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Abstract

This study aimed at the chemical, microstructural and textural characterization of the sol–gel derived dental porcelain modified by bioactive

glass and the evaluation of its bioactivity. Sol–gel derived specimens of the composite material were constructed and subjected to firing cycle.

Specimens of bioactive glass and dental porcelain served as control. All the specimens were characterized using X-ray diffraction (XRD), Raman

spectroscopy, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy

(EDS) and N2 porosimetry. The assessment of in vitro bioactivity was carried out by incubating the composite specimens in DMEM solution.

Apatite formation was evaluated by SEM/EDS, FTIR and XRD analysis. Microstructural analysis by SEM revealed irregularly shaped particles

with broad size distribution, while complex porei network with large pore volume and non-uniform pore size distribution was evident. N2-

adsorption isotherms were representative of non-nano-/meso-porous materials. A mixture of a- and b-wollastonite, apatite and leucite phases were

detected by FTIR and Raman spectroscopy. The XRD analysis confirmed the previous results, though traces of cristobalite were identified too. The

in vitro tests evidenced the bioactivity of the specimens in a 3-day-period. In conclusion, the physicochemical properties of the sol–gel derived

composite result in a bioactive material, though further modifications need to be considered in order to fulfill the requirements of application in the

clinical reality.
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1. Introduction

The induction of bioactivity in dental porcelain material has

been based on the preparation of bioactive glass-dental

porcelain (BP) composite systems, aiming at the material’s

surface modification into a highly dissolved silicate network,
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able to induce a silica-rich gel layer [1]. This layer has been

reported to promote the in vitro precipitation of apatite nano-

film, which might in vivo be reformulated into a cementum-like

interface, able to attach the periodontium [2]. Nevertheless, the

surface reactivity of the aforementioned composites has been

compromised by the high reaction temperature of the melting

powder preparation technique, resulting in materials with high

heterogeneity of the chemical structure and absence of porosity,

whereas their surface area depended only on the particle size,

obtained by grinding up the powders [3,4]. On the other hand,

the application of low-temperature sol–gel process in the

fabrication of bioactive ceramics allowed the control over the

textural properties (specific surface area and porosity) and
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crystal structure, in order, not only to achieve an optimized

bioactive surface [5], but to maintain surface bioactivity over a

wider composition range of silica content [6–9]. Although the

favorable processing parameters of the sol–gel method have been

already applied on the preparation of BP composite systems [10],

certain compositional limits and specific ratios of oxides in the

BP systems, which may tailor the bioactivity of material, are still

under investigation. Thus, the purpose of the present study was to

study the chemical composition and the textural properties, along

with the bioactivity, derived from the sol–gel preparation of a BP

composite system, in a 50 wt% of oxides.

2. Materials and methods

The BP composite system was prepared by the sol–gel

process [11]. In brief, the initial solution formation included the

hydrolysis and polycondensation of tetra-ethoxy-silane

(TEOS), tri-ethyl-phosphate (TEP) and calcium nitrate tetra-

hydrate (Ca(NO3)2�4H2O), which are the precursors of

bioactive glass (B) 58S (SiO2 60 wt%, CaO 36 wt% and

P2O5 4 wt%). Dental porcelain (P) powder in the SiO2–Al2O3–

K2O–Na2O system, used for margin restoration of fixed partial

dentures (IPS Inline-Margin Ceramic System, Ivoclar, Schaan,

Liechtenstein), was added in the ratio of 50 wt%. Nitric acid

was used to catalyze the TEOS and TEP hydrolysis. Each

reactant was consequently added under continuous stirring. The

sol–gel process was accomplished by the drying and firing

cycles in a programmable furnace (Nabertherm, Germany),

while the mixture remained at the stabilization temperature

(700 8C) for 18 h. Pulverization by ball milling process and

sieving of the mixture to a <40 mm-grained powder followed.

Pure B 58S powder, which was also synthesized under the same

sol–gel process parameters, along with the pure P powder, as it

was received by the manufacturer, served as controls. All the

powders were mixed with the modeling liquid of P (IPS Inline

Margin, Build-Up Liquid, Ivoclar, Schaan, Liechtenstein) into a

water-based thick slurry of the same viscosity. The resulting

mixtures were molded, in polyvinyl-siloxane dies, into

cylindrical disk specimens of 6 mm diameter and 1.5 mm

height. During molding, the specimens were condensed, using

vibration and drying technique, and they were removed from

the moulds by gentle hand pressure. Disk specimens of B, P and

BP material underwent firing cycle in the recommended

furnace (Progamat P700, IVOCLAR Vivadent AG, Schaan,

Liechtenstein) with a rate of 60 8C/min in vacuum and, finally,

sintered at 930 8C for 1 min, according to manufacturer’s

recommendations for the firing cycle of P. All the specimens

obtained were characterized for their (a) chemical composition

and (b) textural properties. Disk specimens of BP material were

further evaluated for their bioactive behavior.

Chemical composition evaluation was performed by: (a)

scanning electron microscopy (SEM) and energy dispersive

spectroscopy (EDS) (JEOL J.S.M. 840A, Tokyo, Japan) for

microstructure and stoichiometric analysis, respectively, on the

surface and cross-section of the disk specimens. The cross-

sections were prepared by embedding the specimens in epoxy

resin (Epofix resin, Struers), placing them in a vacuum chamber
for 5 min, leaving to cure in room temperature for 24 h, cutting

along the sagittal plane using a high speed microtome

(Accutom II1, Struers), grinding, using 1200–4000 grit SiC

disks in a grinding-polishing device (DAP-V1, Struers) and

polishing them with diamond paste, (b) Fourier transformed

infrared (FTIR) analysis, using a spectrometer (PerkinElmer

Spectrometer Spectrum 1000) in transmittance mode and in the

region of 400–2000 cm�1 for surface spectroscopic study after

appropriate preparing the specimens using the KBr pellet

technique, (c) micro-Raman spectroscopy, using a triple grating

spectrometer system (‘‘XY’’, Dilor, Lille, France) with an

incorporated Olympus microscope and a liquid nitrogen-cooled

CCD detector to record Raman spectra in a backscattering

geometry. The 514.5 nm line of an Ar+ laser was used for

excitation at a power of �20 mW measured just before the

microscope objective, and (d) X-ray diffraction (XRD) analysis

using diffractometer (Philips_PW1710) with Ni-filtered Cu Ka

radiation, at the scanning rate of 0.018 2u s�1 in the 2u range of

5–758, while the step size was 0.058 (2u). Textural character-

ization was performed by nitrogen (N2) adsorption–desorption

experiments, after degassing the samples at 320 8C for 16 h

under 5 � 10�9 Torr vacuum, using an Automatic Volumetric

Sorption Analyzer at �196 8C (Autosorb-1MP, Quanta-

chrome). The surface areas were calculated by the multi-point

Brunauer–Emmett–Teller (BET) method and the total pore size

distribution and volume (at P/Po = 0.99) were calculated by the

Barrett–Joyner–Halenda (BJH) method. The assessment of in

vitro acellular bioactivity was carried out by immersing the disk

BP specimens in serum-free Dulbecco’s Modified Eagle’s

Medium (DMEM), containing penicillin (100 U/ml) and

amphotericin (1.5 mg/ml), while the medium volume (ml)-

to-specimen weight (mg) ratio was 2:3. Incubation at 37 � 1 8C
for 6 days followed. DMEM was renewed on the 6th hour, 1st,

3rd and 5th day after incubation and the specimens were

removed the 6th hour, 1st, 3rd and 6th day. After the removal,

the specimens were rinsed with ethanol and distilled water,

dried and stored in airtight container. Bioactivity control was

performed by evaluating the apatite layer formation on the

specimens’ surface, detected by: (a) FTIR in transmittance

mode, (b) XRD, and (c) SEM/EDS analysis under the same

parameters, previously described.

3. Results

3.1. Structural and chemical analysis

3.1.1. SEM/EDS analysis

Surface and cross-section SEM images of the B, P and BP

control specimens’ microstructure are presented in Figs. 1 and

2, respectively. SEM surface images of BP specimens (Fig. 1a

and b) were characterized by a homogeneous surface, with

coarse, flattened and rounded particles, while the cross-section

SEM images (Fig. 2a and b) revealed irregularly shaped

particles with broad size distribution. The internal pore

architecture seemed to be quite complex with large pore

volume and non-uniform pore size distribution. The SEM

surface image of B specimens (Fig. 1c and d) was characterized



Fig. 1. Secondary (500�) (a, c, and e) and backscatter (1500�) (b, d, and f) electron surface analysis of the BP (a and b), B (c and d) and P (e and f) control specimens.
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by well-defined, angular-shaped particles with platelet config-

uration. The microstructure appearing in the cross-section SEM

images of B specimens (Fig. 2c and d) was similar to that of BP

specimens, though the pore boundaries were quite undefined.

On the contrary, P specimens presented considerably different

SEM surface (Fig. 1e and f) and cross-section (Fig. 2e and f)

images compared to the B and BP specimens, exhibiting an

irregular, though, dense structure with low porosity. The EDS

surface and cross-section stoichiometric analysis of BP

specimens showed that the predominant elements were Si,

followed by: (a) Ca and P and (b) K, Al and Na. Si, Ca and P

were also detected in the B specimens, since they were included

in the precursors of bioactive glass preparation, suggesting the

presence of calcium–phosphate or calcium–silicate phases in

the silicate substrate. Si, Al and K elements were also detected

on the large grains of P specimens, suggesting the presence of
silicate minerals. The trace bright grey areas in the back-

scattered image, on the surface of P specimens, contained Zr,

Zn, Ti, Sn and Y, while small quantities of Ba, Ca and P were

also detected.

3.1.2. FTIR and Raman analysis

FTIR spectra of all the control specimens are displayed in

Fig. 3, while the relevant Raman spectra appear in Figs. 4 and 5.

In particular, the calcium–phosphate phases were distinguished

by the FTIR frequencies of the observed peaks, associated with

the PO4
3� internal modes, appearing in the region of the n4

bending mode of PO4
3, exhibiting a double peak at 564 and

604 cm�1 (Fig. 3a and b) [11], which are typical for crystalline

apatite-like phases. Furthermore, in the FTIR spectrum of BP

and B specimens, the broad bands of the amorphous silicate

matrix were clearly observed at: a. 400–550 cm�1, assigned to



Fig. 2. Backscatter electron cross-section analysis 500� (a, c and e) and 1500� (b, d, and f) of the BP (a and b), B (c and d) and P (e and f) control specimens.
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the Si–O–Si bending, (b) 850–1250 cm�1, assigned to the Si–O

stretching vibrations and (c) 800 cm�1, related to the vibration

motion of the bridging oxygens in a direction perpendicular to the

Si–Si axis (Fig. 3a and b) [12]. Raman spectroscopy further

confirmed the presence of the Ca–P phases on the surface of the

BP control specimens, through the peak arising from the broad

band in the region of the phosphate n4 bending mode, at

578 cm�1 (Fig. 4a and b) and the observed strong peak,

appearing in the region of the phosphate v1 stretching mode, at

960 cm�1 (Fig. 4c) [13,14]. B control specimens (Fig. 5d and e)

further exhibited the peak appearing in the region of phosphate n2

bending mode at 432–442 cm�1 (Fig. 4d) [13,14]. Indications of

the Ca–P phases were also suggested by the peaks at 1041, 1071

and 1123 cm�1, forming the broad band at the region of the v3

stretching mode (Fig. 4c and e) [13,14]. The Ca–Si phases

crystallized on the BP and B surface, identified by FTIR, were the

b-wollastonite and a- or pseudo-wollastonite. The appearance of
2 weak peaks at the 938 and 988 cm�1 in the B and BP FTIR

spectra was assigned to the b-wollastonite, while the intense

peak, at 716 cm�1, was attributed to a-wollastonite (Fig. 3a

and b) [15]. Raman spectroscopy also indicated the presence

of wollastonite and a-wollastonite on the B specimens.

b-Wollastonitewas identified in the spectrum of the B specimens,

by the shoulder at 970 cm�1 (Fig. 4f), attributed to the Si–Onbr

stretching mode, and the peak at 636 cm�1 (Fig. 4e), assigned to

the Si–Obr [16]. However, in the spectrum of the BP specimens,

the peak of b-wollastonite is not clearly distinguishable, due to

its overlapping with the strong peak of apatite at 960 cm�1.

Pseudowollastonite was identified on the surface of the B

specimen, by the shoulder at the 984 cm�1 (Fig. 4f) and the peak

575 cm�1 (Fig. 4e), in the relevant Raman spectrum [17]. The

latter overlapped with the peak of apatite.

The contribution of dental porcelain on the phase crystal-

lization of BP composite material was observed through the



Fig. 3. FTIR analysis of the BP (a), B (b) and P (c) control specimens.

Fig. 5. Raman spectra of P (a–e) control specimen.

Fig. 4. Raman spectra of BP (a, b, and c) and B (d and e) control specimens.
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crystallization of leucite. Despite the fact that the FTIR spectrum

of P specimens was dominated by the typical peaks of leucite at

412, 522, 545, 612, 642 and 720 cm�1 (Fig. 3c) [18], the

contribution of dental porcelain on the FTIR spectrum of the BP

specimens was evident by the peak at 642 cm�1 (Fig. 3a).

Although this peak is shared by both leucite and b-wollastonite,

its absence in the FTIR spectrum of the B specimens advocated

that it must be attributed to the leucite phase [19]. Raman

spectroscopy also supports the aforementioned assignments. As it

can be seen, the surface of P specimens exhibits 2 predominant

profiles in the Raman spectra, which represented: (a) the

amorphous silicate matrix, with two groups of Raman modes at

400–550 and 550–650 cm�1, attributed to the bending vibration

of isolated SiO4 tetrahedra (Fig. 5e) [20], and (b) the leucite

phase, distinguished by two peaks positioned at 495 cm�1 and

526 cm�1 (Fig. 5d), assigned to the T–O–T bending modes

(T = Al or Si) [21–23]. Moreover and in accordancewith the EDS

stoichiometric analysis, typical Raman spectra for the minor

crystalline phases of rutile (TiO2) (Fig. 5a), zinc oxide (ZnO)

(Fig. 5a), zirconium oxide (ZrO2) (Fig. 5b) and casseterite (SnO2)

(Fig. 5a and c) were obtained [24–27]. Beyond leucite, Raman

spectroscopy did not identify the minor crystalline phases on the

surface of BP specimens, probably due to their low concentration.

3.1.3. XRD analysis

Fig. 6 displays the XR diffractograms of the control

specimens. All of them exhibited a broad band located at low

diffraction angle (2u) values, which was indicative of the short

range order of the silicate amorphous structure. All the peaks
Fig. 6. XRD analysis of BP (a), B (b) and P (c) control specimens.
appearing on the XR diffractogram of the P specimens (Fig. 6c),

suggested the predominant crystallization of tetragonal (t-)

leucite on their surface, while cubic (c-) leucite was represented

by the small peak at 26.88 (2u) [28]. Both types of leucite could

also be observed on the XR diffractogram of the BP specimens

(Fig. 6a). The predominance of the t- over the c-leucite was due to

the reversible temperature dependent leucite phase transforma-

tion, which occurs around 620–625 8C [29]. Amount of quartz

was also identified by the peak located at 26.38 (2u) [30]. XRD

analysis, also, confirmed the presence of calcium silicate, in

terms of a- and b-wollastonite, along with apatite-like phases on

both BP and B specimens (Fig. 6a and b). Though, the

predominant phase, on the surface of the B specimens, was the a-

wollastonite, detected by 3 intense peaks, located at 27.4, 31.7

and 45.78 (2u). Instead, BP specimens presented an increase of b-

wollastonite detected by the relevant peak at 308 (2u) [31]. A

small amount of cristobalite was further identified by the weak

peak located at 26.18 (2u) [32], confirming the indication of FTIR

spectrum about SiO2 crystallization.

3.1.4. Porosimetry N2 analysis

The N2 adsorption–desorption isotherms of the BP, B and P

specimens are presented in Fig. 7. The N2 adsorption isotherms
Fig. 7. Adsorption–desorption isotherm plots for BP (a), B (b) and P (c) control

specimens.



Table 1

Surface and pore volume of BP, B and P control specimens.

Specimens Surface area (m2/g) Pore volume (cm3/g)

BP control 1.328 0.010

B control 9.044 0.031

P control 0.545 0.005
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of BP (Fig. 7a) and P (Fig. 7c) specimens corresponded to III

type, according to IUPAC classification, which is indicative of

non-nano- or meso-porous materials. On the contrary, the N2

adsorption isotherms of B specimens (Fig. 7b) corresponded to

the IV or V types, which can be associated with mesoporous

materials [33]. Furthermore, the N2 desorption isotherm for the

B specimen exhibited a characteristic hysteresis loop of the H2

type, which is related to the mechanism of pore filling and

emptying. The shape of the loop indicates a ‘‘bottle neck’’

effect during the desorption process. The total pore volume (at

P/Po = 0.99; Table 1) is higher for the B specimen (0.031 cc/g),

followed by the BP (0.010 cc/g) and the P (0.005 cc/g)

specimens. The pore size distribution curve of the B specimen

estimated by the BJH method is shown in Fig. 8, since BP and P

specimens seemed to be non-porous materials. As it can be seen

from the above curve, the majority of the pore diameters is

distributed in the range of 2 < D < 50 nm, thus verifying the

mesoporous nature of this sample. Finally, the surface area

calculated by the multi-point BET method is higher for the B

specimen (20.287 m2/g), followed by the BP (2.473 m2/g) and

P (1.050 m2/g) specimens (Table 1).

3.2. Bioactivity analysis

3.2.1. SEM/EDS analysis

Fig. 9 illustrates the surface and cross-section morphologies

of the BP specimens, after the immersion in the DMEM

solution for 6 days. No evident change was detected at the as-

prepared surfaces of the BP specimens until the 3rd day

(Fig. 9e), when multiple sites of Ca/P nucleation started to form

a thin net-like texture film with spherical particles standing out,

which followed the morphology of the substrate’s surface. On

the 6th day (Fig. 9g), the spherical particles have been

agglomerated and the thin film has turned into a dune-like
Fig. 8. Diagram of pore size distribution of B control specimen.
apatite layer with smooth hillocks and deep cracks, which has

been reported as the typical image of the apatite layer, without

showing any feature of the substrate surface [34]. In the related

cross-section images, the apatite layer of the 3rd day was quite

thin (4.7–6.7 mm), did not cover the whole surface and did not

infiltrate the bulk material (Fig. 9f). Instead, on the 6th day

(Fig. 9h), the thickness of apatite layer approached the value of

16.5 mm. The layer was thick enough to be detected and clearly

discriminated from the substrate, while it had infiltrated the

bulk and covered the external surfaces of the pores.

Furthermore, in both the surface and cross-section images,

cracks were observed in the apatite layer, which are attributed

to the drying of the silica gel, on which the apatite grows. The

EDS analysis confirmed, not only the development of apatite

layer on the surface, but the infiltration inside the bulk and the

pores, by detecting Ca/P ratios of 1.57–2 [35].

3.2.2. FTIR analysis

In Fig. 10, the time-related spectrum changes, detected by the

FTIR, with the apatite layer development after the immersion of

the BP specimens in DMEM, are presented. Since all the spectra

of the BP specimens, before their immersion in DMEM,

presented the characteristic phosphate bands of apatite-like

phases, located at the 566 and 604 cm�1, the crystallization of

biological apatite on specimens surface, after their immersion in

DMEM, has been distinguished by the typical peaks of the

carbonate groups at: a. 872 cm�1 and 1422 cm�1, assigned to the

B-type carbonate substitution and b. 1495 cm�1, assigned to the

A-type carbonate substitution, all of which were absent at the as-

prepared specimen [36]. The carbonate substitution initiated at

the 3rd day of incubation for the BP specimens, when the relevant

peak intensities were faint. In the course of the 6-day period, the

carbonate peaks were progressively becoming more intense,

until the 6th day, when they were clearly formed. Furthermore,

indicative of the apatite formation at the 3rd and 6th day is the

appearance of the 3 peaks at: (a) 1030 cm�1, and 1100 cm�1,

which has been assigned to the n3PO4 antisymmetric stretching

vibrational mode of the PO4 groups in the well-crystallized

stoichiometric apatite and (b) 960 cm�1, which has been

attributed at the n1PO4 [37]. Finally, during the development

of apatite layer, on the surface of BP specimens, the peaks,

existing at the as-prepared specimens, assigned to the

wollastonite and pseudowollastonite, were whittled away toward

the 6th day, when they almost disappeared.

3.2.3. XRD analysis

The XRD patterns of the surface of BP specimens after

immersion in DMEM, along with the as-prepared specimens

are shown in Fig. 11. The XRD spectrum of BP specimens

presented 2 weak peaks derived of the broad amorphous band

after incubation for 3 days, located at 26.18, which correspond

to the (0 0 2) reflection of apatite phase, and 31.98, which is the

result of the contribution of the (2 1 1), (1 1 2) and (2 0 2)

planes of apatite [38]. The amorphous phase has considerably

diminished, while the mineral phases existing in the as-

prepared BP specimens were almost disappeared until the 6th

day of immersion.



Fig. 9. Secondary surface (a, c, e, and g) and backscatter cross-section (b, d, f, and h) electron analysis 1500� of BP specimens after immersion in DMEM for 6 h (a

and b), 1 (c and d), 3 (e and f) and 6 (g and h) days.
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4. Discussion

The phase identification of specimens’ surface revealed that

the 1:1 wt% ratio-contribution of precursors in the initial gel
composition of BP composite material along with the sintering

temperature of the subsequent firing cycle at 930 8C were

effective to favor amorphous glass matrix nucleation yielding

mainly Ca–P, Ca–Si and leucite phases, combined with a small



Fig. 10. FTIR analysis of BP specimens after immersion in DMEM for 6 days.

Spectrum of as-prepared BP control specimen is included.

Fig. 11. XRD analysis of BP specimens after immersion in DMEM for 6 days.

Spectrum of as-prepared BP control specimen is included.
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amount of cristobalite. Beyond the leucite formation, which is

the result of dental porcelain in the initial powder material, the

formation of these Ca–P phases in the form of apatite-like

phases, as it was identified by FTIR, Raman and XRD analysis,

seems to be the result of heterogeneous nucleation over dental

porcelain grains, acting as foreign initial nuclei, which promote

apatite-like crystal nucleation and growth [11]. Additionally,

phosphorous ions may substitute for silicon in the tetrahedral

coordination in the glasses, while according to Peitl et al., the

P O bond is favorable to phosphate phase formation in a

silicate network and thus increases the tendency toward

crystallization [39]. The existence Ca–Si phases in the form of

a- (pseudo) and b-wollastonite must be attributed to the

proximity of the sintering temperature of the firing cycle

(930 8C) to the temperature of maximum wollastonite

formation (about 950 8C) [40]. At this point, the influence of

phosphorous on the crystallization process, which seems to be

significant in sol–gel derived glass–ceramics, containing less

than 70 mol% of SiO2 should be highlighted. Specifically,

Vallet-Regi et al. reported that phosphorous influenced the

phase crystallization on the surface of bioactive ceramics but

this effect significantly increased with the SiO2 content [41].

Furthermore, Padilla et al. concluded that phosphorous induced

the crystallization of calcium–phosphate phases, the stabiliza-

tion of the b-wollastonite phase at high temperature as well as

the crystallization of SiO2 phases at low temperatures, such as

cristobalite, which was identified on the surface of the BP

specimens in the present study too [42]. As far as the
microstructure of the BP specimens is concerned, the

adsorption isotherms derived from the N2 porosimetry along

with the cross-section SEM images advocated that the

application of the 930 8C sintering temperature during the

subsequent firing cycle of the composite specimens resulted in

non-nano- or meso-porous material along with low surface

energy. Bioactive glass 58S was the only of the investigated

specimens, exhibiting mesoporosity, while the ‘‘bottle neck’’

effect during the desorption process, as the shape of the loop

indicated, should be attributed to the various types of complex

pore networks, in which the pore opening is smaller than the

pore size. The sharp step on the desorption-isotherm is usually

understood as a sign of interconnection of the pores [43,44]. In

such systems, the distribution of pore sizes and the pore shape is

not well-defined, which is compatible with the SEM observa-

tions on B specimens, mentioned above. Furthermore, despite

the fact that P specimens presented no nano- or mesoporosity

too, the microstructure of the BP specimens was quite different,

when compared to the microstructure of the dental porcelain,

which presented a homogeneous character with low micro-

porosity. This should be attributed to the surface-driven

sintering process of P specimens, during which the particle

fusion or the sufficient softening of the glassy material resulted

in coherent solids with spherical and small pores [45]. On the

contrary, the sinterability of glass–ceramics in the SiO2–CaO–

P2O5 system is quite complex [46], since at least 2 crystal

phases crystallize on their surface, exhibiting a hindering

effect on the sintering kinetics [47,48]. Thus, despite the fact
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that T = 930 8C is recommended as the end-temperature of the

firing cycle for the dental porcelain, it is not the appropriate

temperature so as for the BP specimens to reach the sintering

status, which is desirable for the mechanical strength of the

material.

Under the light of the aforementioned analyses of the

chemical composition and textural properties, BP composite

specimens were evaluated, under dynamic conditions, for their

in vitro bioactive behavior, since the apatite formation on the

material’s surface in simulated acellular body fluids is a

decisive indicator of their ability to bond to biological tissues

[49]. Several authors in the past have reported on the bioactive

behavior of dental porcelain modified by 45S bioactive glass,

prepared by the high temperature-melting powder preparation

technique. The bioactivity of such composite material

presented a delayed time of apatite formation, while

Kontonasaki et al. declared that the composites with the

highest initial amount of bioactive glass precipitated apatite

layer on their surface in the immersion time-period of 25–30

days [1]. Instead, the sol–gel preparation technique applied in

the present study resulted in a BP composite that in a 3 day-

immersion period had already started to precipitate apatite

crystals, which, on the 6th day, had turned into a well-defined,

thick biological apatite layer not only on the specimens’ surface

but inside the pores, too. The rationale beyond the faster surface

reactivity of the sol–gel derived BP specimens lies on the

bioactivity index of the crystal phases developed during the

preparation process and the firing cycle. More specifically, both

wollastonite and pseudowollastonite have similar composition

to that of CaO–SiO2-based bioactive glasses and glass–

ceramics, thus, the apatite formation may in principle be

explained by the same reaction mechanism [50–52]. When the

BP specimens are immersed in the solution, dissolved calcium

ions (Ca++) from the wollastonite crystal structure are

exchanged with hydrogen ions (H�), leading to the production

of a negatively charged layer, which may attract Ca++ from the

solution and promote apatite precipitation. Furthermore, this

initial Ca++–H� exchange transforms wollastonite into an

amorphous silicate matrix with higher bioactivity index [53]. In

the literature, there are studies, investigating the bioactivity of

glass–ceramics, which crystallize wollastonite on the surface of

specimens, suggesting that the presence of wollastonite favors

the faster precipitation of apatite crystals, when compared to

other glass or glass–ceramics with different composition [54].

Furthermore, pseudowollastonite, which is a crystal polymorph

of wollastonite [55], is considered the dissolved crystal phase

with the higher rate of apatite formation. Despite the fact that

pseudowollastonite presents the same reaction mechanism to

wollastonite, its surface dissolution rate is much higher [42,56].

A comparative study, investigating the bioactive behavior of

diopside ceramics, inferred that those that contained pseudo-

wollastonite induced bioactivity quite faster that those that

contained wollastonite [57]. The results of the present study

confirmed the aforementioned data, since the FTIR peaks

assigned to wollastonite and pseudowollastonite tend to whittle

away toward the 6th day of immersion, when apatite has

already been formed. However, despite the fact that the sol–gel
derived BP specimens exhibited much faster surface reactivity

compared to the melt-derived ones, the reaction mechanism

rather delayed (days) compared to the time required for the in

vivo healing process to initiate (hours). The former may be

attributed to the presence of cristobalite, leucite and apatite

phases on the BP specimens’ surface, which are considered to

retard the apatite formation compared to the Ca–Si phases. In

particular, the leucite crystals present low index of bioactivity,

since it has been reported that no apatite layer has been detected

on the melt-derived composites with the highest proportion of

dental ceramic for the immersion time of 45 days [1], while

recent research, studying the bioactivity of sol–gel derived

powder composite material, demonstrated that the time of apatite

development increased as a function of the leucite content [58].

The presence of cristobalite has been previously detected as a

resultant phase of the glass or glass–ceramics based on the CaO–

SiO2–P2O5 oxide system, while its ability to induce bioactivity

has not been investigated. However, a study investigating the in

vitro protein absorption on a CaO–SiO2–P2O5-based glass–

ceramic resulted in the enhancement of bioactivity as the

temperature increased and the crystals of quartz were

transformed into cristobalite [59]. This could be assigned to

the comparatively open atomic tetragonal structure with less

degree of symmetry along with the increased crystal defect, when

treated at higher temperature (above 800 8C) [60,61]. Addition-

ally, stoichiometric apatite crystals present lower bioactivity

index compared to wollastonite [54], while others argue that

apatite does not accelerate the precipitation of biological apatite

after immersion [62]. Finally, beyond chemical composition,

microstructure in terms of porosity and surface area is likely to

affect dissolution properties of the material and biological

activity. It has been declared that bioactive behavior may be

exhibited by nano- or meso-porous materials with surface area

larger than 40–80 m2/g [63]. In the present study, the BP

composite material presented by far lower surface area compared

to the indicated, while, as it was mentioned above, it did not

present any nano- or micro-porosity. This may justify the delayed

time of apatite formation. Nevertheless, it should be mentioned,

in the literature, there are studies indicating that materials with

surface area even less than 1 m2/g may exhibit sufficient

bioactivity, due to the textural properties that they develop after

their immersion in the solution. More specific, surfaces of high

dissolution rate develop faster release of Ca++ after their

immersion, which may alter the textural properties of the

material, by increasing both porosity and surface area [64–66].

5. Conclusions

Under the limitations of the present study, the modification

of the sol–gel derived dental porcelain by bioactive glass seems

to be a significantly improved composite as far as the bioactive

behavior is concerned, compared to other materials of the same

oxide system. However, the time of the in vitro bioactivity

induction, which is related to the time of in vivo tissue response,

should be further reduced, indicating that further modifications

need to be considered in order to fulfill the requirements of

application in the clinical reality.
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