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Bioactive glass scaffolds that contain silica are high viable biomaterials as bone supporters for bone tissue engi-
neering due to their bioactive behaviour in simulated body fluid (SBF). In the human body, these materials
help inorganic bone structure formation due to a combination of the particular ratio of elements such as silicon
(Si), calcium (Ca), sodium (Na) and phosphorus (P), and the doping of strontium (Sr) into the scaffold structure
increases their bioactive behaviour. In this study, bioactive glass scaffolds were produced by using rice hull ash
(RHA) silica and commercial silica based bioactive glasses. The structural properties of scaffolds such as pore
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Big:ztive glass size, porosity and also the bioactive behaviour were investigated. The results showed that undoped and Sr-
Rice hull ash doped RHA silica-based bioactive glass scaffolds have better bioactivity than that of commercial silica based bio-
Scaffold active glass scaffolds. Moreover, undoped and Sr-doped RHA silica-based bioactive glass scaffolds will be able to

Silica be used instead of undoped and Sr-doped commercial silica based bioactive glass scaffolds for bone regeneration
Strontium applications. Scaffolds that are produced from undoped or Sr-doped RHA silica have high potential to form new

bone for bone defects in tissue engineering.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Artificial extracellular matrix (ECM) which mimics the properties of
three-dimensional tissue structure and supports the new tissue forma-
tion is called scaffold [1]. These artificial structures should have three
main properties; (i) biocompatibility, (ii) biodegradability, (iii) bioac-
tivity [2]. Likewise, pores are necessary for scaffolds [3], porosity and
pore size both are important morphological properties at the macro-
scopic and the microscopic level for bone regeneration [4]. Scaffolds
should have an extremely porous structure to allow cell proliferation,
adhesion [5], infiltration and diffusion of fluids-nutrients [4]. The afore-
mentioned excellent properties of them make them an essential com-
ponent for tissue engineering applications. Scaffolds are produced by a
significant number of different methods as solvent casting & particulate
leaching, gas foaming, thermally induced phase separation, polymer
foam replication, scaffold coating using polymer, ceramics (bioactive
glasses) etc. [6-12].

Bioactive glasses were first produced by Hench in 1969 [13] with the
general formula (wt%: 45Si0,-24.5Ca0-24.5Na,0-6P,0s) [14]. Bioac-
tive glasses are fabricated by sol-gel method or melt-derived method

Abbreviations: UDC, undoped commercial silica-based; UDRHA, undoped RHA silica-
based; Sr-DC, 4% Sr-doped commercial silica-based; Sr-DRHA, 4% Sr-doped RHA silica-
based.
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[15] which can be effectively used in bone tissue engineering as a scaf-
fold material thanks to their biocompatibility, biodegradability and bio-
activity [16]. An attractive feature of bioactive glass is that it can easily
bond to bone tissue in either bulk or particular form via formation of hy-
droxyapatite (HA) on the surface layer (because of silica (SiO,) forma-
tion interface) [17] without any inflammatory effects. Additionally,
bioactive glasses support enzyme activity [18,19] and vascularization
[20,21]. When they dissolve, the elements regulate gene expression
that controls osteogenesis and growth factors [22]. These materials
gain more biofunctional properties thanks to the features of some
trace elements such as silver “Ag” (antibacterial), copper “Cu” and “Sr”
(osteogenesis) [23]. Sr is also a doping material for scaffolds that are
made of bioactive glass and improves its properties such as bioactivity.

Strontium shows similar chemical and biological behaviour to calci-
um [24]. Besides, Sr is a bone-seeking element, which is correlated with
bone compressive strength improves the bone density and stimulates
bone formation like Ca [25]. Sr can also be substituted with Ca as the
atomic radius of (1.16 A) Sr is larger than atomic radius of (0.94 A) Ca
[26], Ca-Sr substitution causes lattice expansion [27]. As a result, the sol-
ubility of the bioglass changes in biological fluids [28]. In addition, if the
quantity of Sr increases in the composition of bioactive glass, silica net-
work becomes more polymerized and this results in more solubility and
bioactivity [29]. Some studies showed that Sr-containing ceramics have
higher dissolution rate in SBF, and these studies showed a more pro-
nounced HA layer formation than undoped ceramics [14,30]. Previous
studies reported that the best ratio is 4% among various ratios of Sr
such as 1, 2, 3, 4(%) because of high bioactivity [31]. Various bioactive
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glass compositions have been studied and developed. One of them is in
a (wt%: 44.08Si0,-24Na,0-21.60Ca0-4.43Sr0-5.88P,05) system that
is called stone bone [31].

Various agricultural wastes contain silica in high amounts [32-35].
The most important one is rice hull. Silica is obtained through a process
that starts with the burning of rice hull and continues with the alkaline
extraction of burnt rice hull that is called rice hull ash (RHA). There are
different studies using RHA-based silica [36]. RHA-based silica slightly
contains some trace elements such as Cu (angiogenesis and osteogene-
sis) [37], iron-“Fe” (bioactivity enhancer) [38], magnesium-“Mg” (pro-
liferation enhancer) [35]. These elements provide several biological
and chemical features to materials that are produced from RHA-based
silica [39].

The purpose of this study is to use RHA, which is rich in silica (about
60%) as a cheap alternative source of amorphous silica, to manufacture
bioactive glass and to fabricate polymer/composite RHA-based silica
bioactive glass scaffold. It aims to prepare and characterize three-di-
mensional tissue scaffolds for bone regeneration by using commercial
silica-based bioactive glass, Sr-doped commercial silica-based bioactive
glass and RHA silica-based bioactive glass, Sr-doped RHA silica-based
bioactive glass. Doping ratio of Sr was chosen as 4% (wt) in accordance
with the reviewed literature. The effects of RHA silica on bioactivity and
biodegradation and the effect of Sr doping on scaffolds were investigat-
ed. The results were compared with those of commercial silica.

2. Materials and methods
2.1. Materials

Polyurethane (PU) sponges (porosity; 60 PPI) were supplied from
Urosan Chemical Industry. Silicon dioxide (SiO,) was obtained from
Riedel-deHaén and gelatin from AppliChem (Analytical grade, >99%).
Polyvinyl alcohol (MA = 72,000 g/mol), di-sodium hydrogen phos-
phate dihydrate (Na;HPO,4-2H,0), calcium carbonate (CaCOs3), sodium
bicarbonate (NaHCO3) were purchased from Merck (Analytical grade,
>99%) and strontium oxide (SrO) was purchased from Sigma Aldrich
(Analytical grade, 99.9%). Rice hull ash was supplied from Yetis Food In-
dustry. The ash is composed of 97.9% Si, 1.5% Na and 0.6% minor ele-
ments (Ca, Mg, Fe, K, Cu, Al) after acid leaching.

2.2. Sodium silicate solution and silica production

Rice hull ash was burned at 600 °C in muffle furnace for 5 h. The ob-
tained 40 g ash was added in 240 mL distilled water and pH of the solu-
tion was decreased to 1 with hydrogen chloride (HCl). The solution was
boiled for 1 h and then filtered. Acid leached ash was mixed with
240 mL sodium hydroxide (NaOH) for 1 h and filtered. Thus, sodium sil-
icate solution was obtained. Silica gel was produced by sodium silicate
solution upon treatment with strong acid. Obtained silica gel was aged
for 18 h and subsequently washed three times and then dried overnight
in drying oven. After drying, silica was ground and silica powder was
obtained [39].

2.3. Bioactive glass production

Bioactive glasses were produced with four different compositions
(Table 1). A mixture consists of SiO, (RHA-based or commercial) and

other chemical components which are CaCO3-Na,HPO4-2H,0-
NaHCO3-SrO used in melt-quenching technique for the production of
bioactive glasses.

Prepared mixtures were put in platinum pots and kept at 1400°Cin a
muffle furnace (Protherm, TURKEY) for 1 h. The melted bioactive
glasses were cast into cold water. Solid and cold bioactive glasses
were ground and put again in platinum pots. Bioactive glasses were
kept again at 1450 °C in a muffle furnace for 2 h. At the end of 2 h, sam-
ples were cast again onto the counter and annealed at 550 °C for 24 h in
a furnace. Thus, bioactive glasses were obtained [39)].

24. Scaffold production

Scaffolds were manufactured by using bioactive glass powders with
polymer foam replica method [14]. Briefly, bioactive glasses were
ground. After that, PU sponges (1 cm x 1 cm x 1 cm) were immersed
in a slurry obtained by mixing 0.7 g powder (particle size; <90 pm)
and PVA binder. Burning and sintering process were performed at
600 °Cand 950 °C, respectively, at a heating rate of 2 °C/min. Finally, ob-
tained scaffolds were coated with gelatin using 2% (w/v) gelatin solution
obtained by mixing gelatin powder in distilled water at 37 °C for 1 h.
Scaffolds were immersed in gelatin solution and dried overnight in an
oven at 37 °C.

2.5. Characterization of produced scaffold samples

The presence of chemical functional groups in scaffolds, before and
after SBF immersion, was evaluated by FT-IR (Shimadzu) with an ATR
(attenuated total reflection) unit, in the range of 4000 cm™ !-
650 cm™ . Data were collected in transmittance mode.

In this study, porosity percentage was calculated by using the fol-

lowing equation (Eq. 1):
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where P% is total porosity (volume, %), W; and W, are the weights of the
scaffolds before and after coating with gelatin, respectively. V is the vol-
ume of the scaffolds, pgerarin is the density of gelatin (pgeratin =
1.2 g cm™3) and psoiiq is the theoretical density of 4555 Bioglass®
(Psotia = 2.78 g cm™>) [40,41].

Previously, structural characterization of different scaffolds was
studied using SEM image analysis. In this study, pore sizes were mea-
sured by SEM image analysis and determined according to F2450 and
F2883 ASTM Standards.

The morphology of scaffolds, before and after SBF immersion, was
analyzed with scanning electron microscope (SEM, Zeiss Evo® Ls 10)
images. Scaffolds were coated with gold prior to the SEM analysis by
using a Sputter Coater device (Emitech K 550X).

X-ray diffraction patterns of scaffolds were obtained by XRD device
(Rigaku Smartlab). Acceleration voltage and current used in the analysis
were 40 kV and 30 mA, respectively. 26 diffraction angle range was 2°-
100° with a step of 0.01° and a scanning rate of 0.5°/min.

Each scaffold was put in falcon tubes at 37 4 1 °C containing SBF pre-
pared by the method of Kokubo et al. [42]. For degradation and water
absorption studies, initial weight (W;) of all scaffolds were measured

Table 1

Compositions of prepared bioactive glass samples.
Prepared bioactive glasses Si0,, wt% Ca0, wt% Na,0, wt% P,0s, wt% SrO, wt%
Undoped commercial silica-based 45 24.5 24.5 6 0
Undoped RHA silica-based 45 24.5 24.5 6 0
4% Sr-doped commercial silica-based 45 20.5 24.5 6 4
4% Sr-doped RHA silica-based 45 20.5 24.5 6 4
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