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Abstract

This study was aimed at investigating the effect of the fluoride content (added as NaF) on the in vitro bioactivity of an experimental calcium
silicate-based cement (wTC-Bi) obtained from white Portland cement. To this purpose, wTC-Bi and fluoride-doped wTC-Bi cements (i.e. FTC-Bi
and F10TC-Bi with fluoride contents of 1% and 10% w/w, respectively) were aged in Dulbecco's Phosphate Buffered Saline (DPBS) and were
comparatively analysed by micro-Raman and IR spectroscopy to investigate the presence of deposits on the surface of the cements and the
composition changes of the cement as a function of the storage time. Commercial White ProRoot MTA was analyzed as reference.
All the tested cements showed the formation of a calcium phosphate deposit already after 5 h of soaking. Fluoride-doped cements demonstrated

a higher bioactivity than the undoped wTC-Bi cement. This result was explained in relation to the different solubility of the deposit formed on the
cements: a B-type carbonated apatite on the undoped cements and a less soluble fluoride containing B-type carbonated apatite on the fluoride-
doped cements. The NaF content was found to influence the apatite forming ability; actually, the cement richer in NaF, i.e. F10TC-Bi showed a
lower bioactivity than FTC-Bi, which contained only 1% w/w of NaF. This result may be explained in relation to the lower hydration rate of the
former, which showed the formation of lower amounts of CSH, ettringite and portlandite phases.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Portland cements are hydraulic materials manufactured by
roasting at about 1400 1C clay and limestone. White Portland
cements are mainly composed of tricalcium silicate (alite,
3CaO � SiO2), dicalcium silicate (belite, 2CaO � SiO2) and
minor amounts of tricalcium aluminate (3CaO � Al2O3).
Calcium sulphates are generally added to Portland cements
to adjust the setting time, i.e. to avoid a rapid desiccation of the
paste and the brittleness of the cement: a too fast setting time
impedes an effective and complete hydration of the calcium
silicate particles of the cement.

In the last two decades, calcium silicate-based cements have
received an increasing consideration in endodontics because
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they are hydraulic cements that set in the presence of water
and biological fluids, an important property for dental ce-
ments. Therefore, in the 1990s, a new material, MTA (mineral
trioxide aggregate) was developed as root-end filling mate-
rial. As reported by the patent [1], MTA is a type I ordinary
Portland cement with a 4:1 addition of bismuth oxide (radio-
pacifier).
It is well established that the hydration of MTA-based

cements involves a number of chemical reactions that take
place simultaneously. The hydrolysis of calcium silicates
produces a nanoporous gel of calcium silicate hydrates (CSH
phase) and calcium hydroxide (portlandite). The presence of
the latter makes the hydrated cement highly alkaline [2]
and leads to a calcium release in the surrounding environment.
From the reaction between tricalcium aluminate and gypsum
with water, ettringite (3CaO � Al2O3 � 3CaSO4 � 32H2O) is
also produced.
ghts reserved.
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MTAs and calcium silicate-based cements appear very
promising materials due to their well-documented bioacti-
vity [3–9]. According to the European Society for Biomate-
rials (ESB) Consensus Conference of 1987 [10], a bioactive
material must be able “to induce specific biological activity”.
This definition has been subsequently refined so that, accord-
ing to Kokubo and Takadama [11], bioactive materials are
considered as bone bonding materials, i.e. as materials that
form bone-like apatite upon immersion in a serum-like
solution. In other words, they are able to accelerate hetero-
geneous apatite crystallization in a solution supersaturated
towards hydroxyapatite [11]. Actually, the deposition of
hydroxyapatite-like calcium phosphates on the biomaterial
surface may facilitate the direct bonding to bone and represents
an essential requirement for osteoconduction and osteoinduc-
tion [12]. Moreover, bioactive calcium silicate cements may
induce remineralisation of partially demineralised dentine
[13,14].

Although false positive and false negative results can be
occasionally obtained [15], the use of abiotic calcifying media
that simulate body fluids in inorganic ion concentrations (i.e.
simulated body fluids, SBFs) is a currently accepted method to
study the mechanism of biomaterials calcification. The study
of the bioactivity in vitro is useful to predict the apatite for-
mation ability in vivo.

Fluoride plays an important role in tissue mineralization
processes, supplying clinical benefits. It may remineralize
enamel and softened dentine, reducing caries formation [16];
actually, fluoride ions have been traditionally incorporated into
dental resins and glass ionomer cements to increase the
remineralisation properties of filling materials [17]. Several
studies have demonstrated the high activity of fluorine on
osteoblastic cells and have reported that micromolar fluoride
concentrations are effective to improve the cell attachment
and the subsequent cell activities and to stimulate proliferation
of osteoblast progenitor, osteoblast and osteoblast-like
cells [18,19], improving mineralization and bone formation
in vivo [20].

With regards to calcium silicate cements, Gandolfi et al.
reported that the addition of fluoride (1% w/w) causes an
increase in expansion, setting time [21], long-term apical
sealing ability [22], and an improvement of the biological
behavior [23].

In this context, our study was aimed at investigating the
effect of the fluoride content on the in vitro bioactivity of an
experimental calcium silicate-based cement (wTC-Bi)
obtained from white Portland cement. To this purpose,
wTC-Bi and fluoride-doped wTC-Bi cements (with fluoride
contents of 1% and 10% w/w) were aged in a SBF solution,
i.e. Dulbecco′s Phosphate Buffered Saline (DPBS) and were
comparatively analysed by micro-Raman and IR spectro-
scopy to investigate the presence of deposits on the surface
of the cements and the composition changes of the cement as
a function of the storage time. Commercial White ProRoot
MTA was analyzed as reference. Since this cement contains
bismuth oxide as radiopacifer, also the experimental cements
were added with this component.
2. Materials and methods

2.1. Cements preparation and ageing experiments

To prepare the experimental wTC-Bi, FTC-Bi and F10TC-
Bi, the Portland cement powder (CEM I white Aalborg,
Aalborg, Denmark) was thermally and mechanically treated,
added with 5% w/w calcium chloride and 17% w/w bismuth
oxide. Sodium fluoride 1% w/w or 10% w/w was added to
wTC-Bi to produce two experimental fluoride-doped cements,
identified as FTC-Bi and F10TC-Bi, respectively.
The cement powder was mixed with DPBS (Cambrex Bio

Science Verviers s.p.r.l., Belgium, cat. n.BE17-512) for 15 s
(powder/liquid ratio 3:1 w/w), then layered on a plastic
coverslip (Thermanox, diameter 1.2 cm) to obtain standard
disks. Mechanical vibrations were used to make the disk
surfaces flat and regular, with a 1.170.1 cm2 exposed sur-
face area.
White ProRoot MTA (Dentsply, Tulsa, OK, USA) disks

were prepared analogously by mixing for 30 s on a glass slab
the calcium-silicate mineral powder with the provided liquid,
i.e. deionized water, following the manufacturer directions.
After preparation, the disks were immediately immersed in

5 mL of DPBS (15 mL of medium for 1 g of cement paste) and
maintained at 37 1C. The samples were soaked in DPBS for
different times (i.e. 5 hours, 1 day, 7, 14 and 28 days). DPBS
is a physiological-like buffered (pH 7.4) Ca- and Mg-free
solution composed of (mmol L�1): Kþ (4.18), Naþ (152.9),
Cl� (139.5) and PO4

3� (9.56, sum of H2PO4
� (1.5) and

HPO4
2� (8.06)). The storage media were renewed every week.

2.2. Spectroscopic measurements

Micro-Raman spectra were recorded in situ on the samples
maintained in their storage media, to prevent any transforma-
tion. The spectra were obtained using an argon laser (Innova
Coherent 70; Coherent Inc., Santa Clara, CA, USA) operating
at 514 nm and a Jasco NRS-2000C micro-Raman spectrometer
(Jasco Inc., Easton, MD, USA) equipped with a 160 K frozen
digital CCD detector (Spec-10: 100B, Roper Scientific Inc.
Trenton, NJ, USA) employing a microscope of 20� magni-
fication. Under these conditions, laser spot size was about
5 μm. All the spectra were recorded in back-scattering condi-
tions with 5 cm�1 spectral resolution and a power on the
sample of about 50 mW. The unhydrated powders of the
cements were analyzed as control.
IR spectra were recorded using a Nicolet 5700 FTIR

(Thermo Electron Scientific Instruments Corp., Madison, WI,
USA), equipped with a Smart Orbit diamond attenuated total
reflectance (ATR) accessory and a DTGS detector; the spectral
resolution was 4 cm�1. The ATR area had a 2 mm diameter.
Under this instrumental setup, the IR radiation penetration into
the cement was about 2 μm. The aged samples were analyzed
after air-drying at room temperature.
To minimize problems deriving from the possible sample

inhomogeneity, five Raman and IR spectra at least were recor-
ded on each specimen area (i.e. upper surface, inner fractured



Fig. 1. Micro-Raman (A) and ATR-FTIR (B) spectra recorded on the unhydrated powders of the cements. The bands due to calcium carbonate (Carb), anhydrite
(An), gypsum (G), belite (B), alite (A), poorly polymerized silicates (CxS), portlandite (P) and bismuth oxide (Bi) are indicated.
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side). The deposit dispersed in the medium was filtered, dried
and analyzed by IR spectroscopy. The presented spectra are
representative of the obtained measurements. Intensity ratios
were calculated as peak heights.

2.3. pH Measurements

The pH of the soaking solutions was measured using a
Denver Instrument Basic pH meter (Denver Instruments,
Bohemia, NY, USA), equipped with a Hamilton liquid-glass
electrode and 70.01 resolution, which had previously been
calibrated with acidic and neutral standard solutions. pH was
measured at room temperature (24 1C) after 5 h, 1, 7, 14 and
28 days of ageing.

3. Results and discussion

3.1. Unhydrated powders

Fig. 1 shows the micro-Raman (A) and ATR/FT-IR (B)
spectra recorded on the unhydrated powders of the cements.
No evidence of the doping agent was observed (NaF is Raman
and IR inactive), so that the spectra of wTC-Bi, FTC-Bi and
F10TC-Bi were practically coincident.

The Raman spectra of wTC-Bi, FTC-Bi and F10TC-Bi
(Fig. 1A) showed the presence of calcium silicates as mono-
clinic belite (2CaO � SiO2, β-polymorph) and monoclinic alite
(3CaO � SiO2): the components at 973 cm�1 (ν3 SiO4

4�) and
856 cm�1 (ν1 SiO4

4�) are characteristic of the former [24,25],
while the band at 844 cm�1 (ν1 SiO4

4�) can be assigned to
both [25,26]. In the spectrum of ProRoot MTA, the presence
of a supplementary band at 828 cm�1 (assignable to mono-
clinic alite) and the higher resolution of the silicates bands
suggested a more crystalline phase of the commercial cement
with respect to the experimental ones.

Calcium sulphate was present as both CaSO4 (anhydrite)
and CaSO4 � 2 H2O (gypsum) in the unhydrated powders of
wTC-Bi, FTC-Bi and F10TC-Bi as revealed by the character-
istic ν1 SO4

2� bands at 1017 and 1004 cm�1, respectively [27].
The absence of the latter band in the spectrum of ProRoot
MTA indicates that calcium sulphate was present only as
anhydrite.
The spectra of all the cements showed strong bands below

600 cm�1, due to bismuth oxide, and a feature at 1085 cm�1

(ν1 CO3
2� symmetric stretching), assignable to calcium carbo-

nate [28] as calcite and/or aragonite. The presence of the latter
component has not been reported in the material safety data
sheet (MSDS) of ProRoot MTA. Although its spectrum was
recorded immediately after the opening of the package, small
amounts of calcium carbonate were detected, probably due to a
certain hydration in storage that leads to the formation of
calcium hydroxide as portlandite (detected by IR spectroscopy,
band at 3640 cm�1, see Fig. 1B), which, exposed to the air,
forms calcium carbonate. The Raman band at 360 cm�1,
characteristic of calcium hydroxide, was not detected because
covered by the strong bands of bismuth oxide.
IR spectroscopy confirmed the Raman findings on cements

composition. The bands due to alite and belite were observed
in the IR spectra of all the starting materials: in the silicate
stretching region, the higher wavenumber band (observed at
930 and 913 cm�1 in the experimental cements and ProRoot
MTA, respectively) was assigned to the former [29], and the
components at about 874 and 846 cm�1 were attributed to the
latter [30].
The components at 450 and 510 cm�1, due to the vibra-

tional modes of poorly polymerized silicate tetrahedra
(in-plane ν2 and out-of-plane ν4 SiO4

4� bending modes,
respectively [31]), were observed for all the unhydrated
materials.
The weak bands at about 1420 and 1470 cm�1 (ν3 CO3

2�

antisymmetric stretching vibration), typical of calcite and
aragonite, respectively, confirmed the presence of the calcium
carbonate component [32,33].
At IR spectroscopy, the most significant difference between the

cements was related to calcium sulphate content. The unhydrated
powder of wTC-Bi, FTC-Bi and F10TC-Bi showed the presence
of both gypsum and anhydrite: the bands at 1150–1130 cm�1

(triply degenerate stretching mode), 677 and 613 cm�1 (bending



Fig. 2. Micro-Raman spectra recorded on the surface of the cements after ageing in DPBS for 5 h, 1 day, 7 and 28 days. The bands due to calcium carbonate (Carb),
calcite (C), apatite (Ap), belite (B), alite (A), ettringite (E), gypsum (G) and bismuth oxide (Bi) are indicated.
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modes) were common to calcium sulphates in both the anhydrite
and gypsum forms, while the component at 596 cm�1 was
characteristic of anhydrite [34]. On the basis of the relative
intensities of these bands, a higher amount of calcium sulphates
(as gypsum and anhydrite) in the experimental cements may be
deduced; the lower content in ProRoot MTA was mainly present
as anhydrite, according to Raman findings.

3.2. Ageing in DPBS

Ageing in DPBS induced significant transformations both in
the cement surface and in the inner matrix.

Fig. 2 shows the Raman spectra recorded on the surface of
the cements after soaking in DPBS: already after 5 h of
immersion, the band at about 960 cm�1 (ν1 PO4
3� stretching)

[35] was observed for all the cements indicating the presence
of a calcium phosphate deposit. This phase forms upon
combination of the calcium ions released by the cement (since
DPBS is calcium-free), a well-known phenomenon [13,36],
and the phosphate ions present in the ageing medium.
In the Raman spectra recorded on the surface of the

cements, the spectral features assigned to the underlying
cement (i.e. calcium silicates, gypsum, bismuth oxide) were
still visible. The anhydrite band disappeared in all the cements,
suggesting the hydration of this component to form gypsum;
in the spectra of ProRoot MTA (5 h of ageing) and wTC-Bi
(1 day of ageing), also the characteristic band of ettringite at
988 cm�1 (ν1 SO4

2� stretching) was detected [37].



Fig. 3. I960(Ap)/I855(B) Raman intensity ratio calculated from the spectra
recorded on the surface of the cements at different times of incubation
in DPBS.
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At increasing ageing times, the relative intensity of the
phosphate band at 960 cm�1 increased; after 1 day of ageing,
the spectrum of FTC-Bi showed also bands at 1070 cm�1

(ν1 CO3
2� symmetric stretching in B-type carbonated apatites),

1045 cm�1 (ν3 PO4
3� antisymmetric stretching), 607–

590 cm�1 (ν4 PO4
3� bending), ascribable to the formation of

a B-type carbonated apatite deposit [35]; the band at
1000 cm�1 suggested the presence of HPO4

2� ions in the
apatite lattice [38]. The latter bands were detected after 7 days
for F10TC-Bi and only after 28 days for ProRoot-MTA and
wTC-Bi.

To evaluate the relative thickness of the deposits on the four
cements, the I960(Ap)/I850(B) Raman intensity ratio was calcu-
lated from the spectra recorded at different ageing times on the
upper surface of the cements, and its trend is shown in Fig. 3.
As can be easily seen, at times longer than 5 h, FTC-Bi
exhibited the thickest deposit, while wTC-Bi the thinner one;
moreover, the deposit formed on the former appeared always
thicker than that on F10TC-Bi. After 28 days of soaking
(Fig. 2), the 850 cm�1 belite band became undetectable
(I960(Ap)/I850(B)-1); the bands of bismuth oxide were still
visible in the spectra recorded on the surface of ProRoot MTA
and wTC-Bi, while became undetectable in those recorded in
FTC-Bi and F10TC-Bi, making visible the PO4

3� bending
bands at about 440–420 cm�1 (ν2 PO4

3� in-plane bending
[35]); these trends further suggested that the fluoride-doped
cements were characterized by a more pronounced bioactivity.
Calcite (revealed by the ν4 CO3

2� in-plane bending spectral
feature at 711 cm�1) was detected only on the surface of the
wTC-Bi and ProRoot MTA cements.

Fig. 4 reports the IR spectra recorded on the upper surface of
the four cements aged for different times in DPBS. The IR
spectrum recorded on the FTC-Bi surface after 5 h of ageing in
DPBS showed the bands due to a B-type carbonated apatite at
1462–1418 cm�1 (ν3 CO3
2� antisymmetric stretching in B-

type carbonated apatites), 1025 cm�1 (ν3 PO4
3� antisymmetric

stretching), 960 cm�1 (ν1 PO4
3� symmetric stretching),

870 cm�1 (ν2 CO3
2� out-of-plane bending in B-type carbo-

nated apatites), 600–560 cm�1 (ν4 PO4
3� out-of-plane bending

[35]); at the same time, some bands ascribable to the under-
lying cement or its hydration products were observed at
1110 cm�1 (ettringite [31]), 502 cm�1 (poorly polymerized
silicate tetrahedral [31]), 454 cm�1 (CSH phase [31]). The
latter result suggests that the deposit should be thinner than
2 μm, which is the average IR penetration depth using a
diamond crystal in the ATR technique.
Actually, the most intense apatite band at about 1025 cm�1

was detected in the spectra recorded on the surface of all
cements (Fig. 4), suggesting that at 5 h of ageing a calcium
phosphate deposit already formed on all the materials under
investigation. However, the absence of the other marker bands
of B-type carbonated apatite (as in the case of ProRoot MTA),
or their lower relative intensity (as in the case of wTC-Bi and
F10TC-Bi) suggests that, at this stage, on ProRoot MTA,
wTC-Bi and F10TC-Bi a deposit meanly thinner than on FTC-
Bi formed. This result could appear in contrast with the
thickness estimation made by Raman spectroscopy (see
Fig. 3); actually, it must be stressed that for ATR/FT-IR
spectroscopy the sampling area was significantly higher than
for micro-Raman spectroscopy. Consequently, at short ageing
times, when the homogeneity of the deposit may be still low,
the two techniques could appear to provide not perfectly
coincident results. At higher ageing times, already after one
day of soaking, the bands due to the cement completely
disappeared except than on wTC-Bi; actually, according to the
relative value of the I960(Ap)/I855(B) Raman intensity ratio (see
Fig. 3), this cement appeared to be covered by a thinner
deposit. With regards to the F-doped cements, the full width at
half maximum of the IR phosphate band at about 1025 cm�1

(FWHM1025, see Table 1) was always higher on F10TC-Bi
than on FTC-Bi; moreover, the IR apatite band at about
960 cm�1 appeared less prominent than for the other cements.
These trends suggest that the deposit on F10TC-Bi was
characterized by a lower crystallinity.
The IR spectra confirmed the Raman results on the calcium

carbonate content; at every ageing time, the deposit formed
on ProRoot MTA and wTC-Bi contained calcite (bands at
about 1415, 870 and 711 cm�1 [32]); aragonite was also rev-
ealed (bands at about 1460, 1080, 850 and 711–700 cm�1 [33]).
At this purpose, it must be observed that the marker band at
711 cm�1 may be utilized to evaluate the possible presence of
calcite, since its other bands were coincident with those of
carbonated apatites. The lack of this band in the spectra recorded
on the surface of FTC-Bi and F10TC-Bi after 28 days of ageing
allowed to exclude the presence of calcite and made possible to
evaluate the carbonate content of the B-type carbonated apatite
formed at this stage on the two cements, by calculating the
intensity ratio between the carbonate band at about 1415 cm�1

and the phosphate band at about 560 cm�1 (I1415/I560), according
to the method described by Featherstone et al. [39]. Obviously,
this evaluation is not possible in presence of calcite, due to its



Fig. 4. IR spectra recorded on the surface of the cements after ageing in DPBS for 5 h, 1 day, 7 and 28 days. The bands due to calcite (C), aragonite (Ar), apatite
(Ap), alite (A), belite (B), ettringite (E), poorly polymerized silicates (CxS) and hydrated silicate gel (CSH) are indicated.
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contribution to the band at 1415 cm�1. The I1415/I560 determined
from the spectra recorded on FTC-Bi and F10TC-Bi after 28 days
were 0.38 and 0.30, respectively. These data suggest that the
deposit formed on the former cement contained a slightly higher
amount of carbonate in the carbonated apatite lattice than the
latter.



Table 1
Full width at half maximum of the IR band at about 1025 cm�1 (FWHM1025) as obtained from the spectra recorded on the surface of the cements and on the
powders isolated from the ageing medium (into parentheses).

Time of ageing in DPBS FWHM1025 (cm
�1)

ProRoot MTA wTC-Bi FTC-Bi F10TC-Bi

1 day 93 (94) 77 (79) 84 (96) 89 (93)
7 day 92 (97) 85 (77) 84 (87) 102 (146)
28 day 88 (128) 89 (97) 90 (120) 124 (135)

Fig. 5. IR spectra recorded on the powders isolated from the soaking media where wTC-Bi, FTC-Bi, F10TC-Bi and ProRoot MTA aged for 1 day (A), 7 days (B)
and 28 days (C). (D) IR spectra recorded on the powders isolated from the soaking media where F10TC-Bi aged for 1 day, 7 and 28 days.
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To gain more insight into the nature of the apatite deposit,
the powder formed in the ageing medium at different soaking
times was analyzed by IR spectroscopy. Fig. 5 shows the IR
spectra recorded on the powders isolated from the soaking
media where wTC-Bi, ProRoot-MTA, FTC-Bi and F10TC-Bi
aged for 1 day, 7 and 28 days. Unfortunately, the presence of
calcite (bands not shown) in most spectra makes impossible
the evaluation of the carbonate content of the apatite lattice.
As reported for the spectra recorded on the surface, for

F10TC-Bi the band at about 1025 cm�1 appeared broader (see
Table 1) and the component at 960 cm�1 less distinct than for
the other cements, confirming a less crystalline morphology of
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the powder; moreover, it can be easily seen that also the
bending mode at 560 cm�1 appeared broader. These results
may be explained in relation to the trend of the band at
630 cm�1 (δOH bending in pure hydroxyapatite) [39,40].
Amberg et al. have analyzed by IR spectroscopy fluorinated
hydroxyapatites characterized by different fluoridation degrees;
these authors have observed that the intensity of the band at
630 cm�1 generally decreases as the extent of fluoridation
increases and have interpreted this trend as a sign that fluoride
exchanges to a considerable extent with either lattice hydroxyl
groups or water molecules in hydroxyl sites [41]. The spectra
displayed in Fig. 5A–C show that at all ageing times the
Fig. 6. Micro-Raman spectra recorded in the inner fractured section of the cements
carbonate (Carb), belite (B), alite (A), ettringite (E) and gypsum (G) are indicated
shoulder at 630 cm�1 was markedly weaker for F10TC-Bi
than for the other cements; on the basis of this trend, it may be
deduced that the highest degree of fluoridation was attained by
the powder formed in the presence of F10TC-Bi. After 28 days
of soaking, the degree of fluoridation of the B-type carbonated
apatite decreased along the series F10TC-Bi4FTC-Bi4wTC
-Bi�ProRoot MTA (no-fluoride containing B-type carbonated
apatite).
It is not surprising that the powder formed in the presence of

F10TC-Bi was the least ordered, since hydroxyl replacement
induces a crystal rearrangement. The region above 650 cm�1

allows for the evaluation of the interactions between OH� and
after ageing in DPBS for 5 h, 1 day, 7 and 28 days. The bands due to calcium
.



Fig. 7. Trend of the I990(E)/I855(B) Raman intensity ratio calculated from the
spectra recorded in the inner fractured section of the cements at different times
of incubation in DPBS.
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F� groups in fluoride containing apatites, according to the
literature [42,43]. As reported by Freund and Knobel [42], on
introduction of fluoride, the band at about 630 cm�1 shifts to
higher wavenumbers and weakens, due to the occurrence of
� � � FHO(HO)nHO:OH(OH)nOHF � � � chains. Actually, the
spectra reported in Fig. 5D, corresponding to the powders
isolated from the medium where F10TC-Bi aged, showed a
weak and broad band at about 685 cm�1, which was assigned
by Freund and Knobel [42] to the ‘tail-to-tail’ � � � HO:
OH � � � configuration. In addition, the spectrum correspond-
ing to the ageing for 7 days shows also a band at 725 cm�1,
assigned by Freund and Knobel [42] to an OH� bonded to one
F� . A deeper inspection of the spectra reported in Fig. 4
allows to identify the above mentioned broadening at about
685 cm�1 also on the surface of F10TC-Bi.

The incorporation of fluoride into the apatite lattice gives
rise to a more compact structure [44]; moreover, it is well
known that fluoride substitution leads to an increase in the
overall stability of hydroxyapatite in solution [45,46] and a
significant decrease of the apatite solubility (Ksp for fluorapa-
tite and hydroxyapatite are 6.5 � 10–65 and 7.36 � 10–60, res-
pectively). Actually, among bioactive apatites, fluorinated
apatites present the best in vivo chemical stability, a good
integration with bone and a negligible long-term degradation
[47,48]. On the other hand, solubility of carbonated fluorapa-
tites increases with increasing CO3

2� concentration in chemical
and biological media [49].

The spectroscopic analyses showed that the F-doped ce-
ments were more bioactive than the other no-F containing
cements; this result can be explained in relation to the lower
solubility of the F-substituted apatites. However, our results
would show that F10TC-Bi had a lower bioactivity than FTC-
Bi; in other words, the tests performed allow to conclude that
the increase in the fluoride content up to 10% w/w did not lead
to an improvement in the apatite forming ability. This result is
not surprising. Actually, Lin et al. [50] have evaluated the
bioactivity of tricalcium silicate samples doped with 1%, 2%
and 3% w/w of CaF2 and have reported that the specimen with
the highest fluoride content did not express the highest apatite
forming ability. The analysis of the spectra recorded in the
interior of the samples allows to gain more insights into this
subject, giving information on the progress of the hydration
reaction in the concrete matrix.

Fig. 6 shows the Raman spectra recorded on internal fractured
section of the cement after 5 h, 1 day, 7, 14 and 28 days of
ageing in DPBS. The bands characteristic of silicates (at about
975 and 855–820 cm�1), calcium carbonate (at about
1085 cm�1), gypsum (at about 1000 cm�1) and ettringite (at
about 990 cm�1) were present at all ageing times. As can be
easily seen by comparing the spectra recorded in the interior of
the cements, the relative intensities of the bands of ettringite and
belite were significantly different in the different materials. After
28 days of ageing, ProRoot MTA showed with the highest
intensity the 855 cm�1 belite band. At all ageing times, the
interior of the F10TC-Bi cement displayed the 990 cm�1

ettringite band with the lowest intensity. From this qualitative
observation, it appears clear that the progress of the hydration
process may be followed by analyzing the trend of the relative
intensities of the bands at 990 and 855 cm�1; the former reflects
the production of ettringite upon the reaction between calcium
aluminate, calcium sulphates and water, the latter the consump-
tion of calcium silicates that undergo hydration. For a quanti-
tative analysis, the trend of the I990(E)/I855(B) Raman intensity
ratio is reported in Fig. 7. The wTC-Bi and FTC-Bi cements
showed a marked increase of the I990(E)/I855(B) intensity ratio at
long ageing times, while F10TC-Bi showed a slight increment,
suggesting a slower hydration rate. FTC-Bi expressed a faster
ettringite formation also with respect to the undoped wTC-Bi
cement. With regards to the commercial ProRoot MTA cement,
the trend of the intensity ratio suggested an intermediate
behavior closer to the “slower” F10TC-Bi cement than to the
“faster” wTC-Bi and FTC-Bi cements. As above reported and as
visible in Fig. 6, the commercial cement was characterized by a
more crystalline silicate component, which evidently hydrates
more slowly.
Fig. 8 shows the IR spectra recorded in the inner fractured

section of the cements after ageing in DPBS for 5 h, 1 day, 7
and 28 days.
After 5 h of ageing, the marker bands of belite (at about 872

and 845 cm�1), poorly polymerized silicates (CxS, band at
about 500 cm�1), ettringite (at about 1110 cm�1), CSH phase
(at about 930 and 450 cm�1), and calcium carbonate (at about
1415, 1470 and 872 cm�1) were detected in the spectra of all
cements. As ageing proceeded, the band at about 450 cm�1,
due to the contribution of the CSH phase, increased in intensity
with respect to the 500 cm�1 component, assigned to poorly
polymerized tetrahedra; at the same time, the main CSH band
above 900 cm�1 increased in intensity with respect to the
845 cm�1 belite band, and shifted to higher wavenumbers
(from about 930 to 955 cm�1), indicating the progress of the
hydration process and the formation of the CSH phase. The IR
I940(CSH)/I845(B) intensity ratio may be a quantitative marker of



Fig. 8. IR spectra recorded in the inner fractured section of the cements after ageing in DPBS for 5 h, 1 day, 7 and 28 days. The bands prevalently due to portlandite
(P), calcite (C), calcium carbonate (Carb), ettringite (E), alite (A), belite (B), hydrated silicate gel (CSH) and poorly polymerized silicate tetrahedra (CxS) are
indicated.
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the hydration of belite to produce the CSH phase; the
F10TC-Bi cement showed the lowest value of this ratio at
any ageing time, suggesting that in this material the hydration
of the silicate phase was the slowest. Interestingly, after 28
days of ageing, the IR I940(CSH)/I845(B) intensity ratio decreased
along the series: FTC-Bi (I940(CSH)/I845(B)¼1.88)4wTC-Bi
(I940(CSH)/I845(B)¼1.81)4ProRoot MTA and F10TC-Bi
(I940(CSH)/I845(B)¼1.55). As above stressed, the low value
observed for ProRoot MTA may be related to the higher
crystalline character of the silicate component.

An analogously low hydration rate may be deduced also for
the calcium aluminate and sulphate phases; actually, in F10
TC-Bi, at any ageing time, the marker band of ettringite was
weaker than in the other cements, confirming the Raman fin-
dings. Actually, after 28 days of ageing, the IR I1110(E)/I845(B)
ratio in the different cements had the same trend as
the corresponding Raman I990(E)/I855(B) ratio (Fig. 7); actually,
the former decreased along the series: FTC-Bi (I1110(E)/I845(B)
¼0.29)4wTC-Bi (I1110(E)/I845(B)¼0.20)4ProRoot MTA
(I1110(E)/I845(B)¼0.17)4F10TC-Bi (I1110(E)/I845(B)¼0.02).

These data suggest that F10TC-Bi should hydrate at the
lowest rate among the analyzed cements; actually, the trend of
the marker band of portlandite at about 3640 cm�1 confirms
this interpretation. Besides the CSH hydrated silicates, this
phase forms as a product of the hydration of alite and belite; as
can be seen from the spectra reported in Fig. 8, the marker
band of portlandite was detected in the interior of all incubated
samples. In FTC-Bi, the intensity of the 3640 cm�1 band was
higher than for wTC-Bi at any ageing time, while in F10TC-Bi
this band attained the lowest intensity, in agreement with the
above discussed trends that suggested the slowest hydration
rate. This result is in agreement with the studies by Xu et al.
[51] who have reported that the increase of the CaF2 doping
amount in tricalcium silicate paste results in a lower hydration
rate. Actually, the fluorite component has been reported to play
the role of a protecting film on the surface of clinker minerals,
able to suppress the water penetration and movement of ions
[52,53]. The formation of this phase may explain the lower
hydration rate obtained for F10TC-Bi. Actually, this phase was
Fig. 9. pH of the DPBS medium as a function of the immersion time of the
cements.
detected on the surface of the F10TC-Bi cement upon immer-
sion in water for 28 days (data not shown).
It must be observed that portlandite was never detected on

the surface of the cements, due to its release into the DPBS
medium, which underwent an increase in pH. Fig. 9 shows the
trend of pH as a function of the immersion time of the ce-
ments; ageing determined a marked increase of pH since early
soaking times (after 5 h pH was about 12 for all the cements).
The F-doped materials exhibited the highest pH values after
one day of ageing (about 13 versus 12 for the other cements).
After 28 days of soaking, the DPBS media where the F-doped
cements and ProRoot MTA were immersed showed a decrease
of pH that still remained alkaline (about 9), while wTC-Bi
maintained a pH value of about 12. In the light of these results,
it appears clear that the addition of NaF had a different effect
with respect to CaF2; actually, one of the disadvantages of
using CaF2 as calcium silicate F-doping agent has been
reported to be the decrease of the alkalinizing activity [50].
4. Conclusions

The apatite forming ability of the cements was tested upon
ageing in DPBS and inspected by vibrational spectroscopy. All
the tested cements showed the formation of a calcium
phosphate deposit already after 5 h of soaking. Fluoride-
doped cements demonstrated a higher bioactivity than the
undoped wTC-Bi cement. This result was explained in relation
to the nature of the deposit formed on the cements: a B-type
carbonated apatite on the undoped cements and a less soluble
fluoride containing B-type carbonated apatite on the fluo-
ride-doped cements. The NaF content was found to influence
the apatite forming ability; actually, the cement richer in NaF,
i.e. F10TC-Bi showed a lower bioactivity than FTC-Bi, which
contained only 1% w/w of NaF. This result may be explained
in relation to the lower hydration rate of the former, which
showed the formation of lower amounts of CSH, ettringite and
portlandite phases.
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