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Abstract. Bioactive glasses which contain silica as a major element (45%-60%; wt%) are used commonly
due to its bioactivity and can be preferred in bone tissue engineering because of its behaviours in
simulated body fluid (SBF) and ease of forming hydroxyapatite which comprises of 70% of bone. At the
same time, alginate which is a natural biopolymer is an available choice from the perspective of
biocompatibility and bioactivity due to ease of chemical modification, functionality and positive effects
on stimulating and regenerating of bone tissue. In this study, Sr-doped rice hull ash (RHA) silica based
bioactive glass which was produced via melt-quenching technique and alginate composite scaffolds were
produced by using freeze-drying — lyophilization method. According to the bioactive (Hydroxyapatite
formation) and biodegradable behavior (up to 7 days, swelling; 15% and up to 28 days, weight loss; 38%)
analysis results, the composite scaffold in SBF show that these scaffolds can be a potential candidate for
bone tissue engineering applications.
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1. Introduction

Bones in the human body structure loss its functionality and undergo an
irreversible change due to aging and various diseases. New generation artificial bone
biomaterials are researched and improved in order to heal bone defects due to cracks,
fractures and ruptures with this intention (Langer & Vacanti, 1993). A new alternative
field, bone tissue engineering, serves as an approach to meet the needs of tedious bone
surgeon operations via implants (Chen et al., 2008; Place et al., 2009). The major
purpose of bone tissue engineering is turning back the diseased bone to its original
biological and mechanical functionality. For this reason, there are ongoing researches
about repair, regeneration and replace bone defects with bioactive scaffolds which are
resembled to native bone structure, adhered to the bone and activated the genes for bone
development. Bioactive scaffolds are engineered to biomimicry original bone structure
(Badylak et al., 2009; Mano et al., 2007). Bioactive glasses are an attractive area about
regeneration of bone tissue due to its biocompatibility, bioactivity, osteoconductivity
and bone reproductivity properties. Especially these bioactive glasses are used for
specific situations because of unavailability of bone implants to patients. Moreover,
bioactive glasses adhere easily to the bone tissue and promote the formation of bone
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tissue (Chen et al., 2006; Xynos et al., 2001; Boccaccini et al., 2007; Jones et al., 2007,
Hench, 2006). Another key point about bioactive glasses is ease of production methods
such as melt-quenching at high temperature and sol-gel process at low temperature
(Hench, 1997).

A recent specific approach to bone tissue engineering is doping bone cell
stimulant ions to the chemical composition of bioactive glasses. It has been known that
strontium accelerates the healing period of bone disorders and has antibacterial
characteristics. Therefore, strontium can be doped to bioactive glasses instead of
calcium ions due to its charge and ionic diameter and plays a significant biological role
in the bone repair and regeneration (Ortolani & Vai, 2006; Nielsen, 2004; Meunier et
al., 2004; Marie, 2005; Lao et al., 2008). Ongoing researches about skeletal muscle
tissue repair and regeneration have shown that growth factor delivery, cell
transplantation or cooperation of more techniques with alginate are potential candidates
for bone tissue engineering applications. Alginate scaffolds have positive effects on
bone repair and regeneration because of their functionality to be introduced into the
body in a minimally invasive manner, fill irregularly formed damages and the ease of
chemical modification with adhesion ligands and controlled release of tissue induction
factors (e.g., BMP, TGF-p) (Barralet et al., 2005; Florczyk et al., 2012; Lopiz-Morales
et al., 2010). The most common method to fabricate an alginate scaffold is freeze-
drying - lyophilization technique, because homogeneous and excellent porous (~95%)
scaffolds with highly anisotropic tubular structure and perfect interconnectivity within
the pores can be achieved via freeze-drying technique (Laurencin et al., 2002;
Hutmacher & Cool, 2007). Additionally, the pore size can be controlled depends on the
parameters such as phase separation temperature, solvent, polymer types and
concentration of the polymer solution. Furthermore, scaffolds attained from this method
generally demonstrate ordered tubular pores structures in the range of several hundred
microns (>100um) and isotropic pore connectivity of smaller pore size (~ 10 pum)
interconnected the large tubular pores diameters (Ma & Choi, 2001; Boccaccini &
Maquet, 2003). The biocomposites of alginate with bioactive glass ceramics are
extensively studied for bone repair due to increased mineralization and protein
adsorption properties of bioactive glass in alginate. Moreover, human periodontal
ligament fibroblast and osteosarcoma cells are viable, attached and proliferated
effectively on the alginate-bioactive glass composite scaffolds compared to the
reference alginate scaffolds (Srinivasan et al., 2012).

Rice hull ash, which is an agricultural waste, contains plenty of silica in its
content (about 60%). RHA is also cheap alternative source of amorphous silica. RHA
based silica commonly uses lots of studies because of these properties (Yucel et al.,
2013). Furthermore, RHA based silica contains different elements such as copper,
magnesium and iron that can play an important role in tissue healing (Ozarslan &
Yiicel, 2016). In this study, Sr-dopedRHA-silica based bioactive glasses were produced
via melt-quenching technique at the chemical composition of weight which is 50% SiO,
— 21% Na,O — 22% CaO — 4% P,0s — 3% SrO. Three different compositional alginates
(2%; sodium alginate/water : g/ml) — RHA-silica based bioactive glass composite
scaffolds which contain 1%, 2% and 3% w/v bioactive glasses, were fabricated utilizing
from freeze-drying — lyophilization technique. Produced Sr-doped RHA-silica based
bioactive glass composite scaffolds were tested with several characterization studies
such as Fourier-transform infrared spectroscopy (FT-IR), scanning electron
microscope(SEM), inductively coupled plasma-optical emission spectrometry (ICP-
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OES) analysis to investigate of its morphological and chemical properties changes and
to investigate bioactivity and biodegradability behaviour in simulated body fluid.

2. Materials and methods

2.1. Materials

Strontium oxide (SrO) and alginic acid sodium salt powder were purchased from
Sigma Aldrich. Calcium carbonate (CaCO3), sodium bicarbonate (NaHCO3), di-sodium
hydrogen phosphate dihydrate (Na,HPO42H,0) were supplied from Merck. For in vitro
bioactivity and biodegradability tests, simulated body fluid was prepared by the Kokubo
method (Kokubo & Takadama, 2006).

2.2. Production of RHA based silica (RS) from Sodium Silicate Solution

Sodium silicate solution (Na,SiO3) was obtained from rice hull ash according to
alkali extraction method (Yucel et al., 2013). Firstly, approximately 500 mL prepared
sodium silicate solution was poured into a plastic beaker. The solution was gelated at
pH 7 value with the help of 1 M hydrochloric acid (HCI). Obtained silica gel waited for
24 hours for the purpose of aging the gel. The gel was washed three times at each five
minutes via centrifuge. The wet silica gels in watch glass were placed into the incubator
at 80° C for 48 hours. The dried sample was groundbyagate mortar. Further, silica
powder was washed one more time to obtain well purified from sodium chloride salt or
another ions, particles, foreign agents. Straightaway washed silica powder weredried at
80° C for 24 hours. The silica powder was grained second time using a grinding device
(Retsch, PM 400) for 30 minutes at 200 rpm and then one hour at 250 rpm rotational
speed. Thus, rice hull ash silica powder was successfully obtained with desired particle
size (<50 um).

2.3. Production of Sr-doped RHA-silica based bioactive glass (Sr-RSBG)

Mixture of chemicals (RHA based silica-SrO-CaCO3-NaHCO3;-Na,HPO,4.2H,0)
were put together in a platinum pot. Then platinum pot was put in the muffle furnace
(Protherm Furnaces) for 1 hour at 1400°C. Immediately, the melted mixture was cast
into the cold water bath. After, bioactive glasses were ground roughly in order to
enhance homogenization. Subsequently, dry bioactive glass particles were put in a
platinum pot and they were maintained at muffle furnace for 2 hours at 1450°C in order
to strengthen the bioactive glass effectively. At the end of 2 h, samples were cast again
onto the counter and annealed at 550 °C for 24 h in a furnace. Finally, in order to get
suitable particles for the scaffold production, the bioactive glasses were ground by using
graining device (Retsch, PM 400). The bioactive glasses were placed into the agate cells
and they were kept in device for 30 minutes at 200 rpm and 1 hour at 250 rpm to obtain
the desired particle size which is under 50 um. The bioactive glasses were acquired for
the following procedure.

2.4. Fabrication of composite scaffolds

The scaffolds were produced via freeze-drying method. In the first instance, 1 g
Na-Alginate powder was dissolved in 50 ml distilled water by stirring at room
temperature for 2 hours to obtain a homogenous 2% wi/v of alginate stock solution. At
the end of 2 hours, 10 ml 2% w/v of alginate stock solution were mixed with bioactive
glasses 1%, 2% and 3% wi/v; g/mL, in beaker respectively. Correspondingly, 0.1g, 0.29
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and 0.3g bioactive glass powders were put in beakers which involves alginate solution
and stirred for 2 hours. Subsequently, approximately 200 pm of the bioactive glass
powder - alginate mixture was transferred into each of the well of a 96 well-plate. They
were incubated at -20°C for 4 days in order to make pre-freezing. Finally, they were
freeze-dried by using a lyophilizator at -80°C for 2 days. Thus, bioactive glass-alginate
composite scaffolds were successfully obtained. Composition and abbreviation of
scaffolds were given in Table 1.

Table 1. Composition and abbreviation of scaffolds

Alginate Bioactive Water content
(wiv %) glass/Alginate solution (ml)
(wiv %)
Sr-RSBGAS™-1 2 1 100
Sr-RSBGAS™-2 2 2 100
Sr-RSBGAS™-3 2 3 100

“Sr-RSBGAS: Sr-doped RHA-silica based bioactive glass/alginate composite scaffold

2.5. Investigation of in vitro SBF behavior for composite scaffold

In vitro SBF studies were applied for each scaffold in SBF. The scaffolds were
soaked in 24.5 mL of SBF for 7, 14, 21 and 28 days, stored and dried in an incubator at
a specified temperature at 37 + 1°C, which was the closest value to the body
temperature.

The scaffolds were immersed in newly prepared SBF in every seven days. RHA
based silica, RHA-silica based bioactive glass and composite scaffolds (the presence of
chemical functional groups in scaffolds, before and after simulated body fluid -SBF-
immersion) were characterized using FT-IR (Shimadzu) in attenuated total reflection
(ATR) mode using an ATR cell with a diamond reflection element, between the range
of 4000 cm™ and 650 cm™. Scaffolds were mounted directly onto the surface of ATR
crystal. These data were gathered up in transmittance mode.

The morphology of scaffolds was investigated with scanning electron microscope
(SEM, Zeiss Evo®Ls 10) before and after the scaffolds were soaked in SBF. Structural
characterization was determined and interpreted via SEM images. Scaffolds were
covered with gold via a Sputter Coater device (Emitech K 550X) and images were
obtained for the analysis.

Si, Ca, Na, P and Sr ion changes of stored SBF samples in 28 days period were
determined by using an inductively coupled plasma optical emission spectrometry (ICP-
OES, Shimadzu Icpe-9000) at 27.12 MHz frequency and 167 nm to 800 nm wavelength
range.

Swelling studies were carried out by using SBF for scaffolds. They were
immersed in SBF at 37°C for 4 and 7 days. Swelling ratio was measured utilizing from
the equation;

Swelling Ratio= [(Ww—wWa) /W] 1)
where w,, and wy are wet and dry weight of the scaffolds, respectively.
In vitro degradation studies were performed by using SBF. 3 different compositional
scaffolds were immersed in SBF for 7, 14, 21 and 28 days and they were dried at 37°C.
Their wet and dry weights were recorded before and end of these days and degradation
rate, also known as rate of weight loss, were calculated with the following equation;
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(rateofweightloss %)= [(wi— w) /wi]x100 2

where w; and w; represent initial and terminal (dry) weights of scaffolds for every 7
days, respectively.

3. Results and discussion

3.1. FT-IR Analysis

The comparative FT-IR spectra of RHA based silica and Sr-doped RHA-silica
based bioactive glass were given in Figure 1(A). FT-IR analysis of RS demonstrates
that the dense peak of Si — O bends between the range of 1000 — 1100 cm™ and O — H
bends around 3500 cm™ due to the water content in silica. In addition, FT-IR
characterization of Sr-RSBG shows that the large peak of Si — O — Si bends around 900
cm™, Si — O bends around 1100 cm™ and O — H bonds between the range of 3200cm™
and 3600 cm™ due to water absorption capacity (Stuart, 2004). Fig. 1(B) shows the FT-
IR spectra of all scaffold in comparison to bioactive glass and alginate structure before
immersed in SBF. FT-IR analyses prove that the presence of bioactive glass and
alginate in bioactive glass composite scaffold. Si — O bends between the range of 1000
— 1100 cm™ and Si — O — Si bends around 900 cm™ resembles the peaks of bioactive
glass hence proves it. Furthermore, dense O — H peaks between the range of 3200 cm’
'and 3600 cm™ due to water absorption capacity, C — O bonds between the range of
1400cm™ and 1600 cm™ and around 1000 cm™ demonstrate that the resemblance of
alginate structure and bioactive glass composite scaffold, therefore, prove the presence
of alginate in this bioactive glass composite scaffold (Stuart, 2004).
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Figure 1. FT-IR graphs comparison; (A): RS and Sr-RSBG samples,
(B): Alginate, RSBG and all scaffolds samples

In Fig. 2, the difference between composite scaffolds is shown before and after
immersing in SBF. Large peaks of O — H between the range of 3200 cm™ and 3600 cm™
and C — O bonds between the range of 1400 cm™ and 1600 cm™ resemble due to the
structural components but increasing P — O peaks between the range of 650 cm™ and
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1140 cm™ and decreasing Si — O bends between the range of 1000 — 1100 cm™ and Si —
O — Si bends around 900 cm™ demonstrates that the formation of hydroxyapatite (HA)
layer (Stuart, 2004; Yucel et al., 2013; Ozarslan & Yiicel, 2016). At the same time, FT-
IR analysis of 3 composite scaffolds before and 7 days immersed in SBF proves the
difference between these scaffolds and formation of new chemical structures. High density
of P — O peaks between the range of 650cm™and 1140 cm™and low density of Si — O bends
between the range of 1000 — 1100 cm™and Si — O — Si bends around 900 cm™show the
difference between before and after immersing in SBF. P — O vibration due to the presence
of a crystalline calcium phosphate apatite has not seen clearly in Sr-RSBGAS-1 because of
less bioactive glass compared to Sr-RSBGAS-2 and Sr-RSBGAS-3. Also O — H bonds
between the range of 3200cm™and 3600 cm ™ demonstrate perfect water absorption capacity
(Stuart, 2004; Yucel et al., 2013; Ozarslan & Yucel, 2016).
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3.2. SEM Analysis

SEM images illustrate the 3 different bioactive glass composite scaffolds before
and after immersing in SBF. All SEM images demonstrate dense porous structures of
scaffolds effectively due to freeze-drying method. The diameter of the pores is larger in
Sr-RSBGAS-3 (Fig. 3(E)) as compared to Sr-RSBGAS-1(Fig. 3(A)) and Sr-RSBGAS-
2. The average pore diameter is 53, 80 and 90 um for Sr-RSBGAS-1, Sr-RSBGAS-
2andSr-RSBGAS-3, respectively. A pore diameter of 90 um may be acceptable for bone
regeneration because optimum pore size of 100 — 350 um is considered to be available
for bone tissue engineering applications (Karageorgiou & Kaplan, 2005). Moreover,
porous structure continues within a synthetic matrix. This is a key point for the nutrition
transport, angiogenesis, cell migration and proliferation (Mooney et al., 1996). The
pores are well inter-connected as seen from the images (Fig. 3). A huge surface area
supports cell attachment, connectivity and growth and great pore size. These features
are necessary for accommodate and subsequently transport nutrition for cells in order to
repair the damaged tissue at the same time (Srinivasan et al., 2012). Therefore, pore size
and interconnectivity should be controlled and tuned carefully for bone
regeneration.The surface morphology of the different compositional bioactive glass
composite scaffolds which (Fig. 3(B)) indicates Sr-RSBGAS-1, (Fig. 3(D)) indicates Sr-
RSBGAS-2 and (Fig. 3(F)) indicates Sr-RSBGAS-3, shows the typical characteristics of
apatite precipitation on the surfaces after immersion in SBF. Usually, apatite
precipitation initiates with the formation of individual granules, which then gradually
grow to form a dense layer on the surface of the sample. HA layer covered all over the
surface of the bioactive glass composite scaffolds with increasing in immersion time
from 7 days to 28 days (Naik et al., 2016). Accumulation of an HA-rich layer on the
surface of the scaffolds is fundamental for the cell and extracellular matrix in order to
make direct bonding of the scaffolds in bone tissue engineering applications (Srinivasan
et al., 2012). Furthermore, HA formation is significant for attachment to the native bone
structure. However, there is a difference between the scaffolds due to ratio of bioactive
glass in the scaffolds. As seen from the Fig. 3, the apatite formation increases gradually
from Sr-RSBGAS-1 to Sr-RSBGAS-3. This result proves that increasing ratio of
bioactive glass influence positively to formation and accumulation of HA layer. In Fig.
3(B). HA formation changes part by part of the scaffold,however, in the same Fig. 3(F),
apatite formation is observed effectively due to high bioactive glass ratio compared to
1% composite scaffold. Additionally, there are some factors that affect the growth rate
of the apatite layer such as temperature and ion concentration (Yucel et al., 2013).
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Figure 3. Composite scaffolds SEM images, before and after 28 day immersion in SBF, respectively;
(A-B): Sr-RSBGAS-1, (C-D): Sr-RSBGAS-2, (E-F): Sr-RSBGAS-3

3.3. ICP-OES Analysis

To investigate the bioactivity and biodegradability properties due to ion release,
the ions (Si, Ca, Na, P and Sr) changing values between composite scaffolds and SBF
for 28 days were determined by ICP-OES analysis and the results were shown in Fig. 4.
According to ICP-OES results, all scaffolds release rapidly ions into SBF throughout 14
days. The rapid release from scaffolds is related to the biodegradation of
scaffolds.Furthermore, Strontium is also a factor of rapid dissolution. Especially, the
slow increase of ion release (Ca and P) between the 14th and 21st days indicates that the
HA formation takes place at a faster rate. A nearly constant release of Ca and P ions
between the 14th and 21st days is related Ca-P precipitation (HA formation step) on
scaffolds surface.

3.4. Invitro swelling and degradation studies of scaffolds

Swelling and degradation changes of immersed scaffolds in SBF were given in
Fig. 5. The swelling ratios of scaffolds almost close to the values of the literature except
for Sr-RSBGAS-1 (Naik et al., 2016). Sr-RSBGAS-1 has a higher ratio of alginate,
therefore, it has not strong, cross-linked bonds inside so may be dissolved and the
swelling ratio will be higher than other composite scaffolds. In vitro degradation studies
was performed in SBF for 7, 14, 21 and 28 days at 37+1°C. The degradation rate is
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calculated from initial and terminal weights of the scaffolds before and after soaking in
SBF in comparison to different periods. The degradation rate of the scaffolds is similar
to another observation (Naik et al., 2016). The degradation rate is significant from
biodegradation and matching the rate of tissue regeneration (Srinivasan et al., 2012).
The results illustrate that the scaffolds are biodegradable for the perspective of tissue
engineering.

100 170
€ B
80
8 S 150
c 60 =
S S 130
w 40 -05
= S 110
§ 20 qs:)
S 0 £ 90
2 0 7 14 21 28 ° 0 7 14 21 28
o . .
- Time (Day) 2 Time (Day)
< 8
—@— Sr-RSBGAS-1 —@— Sr-RSBGAS-2 —@— Sr-RSBGAS-1 —@— Sr-RSBGAS-2
Sr-RSBGAS-3 Sr-RSBGAS-3
(A) (B)
3380 __ 50
€ 3360 £ as
£ 3340 =
C c
S 3320 S 40
- -
£ 3300 g -
§ 3280 §
§ 3260 § 30
= 0 7 14 21 28 = 0 7 14 21 28
s Time (Day) o Time (Day)
P
—@— Sr-RSBGAS-1 —@— Sr-RSBGAS-2 —8—Sr-RSBGAS-1 —@— Sr-RSBGAS-2
Sr-RSBGAS-3 Sr-RSBGAS-3
© (D)
8
s
Q.
— 4
o —0——0
s 2
&
20
§ 0 7 14 21 28
S Time (Day)
c
S
& —@— Sr-RSBGAS-1 —@— Sr-RSBGAS-2
Sr-RSBGAS-3
(E)

Figure 4. lon changes of immersed composite scaffolds in SBF for 28 days; (A): Si ion changes, (B):Ca
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Figure 5. Swelling ratio (%) graph (A) and degradation (%) graph (B) of scaffolds after SBF soaking for
various time periods; A:swelling ratio (%) — time (days; 4, 7) graph of scaffolds, B: degradation (%) —
time (day; 7,14,21,28) graph of scaffolds

4.  Conclusion

Sr-doped RHA-silica based bioactive glass — alginate composite scaffolds were
proved to have suitable properties to facilitate bone regeneration by an understanding of
SBF studies and its behavior inside SBF. Also, the three different compositional
scaffolds which are, Sr-RSBGAS-1, Sr-RSBGAS-2 and Sr-RSBGAS-3 had a pore
diameter of about 53, 80 and 90 um, respectively with exhibited controlled porosity
with freeze-drying technique and swelling ability, limited degradation and enhanced
biomineralization.
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