the peak in 26 at 32.3° (112) that became greater than the peak in 20
at 33.0° (030).

Structure refinement was performed in order to calculate crystallite
size and to have a good fit between the diffractogram calculated (Y-
calc) and observed (Y-obs) (Fig. 2). The results of the crystal size
measurement of HA calculated by means of XRD can be found in
Table 3. The size of the crystal for the HA produced by VSG was very
small (10.4 *+ 0.3 nm), which presented no great increase over time,
even after 30 d in SBF (11.3 = 0.3). Conversely, all the fluoride doped
calcium phosphates tested in this study showed an evident increase in
the crystal size both after 15 and 30 ds of SBF storage. VSG5F showed
the smallest crystal size at all time periods when compared to the 3
experimental fluoride-doped VSG materials tested in this study. Thus,
the higher the concentration of fluoride within the composition of our
experimental calcium phosphates, the greater the ability of HA crystals
to increase in dimension. Conversely, the higher the concentration of
fluoride, the greater the presence of CaF,

3.4. °F MAS NMR

The results obtained during the 19 F MAS NMR analysis are shown
in Fig. 3. '°F NMR spectrum of VSG5F and VSG10F after 30 days of
storage in SBF revealed overlapping signals of chemical shift at
— 102 ppm and a small wide shoulder at around — 106.3 ppm in-
dicating the presence of fluorapatite-like phase and CaF, respectively.
With an increasing amount of fluoride in VSG20F, the chemical shift at
— 102ppm became less pronounce and in contrast the peak at
— 106.3 ppm became clearly and dominating. It is interesting to note
that a split peak with peak chemical shifts approximately at — 102 ppm
and — 111 ppm and a peak at — 128 ppm were noticed for VSG spe-
cimens, indicating a lack of conversion into apatite even after 30 days
of immersion in SBF.
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Fig. 2. XRD patterns of the tested materials after SFB storage. A. All the tested materials analysed after 24 h of SBF showed the presence of 3-TCP. However, the VSG
powders doped with fluoride showed the presence of CaF, and the presence of HA. The fluoride-free VSG showed an important presence of 3-TCP and brushite
(CaHPO4H,0) (D), but a very little signal of HA precipitation. B. At 15 days of storage in SBF, VSG20F and VSG10F showed a clear presence of HA, although there is
some residual B-TCP. CaF, is present in the VSG powders doped with fluoride. The fluoride-free VSG is still mainly characterised by the present of 3-TCP and a slight
presence of HA precipitation, but with no more CaHPO4H,0. C. After 30 days of storage in SBF all the VSG-F powders transformed into HA. VSG20F is characterised
by the highest presence of CaF,, although all of the VSG-F powders are characterised by the presence of CaF,,. The fluoride-free VSG is still mainly characterised by

the present of B-TCP, with some HA precipitation.

Table 3
Results of the molar fraction and crystals size measurement of apatite calcu-
lated by means of XRD.

% Molar B-TCP % Molar HA HA Crystal Size (nm)

VSG-24h 59.8 = 1.3 129 = 0.7 10.4 = 0.3
VSG-15d 76.7 = 1.3 23.3 = 0.8 11.3 = 0.2
VSG-30d 76.7 + 1.32 23.3 + 0.6 11.3 + 0.3
VSG5F-24h 46.4 + 1.81 26.8 = 0.4 141 + 0.4
VSG5F-15d 45.5 = 0.42 33.3 = 3.6 16.5 + 0.3
VSG5F-30d X 100 = 0.0 18.6 = 0.4
VSG10F-24h 46.8 = 1.1 144 + 0.6 139 = 0.7
VSG10F-15d 13.2 = 5.8 47.4 = 0.7 23.8 = 0.6
VSG10F-30d X 84.2 + 0.4 25.4 = 0.9
VSG20F-24h 335 + 0.7 7.07 = 0.6 84 = 0.1
VSG20F-15d 2.0 = 18.73 29.4 = 0.4 36.5 = 1.4
VSG20F-30d X 38.6 = 0.4 389 = 1.4

Please note that excluding the VSG, all the fluoride-doped VSG present an in-
crease in the dimension of the HA crystals. Furthermore, note that percentages
reported in this table do not sum 100% since the molar fraction of CaF2 (or
brushite for fluoride-free samples) are not shown.

3.5. Chemical and morphological characterisation (FIB-SEM/TEM-EDX-
SAED)

The most relevant morphological features observed with the tested
materials after different periods of storage in SBF are illustrated in
Fig. 4 (FIB-SEM) and Fig. 5 (TEM). It was interesting to observe through
FIB-SEM that the fluoride-free VSG after 30 d of immersion in SBF was
characterised by crystals with an irregular globular morphology
(Fig. 4A) and no fluoride was detected during EDX analysis (Fig. 4A1).

-102 ppm =

\\'

[
i
|
1N
1
1
|

# -106.3 ppm,

* FAP-like
#CaF-like

VSG

VSG20F

T T
-50 -150 ppm
Fig. 3. '°F MAS NMR spectra of the tested materials after 30 days of SFB
storage. Asterisks mark spinning side bands of fluorapatite (FAP)-like, while

hashtags mark spinning side bands of calcium fluoride (CaF,)-like precipitant.

Conversely, all the experimental fluoride-doped calcium phosphates
showed a evident presence of needle-like apatite crystals, especially in
those VSG powders containing 5 wt% and 10 wt% of fluoride (Fig. 4B).
In all the fluoride-doped VSG tested powders, fluoride was detected
during EDX analysis (Fig. 4B1).

The TEM analysis performed after 24 h of SBF immersion showed
that the VSG (fluoride-free) was characterised by few small and irre-
gular crystallites (Figs. 5A and 5a). Moreover, such particles presented
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Fig. 4. FIB-SEM micrographs and EDX of the tested materials after SBF storage. A: Representative FIB-SEM micrograph of VSG (fluoride-free) after 30 days of SBF
immersion showing irregular and globular particles, with no presence of fluoride in the EDX spectra (A1). B: Representative FIB-SEM micrograph of VSG5F after 30
days of SBF immersion showing a predominant presence of needle-like crystals, with the presence of fluoride in the EDX spectra (B1).

sign of crystallinity at higher magnification (Fig. 5a) and during SAED
analysis (Fig. 5al). However, after 30 days of storage in SBF, VSG
produced a very slight increase in the number of crystals (Fig. 5B); these
also appeared with a more regular rod-like morphology (Fig. 5B)
compared to those observed at 24 h of SBF storage, and they were often
characterised by a clear crystalline phase (Fig. 5b and 5b1). All the VSG
powders doped with fluoride presented many more crystals, with in-
crease dimension and a more regular morphology compared to those
observed in the fluoride-free VSG (Fig. 5C). However, at higher mag-
nification (Fig. 5c) and through SAED (Figure 5c1), such crystals ap-
peared characterised by a clear crystalline phase.

After 30 d of SBF immersion all the tested calcium phosphates doped
with fluoride showed an evident conversion in to large rod-like crystals
(Fig. 5D), with well-well-defined crystallinity (Fig. 5¢ and Fig. 5 c1).

The Ca/P ratio of the tested materials before and after SBF storage
can be found in Table 4. It was possible to see that the commercial HA
(Merk), used as the control, had a Ca/P ratio of 1.68 = 0.15 after 24 h
of SBF immersion and 1.70 = 0.11 after 30 d of storage in SBF. The
fluoride-free VSG had a Ca/P very much different from that of HA both
at24h (1.26 = 0.04) and after 30 d of SBF storage (1.34 + 0.07). The
situation was slightly different for the fluoride-doped VSG5F; although
it had a Ca/P of 1.34 + 0.05 at 24 h (octacalcium phosphate - OCP),
after 30 d of SBF immersion it presented a ratio (1.68 + 0.03) quite
comparable to that of the HA. Conversely, VSG10F and VSG20F pre-
sented a Ca/P ratio of 1.52 + 0.09 and 1.54 + 0.05 (calcium-deficient
hydroxyapatite), respectively. These latter values were much higher
than those obtained with VSG and VSG5F at 24 h. Moreover, after 30
days of storage in SBF, VSG10F and VSG20F presented a Ca/P ratio of
1.69 = 0.04 and 1.74 * 0.02, respectively. These values were
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comparable to that of HA (1.70 * 0.11) after 30 d of SBF immersion.
3.6. Cell viability and proliferation

The powder extracts had different effects on hDPSCs viability. VSG
and VSG20F showed the greatest (p < 0.05) toxic effect, at 1:1 and 1:5
dilutions. Compared to the control, VSG and VSG20F 1:1 dilution caused
a statistically significant decrease in cell viability of 56 % (p = 0.0016)
and 60 % (p = 0.0005) respectively after 24 h, in comparison to VSG5F
and VSG10F that showed reduction of 25 % and 42 % (p = 0.0291) at
the same time of evaluation (Fig. 6A). Nonetheless, VSG showed the
major toxicity after 48 h at 1:1 dilution, with a reduction of cell viability
of 59.2 % (p = 0.0008) (Fig. 6A). Moreover, a similar trend was mea-
sured at the dilution 1:5 (Fig. 6B). Indeed, a decline of 28.1% in cell
viability for VSG was observed. In contrast, there was a decrease in
viability with VSG20F of 29 % after 24 h and 34 % after 72 h. Further-
more, the data showed that 1:10 is the first dilution in which VSG had no
decrease on cell viability at each time point, whilst VSG20F was the only
one with decrease in cell viability (11 % at 24h and 18 % at 48h)
(Fig. 6C). At dilutions of 1:50 and 1:100, no reduction in cell prolifera-
tion was shown in all 4 groups (Figs. 6D and 6E).

4. Discussion

One of the most critical aspects in the remineralisation of dental
hard tissues is the dissolution rate of newly-formed hydroxyapatite
(HA) in the oral environment, especially when important pH changes
due to dietary acids intake and/or cariogenic biofilm formation arise
[3-5]. This is the reason why any modifications that would offer to HA
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Fig. 5. TEM micrographs and Selected Area Electron
Diffraction (SAED) of the tested materials after SBF sto-
rage. A: Representative TEM micrograph of VSG
(fluoride-free) after 24 h of SBF immersion showing very
few small and irregular crystallites (a). At higher mag-
nification (a) and through SAED (al), the crystallinity of
such experimental material was only rarely observed. B:
The VSG (fluoride-free) after 30 days of SBF immersion
was characterised by the presence of some crystals with a
more regular rod-like morphology (b) compared to those
observed at 24 h SBF storage. Also in this case it is pos-
sible to see the crystallinity of the such experimental
material (b1l). C: Representative TEM micrograph of
VSG10F after 24h of SBF immersion showing several
irregular crystallites (c). At higher magnification (c) and
through SAED (c1), it is possible to see the crystallinity of
the such experimental material. D: Representative TEM
micrograph of VSGS5F after 30 days of SBF immersion
showing that the materials was fully characterised by
crystallites, with a very regular rod-like morphology. At
higher magnification (c) and through SAED (cl), it is
possible to see the crystallinity that characterised all the
tested fluoride-containing materials.
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Fig. 6. MTT assay performed on human pulp dental stem cells (hPDSCs) treated
with VSG, VSG5F, VSG10F, VSG20F eluates at different dilutions. Data shown
are the mean ( = SD) of four replicates. significant differences compared to the
control are marked as * p < 0.05, ** p < 0.01, and ***p < 0.001, respec-
tively.
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greater chemical stability can be considered an advantage for dental
remineralisation [42]. For instance, in presence of specific con-
centrations of fluoride, it is possible to obtain the formation of a more
thermodynamically stable fluorapatite (FHA) [43]. It is important to
anticipate that fluoride incorporation in a calcium phosphates to ob-
tain fluor-hydroxyapatite and fluorapatite was previously investigated
by several authors [16,43], but the novelty of the fluoride-doped
calcium phosphates tested in the current study can be attributed to
their simple method of production and to their ability to precipitate
quite quickly in form of apatite-like crystals when immersed in si-
mulated body fluids, and subsequently convert into fluoride-con-
taining apatite over a period of 30 days of immersion in SBF [31]. It is
well know that beta-calcium-phosphate (3-TCP: Caz(PO4),) and
monocalcium phosphate monohydrate (MCPM: Cas(H,PO,4),) when
immersed in water generate an acidic pH and precipitate as di-cal-
cium-phosphates such as brushite (CaHPO4-2H,0), or in some specific
condition, as monetite (CaHPO,4) [44,45]. The fluoride-free VSG used
in this study is made of equivalent amount of B-TCP and MCPM, but
with the presence of an alkalinising agent (calcium hydroxide: Ca
(OH),), which maintains the pH of the immersion solution above 5.5,
so reducing the precipitation of brushite, but favouring that of OCT for
VSG5F and calcium-deficient apatite-like crystals for VSG10F and
VSG20F (Table 4), with different amount of remaining unreacted f-
TCP (Fig. 2). The reason to avoid the precipitation brushite was be-
cause it is stable once precipitated and it can only convert into hy-
droxyapatite when immersed for a specific period of time in an alka-
line solution (pH > 10), super-saturated with calcium ions (Ca2™);
this transformation is used in bio-engineering for the biomineralisa-
tion of bone tissues [46]. Nevertheless, although the alkalinising agent
in VSG allowed only a little precipitation of brushite during the first
24 h of immersion in SBF (Fig. 2A), there was no benefit on the ability
of VSG to convert into apatite. Indeed, it has been reported that self-
setting cements consist of dicalcium phosphate anhydrous (DCPA),
dicalcium phosphate dihydrate (DCPD), tricalcium phosphate and Ca
(OH), may convert into hydroxyapatite only if mixed in an high pH
solution (pH > 11) [47]. Moreover, Ca(OH), can be used as precursor
to encourage the formation of carbonate apatite (CHA) [48].

In our pilot studies, fluoride-doped experimental calcium-phos-
phates were also formulated without the presence of any alkalinisation
agent and there was an important precipitation of brushite as soon as
they were immersed in SBF. Conversely, its presence in the tested
fluoride-doped experimental calcium-phosphates had a crucial role in
preventing the precipitation of brushite, but favouring that of apatite-
like compounds.

As already mentioned in the introduction, the main aim of this was
to evaluate the ability of tailored experimental calcium-phosphates
doped with different concentrations of fluoride salts to crystallise into
fluoride-containing apatite-like crystals over a period of immersion in
SBF for 30 days. Several significant results were obtained during the
chemical, morphological and structural characterisation. For instance,
during the test performed through FTIR (Fig. 1) and XRD (Fig. 2C and
Table 3),the control fluoride-free powder (VSG) was unable to convert
completely into apatite-like crystals; it was characterised by an evident
presence of 3-TCP even after 30 days of storage in SBF. Moreover, both
during FIB-SEM (Fig. 4A) and TEM (Fig. 5B) ultramorphology analysis,
the fluoride-free VSG showed only very few small and irregular parti-
cles (Fig. 5a), with an overall Ca/P ratio (1.26 = 0.04), (Table 4). After
30 days of storage in SBF crystals with rod-like morphology (Fig. 5b)
could be detected. These latter newly-formed crystals had (Table 3) a
Ca/P ratio quite different from that of the control HA (Table 4), but
comparable to that of the calcium-deficient HA [43].

The experimental fluoride-doped VSG5F, VSG10F and VSG20F
presented a FTIR spectrum comparable to that of the commercial hy-
droxyapatite used in this study. In accordance, the XRD analysis per-
formed after 24 h of immersion in SBF showed the formation of apatite,
with a residual presence of 3-TCP and CaF, (Fig. 2A). After 15 d of
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Table 4
Ca/P ratio of the tested materials after SBF storage.
TO 1 month
Ca at% P at% Ratio Ca/P (mol.) Ca at% P at% Ratio Ca/P (mol.)
HAp 50.7 = 6.4 234 = 2.8 1.68 + 0.15 55.1 = 5.6 25.2 = 3.8 1.70 = 0.11
VSG 233 = 04 139 + 0.4 1.26 = 0.04 294 = 6.8 17.1 = 4.3 1.34 = 0.07
VSGS5F 31.5 = 0.6 18.3 £ 0.3 1.34 = 0.05 41.2 = 3.8 189 + 29 1.68 += 0.03
VSG10F 31.6 = 0.7 16.1 + 0.6 1.52 + 0.09 46.5 = 5.1 21.2 = 2.3 1.69 + 0.04
VSG20F 32.3 = 0.9 16.2 + 0.9 1.54 + 0.05 534 + 6.2 237 = 2.8 1.74 = 0.02

immersion in SBF, the XRD results showed that VSG5F, VSG20F and
VSG10F were characterised by the evident presence of HA, but still with
residual presence of B-TCP (Fig. 2). However, these latter three
fluoride-containing powders showed a greater relative intensity of the
diffraction peaks (i.e., crystallinity, 20 = 30.20(0 0 2)), indicating an
excellent conversion into apatite after 30 d of SBF storage. Moreover,
the peaks in the region of 30-35° became sharper as a consequence of
enhanced crystallinity within the fluoride-doped VSG materials. The
relativity intensity of the peak in 26 = 32.3° (112) were greater than
the peak in 20 = 33.0° (030), so it possible to affirm that during SBF
immersion the nanoparticles underwent a preferential orientation and
resulting in a non-symmetric morphology transformation of the apatite
crystals (Fig. 2C). Furthermore, the crystals size of the apatite calcu-
lated by means of XRD was very small in VSG even after 30 d in SBF
(11.3 = 0.3), while VSG10F and VSG20F showed a noticeable growth
of the crystals both after 15 and 30 days of SBF immersion; VSG5F
showed the smallest crystal size at all time periods (Table 3). However,
it was interesting to note that VSG20 produced the largest crystals after
30 days of SBF storage compared to the other tested materials, and how
such crystals increased in size with a magnitude of threefold compared
to those observed at 24 h with the same material. We hypothesise that
such results could be related to higher presence of fluoride ions released
in the storage media (Table 1), which has favoured, along with calcium
and phosphate ions, such an evident growth of the crystals up to that
particular dimension.

Previous studies showed through XRD analysis that the crystallite
size of apatite formed on bioactive glasses were in the range of
16-26 nm [49], while crystallites of FHA in fluoride-doped bioactive
glasses could also reach a dimension of less than 50 nm [13]. Both the
FIB-SEM (Fig. 4B) and TEM ultramorphology analysis confirmed that
the VSG-F powders were able to form apatite-like crystals, with greater
dimension and an evident rod-like morphology compared to the
fluoride-free VSG (Fig. 5C and Table 3). The Ca/P ratio of the fluoride-
doped CaP powders tested in this study was comparable to that of the
HA after 30 days of storage in SBF (Table 4).

It is important to highlight that there was also an important formation
of fluoride-based compounds (CaF,), especially in VSG20F (Fig. 2C). As
previously mentioned, the experimental fluoride-doped VSGs were for-
mulated with different concentrations of calcium salts in order to trigger
the formation of fluoride-containing apatite-like crystals. Hence, the first
important aspect to discuss is the ability of the tested materials to release
fluoride into the storage media (Table 1). It was observed that VSG5F
had the lowest release of fluoride ions with no significant variation over
time (p > 0.05) compared to the other fluoride-doped powders. Con-
versely, VSG10F showed important fluoride release, with the cumulative
values that significantly increased over time. The experimental VSG20F
presented the greatest (99.15 mg/L) release of fluoride with significant
increase at day 1, day 30 and day (p < 0.05).

As mentioned in the introduction, the release of fluoride ions in
saliva may prevent and/or arrest caries lesions thanks to the alteration
of the metabolic activity of cariogenic bacterial in dental [10] or mi-
neralisation of enamel through fluoride-containing apatite [9]. Indeed,
it has been reported that fluoride ions can selectively substitute OH™ in
HA and induce the formation of fluor-hydroxyapatite [FHA, Ca1o(PO4)
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6(OH,F,)] [11,12]. However, it has been advocated that the formation
of FHA may occur especially when there is the presence of relatively
low concentration (< 45 ppm) of F~ ions, otherwise the main mineral
phase to precipitate on the enamel surface would be CaF, [13,14]. In
some ways, the results of the current study obtained during the 19F
MAS NMR analysis confirmed that the lower the amount of fluoride
incorporated into the experimental powers the greater the probability
to form FHA, with less precipitation of CaF,. Certainly, the NMR ana-
lysis performed on VSGS5F and VSG10F after 30 d of immersion in SBF
revealed the presence of fluorapatite-like phase and CaF; this latter
was more evident in VSG20F. Conversely, VSG showed no presence of
FHA or/and CaF, after 30 d of storage in SBF (Fig. 3).

It is well known that apatite deposition in SBF is clearly pH de-
pendent, and that the rise of pH in SBF is less pronounced with in-
creasing fluoride content in the fluoride-doped compounds such as
bioactive glasses [50]. The results of the pH analysis performed in the
current study (Table 1) are in agreement with those outcomes, so it
might be one of the reasons why FHA was prioritised over HA deposi-
tion in our fluoride-doped VSGs. Hench et al. [51] showed that 45S5
bioactive glasses doped with fluoride were able to release fluoride ions
and induce the formation of fluorite, which has a much lower solubility
than HA and HCA at acidic pH (< 5.5). The results of the current study
are in accordance with those reported in a recent study [52], where it
was shown through '°F MAS NMR how the presence of different con-
centrations of fluoride in sodium-free bioactive glasses could influence
apatite deposition in SBF. Indeed, it was detected the presence of pro-
minent peaks at — 102 ppm and — 107 ppm, which were assigned as an
overlap between fluorapatite and fluorite. While, the broad signal be-
tween — 140 ppm to — 150 ppm may have arisen from the high content
of Ca/Na fluorine that remained unreacted [13,52].

In the current study, the cytotoxicity of experimental fluoride-doped
VSGs was also evaluated through MTT assay. Fluoride has been ad-
vocated to promote biological activities such as binding interactions,
metabolic stability, and reduced toxicity at low concentrations [53,54].
According to this evidence, our results showed that the tested materials
with greater toxicity on hDPSCs were the fluoride-free VSG (containing
no fluoride) and VSG20F; this latter had the greatest release of fluoride
ions when immersed in SBF (Table 2). Moreover, a rather similar trend
was observed for all the specimens; a decrease in viability was detected
when they were not diluted, with an increase in cell vitality for all
powders at lower concentration (1:10, 1:50 and 1:100 dilutions) com-
pared to the control. Such effects on cell proliferation could be ex-
plained by the possible presence of apatite and fluoride-containing
apatite. Indeed, according to our data, the literature reports some evi-
dence that the proliferation of human osteoblast-like (HO) cells in-
creases by 10 % more in contact with fluoridated hydroxyapatite (FHA)
compared to the control, but higher concentration of fluoride caused an
impediment in the cell growth by about 2 days [54,55].

In view of the results obtained in this study, such fluoride-doped
calcium-phosphates (VSG-F) might potentially be used as “bioactive”
compounds into preventive products such as gels and toothpastes for
remineralisation of enamel and dentine or incorporated as fillers in
resin-based materials to generate adhesives and composites/cements
able to protect and remineralise the dentine-material interface. Indeed,
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our ongoing studies have been evaluating if their direct application on
demineralised dentine may induce a proper intra-/extra-fibrillar col-
lagen remineralisation. Moreover, we have already incorporated such
experimental fluoride-doped calcium phosphates in resin-based mate-
rials to evaluate their ability in remineralising the bonding interface
created in caries-affected dentine.

5. Conclusions

The experimental calcium phosphates tailored with different con-
centrations of fluoride salts have the ability to convert into bio-
compatible fluoride-containing apatite-like crystals when immersed in
SBF for 30 d, especially those with lower concentration of fluoride salts
(5wt% and 10 wt%). Hence, within the limitation of this study, such
experimental materials might be considered as promising reminer-
alising resources for dental applications.
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