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H I G H L I G H T S   A B S T R A C T  
• The maximum compressive strength of the 

bioglass scaffold was found to be about 
5.6MPa. 

• The prepared scaffold of bioglass has open 
porosity and interconnection ranging from 
about 75 to 78 %. 

• The glass scaffolds can be considered 
promising for bone defects and replacement 
applications. 

 Bioglass offers a variety of uses for tissue engineering due to its good 
biocompatibility and chemical composition, similar to a mineral portion of the 
body. The synthesis of bioglass 13-93 scaffold was achieved by salt leaching 
technique, and potassium chloride (KCl) was used as porogen with particle sizes 
of (200-250) μm. Then, sintering to 750 ◦C for around 1 hour was 
performed. The resultant materials were examined by Fourier transform infrared 
spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron 
microscopy (SEM). They were immersed in a solution of simulated body 
fluids (SBF) for 7 and 14 days, respectively. Initially, calcium phosphate was 
created. After 7 and 14 days, the surface comprised of developed crystalline 
apatite. The bioactivity of scaffolds that were created and examined. The 
FTIR, SEM, and XRD experiments were done before and after immersion of the 
sample in SBF. The results showed that the scaffolds contained open and 
interconnected pores with porosities ranging between (75-78%). The maximum 
value of compressive strength of the prepared scaffold was about 5.6MPa. Based 
on the obtained results, the glass scaffolds can be considered promising for bone 
defects and replacement applications. 
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 Introduction 1.
Osteoinductive and osteoconductive filler components can repair constrained bone defects [1, 2]. Although no optimal 

biological answer currently exists for reconstituting architectural bone loss, including segmental defects within limbs. For the 
past several decades, several treatments have been employed to repair significant bone defects, like bone autografts, allografts, 
bone cement, and porous metals. Despite their benefits, however, several of these treatments have drawbacks such as 
availability, donor site morbidity, longevity, costs, and in-comfortable host bone healing. Thus, biocompatible implants are 
required to perform many functions that living bone does, such as morphology, strength, bioactivity, load-bearing capabilities, 
and porosity [3, 4]. 

A ceramic - scaffold is a significant component of tissue engineering in bone regeneration because it acts as a framework 
enabling cell interactions and the production of bone matrix components. The scaffolds act as osteoconductive moieties and 
promoters for creating a new center of bone formation. New bone is deposited as a creeping substitution of surrounding bone, 
and osteogenesis is the secondary mechanism by which new bone is generated [5, 6]. Bone regeneration scaffolds must meet 
and possess particular criteria and characteristics, such as the mechanical characteristics of the regenerative bone site, 
biocompatibility, biodegradability, and porosity [7, 8]. 

 In vivo, polycaprolactone, poly (glycolic acid), collagen, and poly (lactic acid) scaffolds degrade and are replaced by a 
new bone matrix generated by tissue-forming cells [9, 10]. The materials' structural usage in bone healing has been difficult 
due to their low strength [11]. Because they are made of similar ions as a mineral component of bone, calcium phosphate 
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bioceramic like beta-tricalcium phosphate (β - TCP), bi-phasic calcium phosphate (BCP), and hydroxyapatite (HA) are 
practical bone repair materials. β -T C P scaffolds have become too weak to withstand the amount of physiologic loading, 
while synthesized HA degrades too slowly to allow osseous healing [12, 13]. 

 Studies have focused mostly on glass compositions, including silicate 13-93 and 45S5 scaffold architectures with lower 
strength, such as human trabecular bone with compressive strengths ranging between (2-12) MPa [14–16]. These recent 
investigations have revealed that silicate 13-93 glass scaffolds manufactured using the salt leaching technique and a process 
that uses the solid freeform method have comparable compressive strengths to human cortical bones and an interconnected 
porous structure which is believed to aid bone infiltration [17- 19]. Strong porous bioglass scaffolds can potentially be 
beneficial implants in bone repair that have been loaded [20]. To increase the strength of the glass-ceramic scaffolds and glass 
sintering particles compressed with such freezing unidirectional, a pore-forming phase and salt leaching methods were 
employed [21,22]. Although it was possible to adjust the pore size and interconnectivity of a pore, it was challenging to 
manage the scaffold's responsibility to supply bone infiltration accurately. 

There have been many previous studies that have evaluated the mechanical characteristics of the bioglass scaffolds in 
compression. Still, most have concentrated on creating or immersing in the simulated body fluids (SBF), a previously 
fabricated bioglass scaffold, to evaluate its elastic modulus and strength [23, 24].  Additional loading is added when loading, 
such as when long bones carry additional weight. Consequently, a complete study of the mechanical response of bioglass 
scaffolds for bone healing is required. The properties of the bioactive glass alter as it changes to hydroxyapatite (HA). Also 
extremely essential to the design for bioglass scaffolds in loaded bone regeneration are in vitro or in vivo 
environments for time-dependent mechanical responses [25, 26].   

This research's objective was to manufacture porous scaffolds made from the bioglass 13-93 that had interconnected pores 
using the salt leaching technique. These scaffolds, which possessed the structure like human trabeculae bones, were utilized to 
evaluate the viability of bioglass as a suitable type for bone regeneration. 

 Experimental Work 2.

2.1 Scaffold Production 
The salt leaching technique was used to produce the bioglass 13-93 scaffold as follows: 

 To ensure complete dissolution, polyethylene glycol (PEG) is mixed with ethanol and then heated and stirred. 1)
 To decrease overall glass powder dispersing, the sieved bioglass 13-93 powder is continually mixed. 2)
 A proper amount of salts are added to the solution. Then, the solution is mixed for approximately 10–15 minutes. 3)
 Inside the Petri dish, material dispersion is moved around, covered, and protected by aluminum sheets. 4)
 An ethanol solvent was totally eliminated (approximately 1 day) through natural evaporation. 5)
 Once the sample has been immersed in distilled water for about seven days, the salt is completely dissolved. After 6)

that, water is refreshed every day to ensure the total dissolving of the salt. 

2.2 Method to Generate Simulated Body Fluid (SBF)  
To examine the degradation and bioactivity of the scaffolds, the S B F was exposed to static conditions. Reagent-grade 

compounds (NaHCO3, NaCl, K2HPO4•3H2O, MgCl2•6H2O, KCl, Na2SO4, and CaCl2) were dissolved in water and buffered to 
a p H of 7.40 using tris (hydroxymethyl) amino - methane (CH2OH)3 CNH2 and 1.0 M hydrochloric acid. For the conversion 
tests, 1 gram of powder in 100 ml and 1000 ml to SBF ratios were used. Glasses were placed in the polyethylene container 
with SBF solution and then maintained in a mixture incubated at 37°C for various amounts without being shaken. Before 
analysis, SBF powder was removed from de-ionized water and dried at around 60°C. A resistivity of around 18 MΩ-cm is 
employed during the testing [27]. Table 1 shows the solution of human blood plasma approximately the same as the ions 
concentration of SBF medium. As published previously, the HA-like layer was studied using XRD, SEM, and FTIR.  

Table 1: The difference between human blood plasma and the solution of SBF [27]. 

 Concentration (mol/dm3) 

 

Ion 

 

Simulated body fluid (SBF)  

 

Human blood plasma  

Na+  142.0  142.0  

K+  5.0  5.0  

Mg2+  1.5  1.5  

Ca2+  2.5  2.5  

Cl-  147.8  103.0  

HCO3-  4.2  27.0  

HPO4
2-  1.0  1.0  

SO4
2-  0.5  0.5  
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 Characterizations  3.

3.1 X-Ray Diffraction (XRD) 
XRD analysis was used to analyze the various phases of the starting powders and a sintered scaffold. Inspecting was done 

at a rate of 5 °/min across a two-fold increased range of 10 ° -  90 ° using the X-ray and a Cu – Ka radiation. It was determined 
that the JCPDS reference diffraction database could be used to identify the information. 

3.2 Porosity Measurement 
The pore-to-volume ratio within scaffolds, frequently called porosity, was estimated from the total volume of materials, 

including solid and non-solid pores, to a total non-solid volume. The scaffold's porosity was calculated from scaffold density 
and using the equations (1) [28]. 

P= 1-   m
ρpolymer .  v

   (1) 

Where m the scaffold mass, P the scaffold porosity, 𝛒𝛒 density of a polymer, and a scaffold volume are required. 

3.3 Spectroscopy Analysis 
The bioglass powder specimens were tested using a Bomem M B 100 analyzer and FTIR (Material Engineering/ Babylon 

University). In the case of IR examination, a 1 mg sample of a powder was mixed with 300 mg of KBr (infrared grade) and 
then placed on a pallet under vacuum to form a sample. Then the samples were scanned at a scan speed of 23 scans per minute 
while being exposed to light at a wavelength of 400–4000 cm−1.  

3.4 Microstructural Analysis 
Ion sputter (E-1010, U K, Iran Polymer & Petrochemical Institute / Iran) was used to cover the scaffolds with gold before 

and after they were immersed in SBF. Dried scaffolds were first coated using gold before imaging with an SEM.  Then, the 
voltage was raised to 12 kV to acquire the images. 

3.5 Mechanical properties 
To test these scaffolds in compression, the as-fabricated scaffold was put through the Instron test machine (Model 

5881, Norwood, M A, U S A). A scaffold's compressive strength was evaluated when the crosshead moved at 0.5 mm/min and 
applied a 10 KN load. To evaluate the overall deformation, the crosshead was used to measure the motion of the sample.  The 
contact area of the scaffold was ground with a surface grinder before the test (Chevalier Machinery I n c, Santa Fe 
Spring, USA). 

 Results and Discussion 4.
The following measurements were taken to evaluate the porosity of bioglass 13-93 scaffolds utilizing Equation (1). In a 

highly porous bioglass 13-93 scaffold with open porosity and interconnected ranging from about 75 to 78 %.  Better tissue 
growth and cell proliferation resulted from these studies, so an ideal was obtained. This is a notable success, supporting the 
theory that the bioglass 13-93 scaffolds have the potential to be suitable for bone tissue regeneration which falls within a range 
for human trabecular bones [8]. 

In Figure 1, it is strongly advised that the scaffolds be prepared before immersing in SBF as the previous scaffolds already 
possess a porous, uneven, somewhat rounded macro pores structure with a network of interconnected pores. Pores could be as 
large as 100 microns in diameter. Due to the applied porogen of the potassium chloride (KCl), the pore is produced in the 
salt leaching process. Therefore, the porosities and pore size of the scaffold created by the salt leaching procedure are 
controlled by particle size fixing and the amount of porogen used. The SEM photos showed bioglass 13-93 as a scaffold after 
being sintered at 750 ºC for one hour. The specimen described a non-uniform surface and interconnected pore, suggesting the 
occurrence of the dissociation mechanism and water penetration [29]. 

SEM pictures show that the broken portion of scaffolds following soaking into SBF for 7 days and 14 days produce 
contrasting images, as shown in Figure 2. The bioglass 13-93 surface structure changed due to the chemical reactions between 
a scaffold and the physiological fluid at the interface.  After 7 days of immersing the bioglass in the SBF solution, the surface 
was entirely covered by homogeneous, visible, and small particles, as shown in Figure 2 (a and b). As the soaking period 
increased, the amount of developed apatite increased. A full layer of apatite covers a scaffold's whole pores during 14 days 
of incubation Figure 2b, c. According to many pieces of research, the mechanism for apatite generation in SBF was established 
by [30- 32].  This discovery was recently made public when it was stated that the production of apatite upon synthetic 
materials is prompted by functional compounds, which could show negative charges and then lead to amorphous calcium 
phosphate forming due to the resulting functional groups [33]. 
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 SEM showing pores of the bioglass 13-93 scaffolds before immersion in SBF Figure 1:

  

  
 SEM photos of scaffolds after soaking in SBF for 7 days (a and b) and after 14 days (c &d) with    Figure 2:
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Before and after immersion in SBF, a chemical analysis of bioglass 13-93 scaffolds are demonstrated in Figure 3 a, b, and 
c. When examined with an EDX analysis, bioglass 13-93 scaffold samples before immersion in S B F solution reveal the 
presence of four elements (Ca, O, Si, and P), as shown in (Figure 3a). In (Figure 3b, c), after immersion in SBF solution, the 
EDX test displayed that phosphorus and Calcium are the main constituents of a newly created layer. In addition, amorphous 
silica gels, formed during the apatite production process, were also found on a surface. Apatite formation begins with the 
interchange of calcium ions from the surface and solution, followed by the formation of silanol particles on the surface. This 
process is followed by the polymerization of silanol particles to generate amorphous silica gels. Finally, calcium and phosphate 
ions are transported to the surface, and apatite is formed.  After 7 and 14 days of immersion in SBF, elemental analysis of a 
surface-displayed that the Ca / P ratio was approximately 1.65, similar to a 1.67 hydroxyapatite value. To confirm that a fluid 
circulation proved adequate to produce HA precipitation inside the 3D structure, HA crystals were detected in both the 
scaffold's pores and on the scaffold's surface. It is most likely that the existence of Si and Na is due to the glass on the 
underside of the particles. This is expected as X-ray has a large penetration [34]. 

The XRD graphs of a bioglass 13-93 scaffolds before and after immersion in SBF solutions for various time durations are 
shown in Figures 4 a, b, and c. Before immersing, the sample was glassy, exhibiting amorphous features Figure 4a. However, 
after immersing the bioglass scaffold in SBF over 7 days (Figure 4b), the HA phase was generated as evidenced by the 
development of 2 separate HA peaks around 26° (022), 28° (210), and 36° (211). In addition, other less visible peaks were 
found at 40° (310), 51° (213), and 63° (004). This proved the synthesized bioglass's biological activity. When the immersion 
duration was increased, the peak of the HA phase became sharper. This is attributed to the additional transformation of 
bioglass to HA Figure 4c [35].  

  

 
 EDX analyses of bioglass 13-93 before (a) and after immersion in the SBF for (b) 7 and (c) 14 days. Figure 3:

 
 
 
 
 

 
 
 
 
 
 

a b 
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 XRD spectrum of bioglass 13-93 scaffold before (a) and after soaking in the SBF for (b) 7 and (c) 14 days. Figure 4:
 

The FTIR spectra of the material before soaking in SBF for various periods are shown in Figure 5. The FTIR spectrum 
taken before soaking in SBF revealed the Si–O–Si stretch and bend bands. A vibration mode of an asymmetric stretch with Si–
O–Si is visible around 1080 cm−1, while a symmetric stretch with Si–O is visible around 449 cm−1. The production of HA upon 
the surfaces of a specimen was noticed within the FTIR spectrum after being soaked in SBF at different times in SBF solution 
Figure  6. The development of two bands at 603 and 561 cm-1 was attributed to PO4 bending vibrations, and a strong band 
around 1035 cm-1 was produced by PO4 symmetrical stretching vibrations. Developing the HA layer weakened and eliminated 
the bands that were believed to be associated with Si–O–Si vibrational modes from bioglass [36].  

Manufactured bioglass scaffolds were tested under compression to assess their stress/displacement response, as 
demonstrated above Figure 7. This stress is engineering stress calculated from the scaffold's initial cross-section area. 
Progressive cracking or compaction of a solid network of scaffolds could be responsible for the peaks and valleys in 
mechanical response [37]. Therefore, compressive strength for a scaffold was used as the high-value stress vs. displacement 
response. The results of this test suggest that the bioglass scaffold's highest mean compression strength has a value of 5.6 MPa, 
as demonstrated in the image below.  

 

 

 

 FTIR spectrum of the bioglass 13-93 scaffold. Figure 5:
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 FTIR spectrum of the bioglass 13-93 scaffold after immersion in SBF (a) 7, and (b) 14 days Figure 6:

 
 

 
 
 

 Compression stress vs. deformation for bioglass 13-93 scaffolds. Figure 7:

 Conclusion 5.
The experiment produced porous bioglass scaffolds with rapid degradation and biological activity. The salt leaching 

technique successfully produced the bioglass13–93 scaffold. An efficient technique for making bioglass used 13–93 glass 
precursors combined with PEG. After the heat - treatment at 750 °C for one hour, the scaffold stayed amorphous. The XRD 
test results indicate that all nitrates were stripped away at 750 °C. A fabricated glass scaffold product that 
contained bioglass 13–93 components has very good bioactivity in SBF. After 7 days and 14 days in S B F, the crystalline 
(Ca–P) layer formed, as shown by a divided P – O bending vibrational band at 500 to 600 cm-1, which was validated by 
SEM, FTIR, and XRD investigations, confirming bioactivity of material necessary for uses in bone regeneration. 
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