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A B S T R A C T

The objective of this study was to investigate the effect of magnesium (1 wt%) and aluminum (1 wt%) in-
corporation on the in vitro bioactivity and biodegradation behavior of 45S5 bioactive glasses synthesized from
rice husk biogenic silica. The performance of biogenic silica-based samples was compared well with commercial
silica-based counterparts. The in vitro biodegradation behavior of bioactive glasses was evaluated by the weight
loss of samples and pH variation in the Tris buffer solution. Based on composition, bioglasses possessed different
properties before and after simulated body fluid (SBF) immersion. The incorporation of magnesium (Mg) and
aluminum (Al) enhanced the Vickers hardness of bioglasses. All the bioglasses showed the hydroxyapatite layer
formation after SBF treatment as confirmed by the dissolution, FTIR, SEM and XRD analysis, however it was
more prominent in the rice husk silica-based 45S5 bioglass. The biogenic silica seems to be a promising starting
material for bioglass systems to be used in bone tissue engineering applications.

1. Introduction

Numerous biomaterials are applied for bone regeneration and repair
treatments. Bioglass is a widely used hard tissue repair material due to
having excellent bioactivity [1]. It can be evaluated in many applica-
tions as bone cement, bone grafts, implant coatings, and even in
toothpaste [2]. In 1971, the first generation of silicate-based bioglass
45S5 developed with composition of 46.1 mol.% SiO2–2.5 mol.%
P2O5–24.4 mol.% Na2O–26.9 mol.% CaO [3–5]. It has been investigated
for about 50 years and is still among the most examined bioactive glass
compositions [6].

The successful bioactive glass-living tissue interaction is one of the
essential requirements of biomaterial developments [7]. The bioactive
glass composition has great importance not only on binding and bone-
cell proliferation ability but also on angiogenesis stimulation, anti-in-
flammatory and anti-bacterial potential during dissolving in the sur-
rounding biological environment [8,9]. Commonly, bioglasses are
composed of silica, calcium, phosphate and sodium [6,7]. In recent
years, there is a tremendous effort on the addition of trace elements as
aluminum (Al), calcium (Ca), cerium (Ce), gallium(Ga), magnesium

(Mg), selenium (Se), silver(Ag), strontium (Sr) and zinc (Zn) to the glass
systems to further improve the bioactivity, to tailor the degradation rate
and to enhance the mechanical strength of the bioglasses [2,9–11]. The
incorporation of trace elements may also provide therapeutic functions
to bioglasses for regenerative medicine, tissue engineering applications
and even bone cancer research [9,11,12].

For instance, it has been shown that the substitution of Mg and Al
has considerable influences on the ability of bioactive glasses [13–15].
Magnesium has a stimulatory influence on the development of bone
[16]. The incorporation of MgO in the bioactive glass system can pro-
vide improved mechanical properties, biocompatibility and biode-
gradation ability of the glass [17–20]. It was demonstrated that the
effect of MgO on hydroxyapatite formation was related to the glass
system and MgO content which resulted in enhancement [21,22], re-
duction [23] or ineffective [24] on hydroxyapatite formation rate.
Researchers have reported that aluminum oxide (Al2O3) have the
property of inhibiting bone-bonding [25], however the addition of
aluminum as a part of crystal phase (e.g. aluminosilicate) may over-
come this problem [26] as well as maintain an increment in the me-
chanical properties of glasses [27]. On the other hand, the addition of
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alumina to the SiO2–CaO–P2O5–K2O–Al2O3 bioglass network might
result in an enhancement in the mechanical properties such as com-
pressive strength and elastic modulus of the glass due to the alumina
(Al2O3/K2O) concentration [28]. Contrarily, the bioglasses containing
Al2O3 with high molar concentrations(1.5–2.5%) showed cytotoxic ef-
fect against cell lines although the other bioglasses (0–1.0% Al2O3)
were almost non-toxic [28]. Therefore, the investigations on the effect
of magnesium and aluminum addition to the final properties of bioglass
systems are an important issue.

Commercial silica precursors as tetraethyl orthosilicate [18,29,30],
Belgian quartz sand [31] and silicon dioxide [32] have been mainly
used for bioglass synthesis. Recently, Yucel et al. highlighted the use of
rice husk ash silica for bioactive glass production [33]. In this pre-
study, it was found that the bioactive glass is capable of forming a
hydroxyapatite layer after immersion in simulated body fluid (SBF). At
present, there is not enough information in the scientific literature for
the utilization of biogenic silica as alternative sources to prepare bio-
glasses. Thus, rice husk ash is an alternative low-cost and abundant
silica precursor that can be used during the fabrication of the glasses.

The main objective of this study is to evaluate rice husk ash silica for
the production of Al and Mg incorporated melt derived 45S5 bioglasses;
in particular, their biodegradation behavior in the Tris solution was
compared with counterparts bioglasses which produced by commercial
silica. On the other hand, the study presents the effect of substitution of
Al and Mg on final properties in vitro bioactivity behavior of 45S5 glass
systems in terms of Vickers hardness measurements, SEM and XRD
techniques.

2. Materials and methods

2.1. Materials

The chemicals used in experiments as Al2O3, HCl, NaOH, NaCl, KCl,
MgCl2.6H2O, MgSO4.7H2O, Na2SO4, Na2HPO4.2H2O, NaHCO3,
(CH2OH)3CNH2 and CaCO3, CaCl2.2H2O were supplied by Merck
(Darmstadt, Germany). SiO2 was supplied by Riedel-de Haën. The rice
husk ash (Yetiş Food Factory, Turkey) was used as a raw material for
silica extraction.

2.2. Preparation of biogenic silica powder

As a first step, the rice husk ash submitted to heat treatment in a
porcelain crucible in a muffle furnace (600 °C, 5 h). Followed by the
removal of cationic impurities using acid leaching pretreatment. Acid
leached rice husk ash was prepared by mixing 40 g of the sample with
240 mL of distilled water and an appropriate quantity of hydrochloric
acid solution (pH = 1). Subsequently, the mixture was refluxed with
constant stirring. After 2 h, the dispersion was filtered and the upper
carbon residues were dried in an oven (80 °C, 20 min). After drying, the
ashes were mixed with 1 M NaOH solution (240 mL) for 60 min under
continuous stirring (750 rpm) at 100 °C. The sodium silicate solution
was obtained by filtration the dispersion and washing thoroughly the
remnants of carbon with distilled water (400 mL). The solution was
cooled down to 25 °C. Finally, the silica gel was prepared by adjusting
the pH of the solution with diluted hydrochloric acid solution to a
constant pH (pH = 9) with constant stirring. The one-day aged silica
gels were crushed and then centrifuged for 15 min at 2500 rpm. The
supernatant solution was poured, and the gels were washed with dis-
tilled water by repeating four times. The final product was obtained by
drying the powders in an oven (80 °C, 12 h) [34]. Silica particles were
ground by mortar two-fold to obtain final biosilica.

2.3. Synthesis of melt-derived bioactive glasses

The compositions of bioglasses synthesized through the melting
process are given in Table 1 [35]. The CaCO3, Na2HPO4.2H2O,

NaHCO3, MgSO4.7H2O, Al2O3 and SiO2 or biogenic silica were ground
twice to provide homogeneity. The bioglasses were prepared as de-
scribed by Karakuzu-İkizler et al. [10].

2.4. In vitro bioactivity studies

The formation of hydroxyl carbonate apatite (HCA) on the bioglass
surfaces was examined after immersion in SBF (pH= 7.4) at 37 °C up to
28 days. The SBF was prepared with an ion concentration of Na+ 142.0,
K+ 5.0, Ca2+ 2.5, Mg2+ 1.5, Cl− 125.0, HPO4

−2 1.0, HCO3
− 27.0,

SO4
−2 0.5 mmol/L in the distilled water [10,15].

2.5. Biodegradation studies

The in vitro degradation assessment was accomplished through im-
mersing bioglasses in tris-(hydroxymethyl)-aminomethane (Tris) buffer
solution up to 7 days at 37 °C. The pH variation measurement of the Tris
solution and sample weight changes were collected to determine de-
gradation behavior.

2.6. Characterization studies

The morphologies of the bioglasses were determined using JSM-
5410LV Scanning Microscope (Japan). The change in the ion con-
centration (aluminum, calcium, magnesium phosphorus, silica, and
sodium) of SBF was monitored using an Inductively Coupled Plasma
Optical Emission Spectrometer (PerkinElmer Optima 2100 DV, USA).
The composition of phase and surface crystallization of the bioglasses
were examined using X-ray Diffraction instrument (X'pert Pro
Pan'alytical) run at 40 kV and 45 mA with an angular range 2θ = 5° -
90° and a step size of 0.03°. FT-IR study of the bioglasses were per-
formed on a SHIMADZU, IR Prestige 21; USA, in the range of
600–4000 cm−1 during 64 scans, with 4 cm−1 resolution before and
after immersion in SBF. The mechanical properties of the bioglasses
were determined using a Vickers hardness instrument (Bulut Makina
HVS 1000, Turkey). The Vickers indentations were collected within 5 s
using 500 gf of loading. The results of triplicate measurements were
expressed as mean ± standard deviation. The significance between
means was analyzed by ANOVA procedures by using SPSS software
program, p values < 0.05 were regarded as significant.

3. Results and discussion

3.1. Vickers hardness of bioglasses

The Vickers Hardness presents very beneficial information re-
garding the surface structural behavior of the bioglasses [36]. The
changing trend in the mechanical properties of glasses was examined
after immersion in SBF up to 21 days. The Vickers microhardness of the
bioglasses are shown in Table 2. Cannillo et al. and Goller et al. re-
ported a 474.1 (46.4) and 383 (60) microhardness value for their 45S5
bioglasses, respectively [37,38]. The microhardness values of biosilica
based 45S5 bioglasses obtained in this study were relatively higher than
the values reported in the literature. It was observed that the

Table 1
The chemical composition of bioglasses.

Sample Bioglass Chemical Composition (wt.%)

SiO2 Na2O CaO P2O5 MgO Al2O3

S5 45 24.5 24.5 6 – –
S5Mga 45 24.5 23.5 6 1 –
S5MgAla 45 23.5 23.5 6 1 1

a Rice or commercial added near the symbolic names when biogenic and
commercial silica was used, respectively.
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substitution of a part of calcium and sodium ions with both magnesium
and aluminum ions enhanced the mechanical properties. S5MgAl rice
sample had the highest hardness. The Vickers hardness measurements
exhibited that the hardness values decreased with the increment of
immersion time. It can be explained by the dissolution of calcium and
sodium ions from bioglass. Subsequent to the interaction of these ions
with phosphate ions available in SBF, the HCA precipitation forms on
the surface of the bioglasses.

After immersion in SBF for 7 days, Mg incorporated bioglass showed
the highest reduction between samples produced from rice husk ash
silica. As can be seen from Table 2, the variation of Vickers hardness of
Al2O3 incorporated bioglass was smaller compared to other samples'
hardness values after immersion in the SBF solution for 7 days. How-
ever, the reduction of Vickers hardness of Al2O3 incorporated bioglasses
was closer to all the other samples' values at 21 days of immersion in
the SBF solution. The variation of Vickers hardness of all the samples
produced by the use of rice husk silica was close to each other after
immersion in the SBF solution for 21 days.

3.2. SEM analysis of bioglasses

Micrographs of all bioglasses prior to and later immersion in SBF

solution at different time periods were screened to observe the micro-
structural evaluation of samples. Fig. 1 and Fig. 2 show the micrographs
of bioglasses. According to the SEM micrographs (Fig.s 1-a, 1-e, 1-i, 2-a,
2-e, 2-i), the surface of bioglasses was smooth and glassy before im-
mersion in SBF solution. After 7 days, all the bioglasses were covered by
apatite-like crystals with variable shape and size at their surfaces (Fig.s
1-b, 1-f, 1-k and 2-b, 2-f, 2-k) as reported earlier for various bioglass
systems [10,39–41]. The formation of spherical hydroxyapatite struc-
tures was more on the S5 rice, S5MgAl rice and S5Mg commercial
samples surface as against surfaces of other bioglasses. Generally,
apatite crystals precipitation starts via the occurrence of sole granules
followed by the formation of a dense layer on the bioglass surface due
to the granules' progressive grow [33]. At the same time, the creation of
cracks which is also the proof of biodegradation can be explained by the
quick release of ions from bioglass after immersion in the SBF solution.
The release of cations leads to the development of the tensile strain on
the surface of the bioglasses and followed by crack formation [40]. The
HCA layer formation raised steadily and homogenously with the in-
crease of immersion time from 14 to 21 days, especially in the com-
mercial silica-based ones.

Table 2
Vickers hardness (HV) values for bioglasses prior to and later immersion in SBF.

Samples HV (kg/mm2) HV reduction (%)

Before SBF 7. Day SBF 14. Day SBF 21. Day SBF 7. Day 14. Day 21. Day

S5 rice 523 ± 11.0 191 ± 6.5 135 ± 6.0 98 ± 5.5 61 72 79
S5 commercial 405 ± 9.0 179 ± 7.1 144 ± 5.5 104 ± 4.5 56 64 74
S5Mg rice 434 ± 12.0 133 ± 5.0 122 ± 6.0 101 ± 5.2 71 72 77
S5Mg commercial 400 ± 10.0 156 ± 7.5 132 ± 5.5 113 ± 3.3 61 67 71
S5MgAl rice 559 ± 11.0 196 ± 6.0 153 ± 6.5 141 ± 3.5 65 73 75
S5MgAl commercial 511 ± 10.0 195 ± 6.5 150 ± 7.5 132 ± 5.2 62 71 74

Fig. 1. SEM micrographs of rice husk ash silica-based glass samples surface (a–d) S5 rice (e–h) S5Mg rice (i–m) S5MgAl rice. Magnification: × 1000; Scale bar:
10 μm.
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3.3. XRD analysis of bioglasses

Apatite formation on the bioglass surface was expected after SBF
immersion. In order to confirm the apatite formation, prepared bioglass
samples were subjected to XRD analysis before and after the SBF im-
mersion. The XRD patterns are presented in Fig. 3. XRD pattern of the
S5 rice sample before SBF immersion (Fig. 3a) shows no crystalline
diffraction peaks. A similar XRD pattern was obtained by Mozafari et al.
[42]. for a sol-gel derived bioglass before SBF immersion and it was
attributed to the glassy nature of the material. In a study conducted by
Boccaccini et al. [43]. melt derived glasses were produced in a similar
method used in this study, and a similar XRD pattern (without crys-
talline diffraction peaks) was obtained. This XRD pattern was stated as
a proof of the amorphous Bioglass® structure [43]. Thus, S5 rice glass
sample was identified to be amorphous when the results of literature
and obtained XRD patterns were compared. As can be seen in Fig. 3b–d
after SBF immersion obvious crystalline phases were formed on the
surfaces of the glass samples. These formations were identified as
crystalline hydroxyapatite (card#01-074-0565).

The XRD patterns of S5 rice and S5 commercial sample after im-
mersion in the SBF solution for 28 days showed that both samples had
apatite-like layer peaks nearly at the same 2θ degrees which approved
rice husk ash silica-based sample's bioactivity was very similar to the
commercial silica-based sample. As can be seen from Fig. 3-d, the in-
corporation of MgO and Al2O3 to commercial silica-based samples did
not have a negative effect on apatite-like layer formation on glass
surfaces.

3.4. Change of ion concentrations in SBF solution

The observation of apatite formation ability by immersing ceramics
in simulated body fluid is one of the widely used methods since 1987
[44]. The variations of Si4+, P5+ and Ca2+concentrations after rice
husk silica-based bioglasses immersed in the SBF solution at 28 days are
given in Fig. 4.

The Si concentrations in the SBF solution for all bioglasses were
considerably increased. Similar results were obtained for silica-based
glasses in the literature [10,45]. As can be observed in all cases, Ca2+

ions ions released from the structure of bioglasses and present in SBF
solution were complitely transfered to the bioglass surface, most
probably to form the hydroxyapatite layer.. The contact of bioglass with
SBF solution was monitored and deficiency of Ca2+ concentration in
the SBF solution was observed. Reddy and Kiran explained this situa-
tion that the dissolved Ca2+ ion leads to the formation of silanol groups
(Si–OH) followed by silica gel layer occurrence on to the sample sur-
face. PO4

3− ion together with Ca2+ ion was involved in the structure of
calcium phosphate and then hydroxy carbonate apatite formed [46].
The ion concentration of P5+ in the SBF solution was about the same in
all cases. Only the S5 rice immersed SBF solutions’ Si4+ concentration
was the -most which is may be indicating the hydroxyl carbonate
apatite growth was probably more on the S5 rice sample, since it is
indicating the higher dissolution behavior of this glass sample.

3.5. FT-IR analysis of bioactive glasses

Detailed information regarding intermolecular interactions of
bioactive glass samples before and after immersion in SBF solution from
the FT-IR spectrums are given in Table 3. FTIR spectra of different
bioglasses obtained in this study showed small changes in intensity and
wavenumbers.

The noticed peaks in the spectrum of S5 rice sample prior to SBF
were as follows (i) at 706 cm−1 and 858 cm−1/the Si–O–Si stretching
vibrations, (ii) at 981 cm- 1/a phosphate group (PO4

3−), (iii) at
1650 cm−1, 3000 cm−1 - 3700 cm−1/H – OH bending vibrations [47].

The FT-IR spectrum of S5 rice sample after immersion in SBF in-
dicates the presence of the P–O bending vibrations in hydroxyapatite
crystalline lattice due to the bands between 950 cm−1 and 1040 cm−1.
Additionally, the absorption bands at 1411 cm−1 and 1458 cm−1 was
assigned to carbonate group (CO3

2-) that were evidence of hydro-
xyapatite layer formation on the surface of samples [48].The peaks at

Fig. 2. SEM micrographs of commercial silica-based glass samples surface (a–d) S5 commercial (e–h) S5Mg commercial (i–m) S5MgAl commercial.
(Magnification: × 1000; Scale bar: 10 μm)
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1639 cm−1 and between 3000 cm−1 - 3700 cm−1 were related to the H
– OH bending vibrations of the water molecules.

When the FT-IR results of the -undoped, Mg and both Mg and Al
doped rice husk silica-based samples after immersion in SBF were
compared, there were variation in their intensities for the peak at
around 1050 cm−1 which was related to the precipitated calcium
phosphate groups. The intensity of the peak was in the following order:
S5 rice sample > S5MgAl rice > S5Mg rice. Furthermore, the in-
tensity of peaks at 1411 cm −1 and 1458 cm −1 due to C–O stretching in
carbonate groups (CO3

2-) were highest for S5 rice bioglass [48]. The
FT-IR results indicated that the S5 rice sample had the highest bioac-
tivity which was also supported by XRD and ICP analyses results.

According to FT-IR results, the highest intensity that belongs to
calcium phosphate peak (1050 cm−1) was observed for MgO

incorporated commercial silica based bioglass indicating that MgO in-
corporation increased the bioactivity of glasses as distinct from rice hull
ash silica-based samples.

3.6. Biodegradation behavior of glasses

The contact of bioactive glasses with Tris solution causes Ca, Na, P,
and Si ions release from bioglass to the environment. The bioglass loses
weight due to ion transfer. The weight loss of bioglass presents in-
formation on the bioactivity behavior of glass. The in vitro dissolution
behaviors of produced bioglasses were analyzed by the weighting of
glasses and the pH change of the Tris solution. Fig. 5 shows the dis-
solution of bioglasses in Tris solution during 7 days of immersion. The
Tris buffer solution has no free ions, and thus ion dissolution can be
observed clearly with weight loss and pH value variation in this buffer
solution. The weight of bioactive glasses decreased by the increase of
time due to the ion dissolution rates. Weight loss changes of S5MgAl
and S5Mg rice samples were slightly higher. After two days, the weight
of glass samples decreased continuously at a slow rate. It can be seen
from Fig. 5 that after 4 days, dissolution rates were slower than the first
3 days. It can be explained by the fact that the weight of bioglasses
increased due to precipitation of released ions as hydroxyapatite on
glass surface from Tris solution. The dissolution behavior of rice husk
ash silica and commercial silica-based bioglasses were similar to each
other.

Fig. 6 shows the change in pH values of Tris solution after the im-
mersion of rice husk ash silica and commercial silica-based glass sam-
ples. . As previously shown in the literature, the contact of glass samples
caused an increase in Tris solution pH which was in accordance with
the release of ions from the surface of bioglass which directs to attack
silica network and followed by silanol formation [40,50].

Fig. 3. XRD patterns of a) S5 rice sample before immersion; bioglasses at 28 days of immersion in SBF b) S5 rice c) S5 commercial d) S5MgAl commercial sample.

Fig. 4. The changes in SBF solution by immersion of rice husk ash silica-based
bioactive bioglasses at 28 day.
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The Tris solution pH increment from the highest to the lowest was
obtained with the immersion of S5 rice, S5MgAl rice, and S5Mg rice
bioglass, respectively. The higher pH changes in S5 rice sample im-
mersed in the Tris solution demonstrated that S5 rice sample had higher
reactivity than the other rice husk ash silica-based samples. The higher
pH change was observed for the S5Mg commercial sample. It is re-
markable that the MgO substitution has a favorable influence on the
bioactivity of the commercial silica-based sample. This result has verify
the results of XRD analysis (data not shown) which are well-nigh to the
published data [18]. As can be seen from Fig. 6-b, the pH change was
clearly greatest in S5 rice immersed in the Tris solution, thus approving
S5 rice sample had a higher bioactivity than the S5 commercial sample.

4. Conclusion

In conclusion, low-cost biosilica source - rice husk ash-has been
successfully applied to synthesize magnesium and aluminum in-
corporated 45S5 bioactive glasses by the melting technique. Addition of
aluminum and magnesium have not shown any negative influence on
the bioactivity and biodegradability of the rice husk ash silica-basedTa
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Fig. 5. Representative images showing the weight loss of bioglasses in Tris
solution.

Fig. 6. Representative images showing the pH variation of Tris solution with
immersion time periods.
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glass samples as confirmed by results of SEM, XRD and in vitro studies.
However, the addition of aluminum together with magnesium en-
hanced the hardness of biogenic and commercial silica-based bio-
glasses. Moreover, magnesium incorporation enhanced the bioactivity
and biodegradability of the commercial silica-based glass samples. The
results showed that the type of silica and substitution element have a
significant role in the final properties of bioglasses.
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