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A B S T R A C T   

A novel borate-based 45S5 Bioglass® has been formulated and synthesized using the melt-quenching method. 
The in vitro assessment was performed to determine the bioactivity of the glasses using phosphate buffer saline 
(PBS) as an immersion solution. The pH measurement is performed using a pH meter, while ion dissolution is 
quantified using Inductively coupled plasma atomic emission spectrometer (ICP-OES). The immersion of borate- 
containing glass exhibits pH closes to human body fluid (≈7.40). The (Ca/P) atomic ratio was calculated and its 
value increased (1.7–4.0) along with borate contents, indicating improved bioactivity. The alteration of glass 
structure after the in vitro test is inspected using attenuated total reflectance sensor–Fourier transform infrared 
spectrophotometer (ATR-FTIR) and Raman spectrometer. The 45S5 Bioglass that comprised 40–80% of borate 
showed the appearance of HPO2−

4 a vibration band which specifies the growth of hydroxyapatite (HPA) after the 
in vitro test. Relative to 45S5 Bioglass®, glass labeled 0.4B2O3 displayed the highest potential of HPA growth 
(248%), while dissolving BO3 and BO4 units at 57.36 and 8.48%, respectively. The new formulation technique 
offers an alternative path to control the degradation behavior of 45S5 Bioglass® glass by modifying the ratio of 
borate constituent. The prepared glass may find its potential in soft-bone tissue engineering applications.   

1. Introduction 

Over a half-decade, borate/borosilicate based bioglasses (BGs) has 
attracted many researchers for soft tissue engineering application due to 
their modifiable degradation properties that are valuable for biological- 
related work [1–10]. Typically BGs support the proliferation and dif-
ferentiation of bone cells due to their ability to form strong bonds be-
tween hard and soft tissue; in this case, refer to bones and muscle, 
respectively [7]. The term ‘bioglass’ is owned for its chemical interac-
tion with a solution that mimics human blood plasma which subse-
quently led to the formation of hydroxyl-carbonate apatite (HCA) 
layer—close to bone minerals. In short, HCA is a succeeding product of 
amorphous calcium phosphate (CaP) layers that crystallize on top of the 
glass surface. Typically CaP formation takes place after the degradation 
of cation modifier and hydrolysis of Si–O–Si bonds [11]. Among 
silica-based bioglass, 45S5 with composition 45SiO2-24.5Na2O-24.5-
CaO-6P2O5 (mol%) is the most studied glass, known as the first gener-
ation of bioglass, synthesis by Professor Larry Hench in 1969 [12]. Since 
the discovery, different kinds of glass modifiers were substituted and 

incorporated into the chemical composition to tailor their properties 
according to the clinical demands, such as better chemical resistance, 
high mechanical strength and additional biological or therapeutic 
functions [13–15]. Now BGs has progressed to the third generation and 
is expected to stimulate particular responses in cells at the molecular 
level [16,17]. 

It is worth mentioning that the 45S5 BGs doped with B2O3 are po-
tential as third-generation bioactive material. Inclusion of B2O3 may 
provide a wider glass-forming range, as mentioned controllable degra-
dation rates [7], preventing devitrification [17] and can transform into 
porous three-dimensional scaffolds for tissue engineering [10]. It may 
assist angiogenesis and osteogenesis in vivo [17]. Calcium (Ca) and 
boron (B) ions coupling increase bone growth to heal wounds. Boron ion 
has a great catalytic effect in BGs and is non-toxic at small amounts 
when included below 50 ppm [18]. Usually, B2O3 appeared in four- or 
three-fold coordinated in BGs. Previous work reports that a low con-
centration of B2O3 inside BGs will form as [BO4] structural units 
meanwhile its high concentration exists as [BO3] units inside the glass. 
The presence of [BO3] structural units within the glass is said to lead to 
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more linkages crossing between Si/P and B [7]. These linkages could 
alter the glass dissolution rate in a function of doping concentrations [7]. 
Thus, accessing the dynamic environment and degradation of 45S5 BGs 
at different B2O3 ratios could provide an additional understanding of 
compositional and structure relations in designing functional BGs. 

Research in the past has focused on replacing SiO2 as a backbone of 
45S5 BGs with B2O3 or other modifiers, to cite a few [19–24]. Yet, a 
systematic study associated with the gradual replacement of overall 
45S5 BGs constituent (SiO2, Na2O, CaO and 6P2O5) with B2O3 has not 
been further explored. The dissolution properties of these glasses have 
not been completely understood, especially when immersed in 
human-like plasma; phosphate buffer saline (PBS). The dissolution of 
BO3/BO4 units responsible for formation of HPA has not been discussed. 
The composition− structure− dissolubility relationships of BGs has not 
been fully understood. Present glass examines the effect of substituting 
constituents of 45S5 BGs with B2O3 in terms of their bioactivity and 
structural properties. The samples prepared may be potential as cus-
tomizable BGs for soft-tissue application. 

2. Materials and methods 

2.1. Samples preparation 

The standard 45S5 Bioglass® (45S5 BGs) composition was modified 
by incorporating B2O3 proportionately into the formula [25]. The 
alteration of 45S5 BGs to borate (B2O3) ratio follow the composition: 
(1-α) [0.45SiO2-0.245Na2O-0.245CaO-0.06P2O5]+αB2O3 where α is 
0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 in molar fraction. The glass formulation is 
summarized in Table 1. For each 15 g batch, high purity ≈99.9 of SiO2, 
H3BO3, P2O5, CaCO3 and Na2CO3 reagents from Sigma-Aldrich is placed 
into an alumina crucible and mixed thoroughly. All the raw constituent 
are in powder form and the code provided by Sigma-Aldrich for each 
constituent are as follows: SiO2 (381276-99.9% purity), Na2CO3 

(S2127-99.9% purity), CaCO3 (239216-99.9% purity), B2O3 
(289310-99.99% purity), P2O5 (214701-99.0% purity). The details 
about the reagents can be accessed via the codes provided by 
Sigma-Aldrich on their official website. The hygroscopic constituents 
such as P2O5 is placed last into the crucible to minimize any possible 
water contaminations. The mixture in the alumina crucible is heated at 
10 ◦C/min from the room temperature to 1300 ◦C and held at melting 
temperature for 1 h. Subsequently, the melt is quenched by pouring it 
onto stainless steel at room temperature. The solidified glass is then kept 
inside a closed container to avoid unnecessary moisture attacks. Fig. 1 
shows the photograph of as-prepared glasses. Note that glass viscosity, 
fragility, crystallization degree and forming ability largely depend on 
glass composition and the temperature at which these constituents are 
melted [26–28]. The change in viscosity may causes irregular shape of 
as-prepared glass once it is poured into stainless steel, especially some 
melt is left as residue inside the alumina crucible. 

2.2. Characterization 

2.2.1. Density and molar volume 
The density of the glasses is measured by the Archimedes method 

using toluene as immersion where its density 0.8669 g.cm− 3. The 
measurement was taken three times and the mean and uncertainty is 
calculated. Density analysis acts as preliminary work to observe the 

Table 1 
Glass code and its composition in molar fraction.  

Glass code (1-α) SiO2 CaO Na2O P2O5 α B2O3 

0.0B2O3 1 0.45 0.245 0.245 0.06 0 0 
0.2B2O3 0.8 0.36 0.196 0.196 0.048 0.2 0.2 
0.4B2O3 0.6 0.27 0.147 0.147 0.036 0.4 0.4 
0.6B2O3 0.4 0.18 0.098 0.098 0.024 0.6 0.6 
0.8B2O3 0.2 0.09 0.049 0.049 0.012 0.8 0.8 
1.0B2O3 0 0 0 0 0 1 1  

Fig. 1. Photograph of prepared glass. From left to right: 0.0B2O3, 0.2B2O3, 
0.4B2O3, 0.6B2O3, 0.8B2O3 and 1.0B2O3, accordingly. 

Table 2 
Typical ion concentration within human blood plasma, SBF and PBS [29,30].  

Solution pH Ion concentration (mM) 
Na+ K+ Mg2+ Ca2+ Cl− HCO−

3 HPO2−
4 SO2−

4 

Blood Plasma 7.4 142.0 5.0 1.5 2.5 103 27 1.0 0.5 
SBF 7.4 142 5.0 1.5 2.5 148.8 4.2 1.0 0.5 
PBS 7.4 257.0 4.5 - - 140.0 - 10.0 -  

Fig. 2. Density and molar volume profile of prepared glass at different B2O3/ 
45S5 BGs ratio. 

Table 3 
The value of density and molar volume of prepared glass.  

Glass 
code 

Molecular 
weight (g.mol− 1) 

ρ (g.cm3) Δρ (g. 
cm3) 

Mv (cm3. 
mol-1) 

Δ Mv 

(cm3.mol- 
1) 

0.0B2O3 64.4764 2.426149 0.010 26.5756 0.004 
0.2B2O3 65.5052 2.501946 0.005 26.1820 0.002 
0.4B2O3 66.5340 2.275218 0.002 29.2429 0.001 
0.6B2O3 67.5627 2.279259 0.002 29.6424 0.001 
0.8B2O3 68.5915 2.158968 0.003 31.7705 0.002 
1.0B2O3 69.6203 1.886116 0.005 36.9120 0.003  

N.N. Yusof et al.                                                                                                                                                                                                                                



Journal of Non-Crystalline Solids 596 (2022) 121843

3

possible anomaly behavior of B2O3 in 45S5 BGs. 

2.2.2. In vitro bioactivity tests 
The in vitro analysis assessment was performed to access the bioac-

tivity and capability of the glass to form hydroxyapatite (HPA), 
Ca10(PO4)6(OH)2; a mineral that supports bone ingrowth and osseoin-
tegration. Phosphate buffer saline (PBS) from R&M at 0.1 M without 
further dilution is selected as an immersion solution due to its ease of 
handling compared to simulated body fluid (SBF). PBS contains ions and 
pH (≈7.4) close to human blood plasma (physiological solutions), except 
for the absence of Mg2+, Ca2+ and HCO−

3 ions. Table 2 enlist the con-
centration of ions present in blood plasma, SBF and PBS. The fine 
powder (≈150 μm) of each sample was dispersed in PBS solution at a 
ratio of 1.5 mg/ml, placed in high-density polyethene (HDPE) plastic 
container before being held at temperature 37 ◦C for 3, 7, 14 days. The 
HDPE plastic container was used instead of the glass container to pre-
vent the growth of apatite that may be caused by degradation of the glass 
container. After the dissolution process, the pH of each immersion 
contains a different ratio of 45S5 BGs/B2O3 is measured using pH meter 
(EUTECH Model PC2700). The elemental concentrations of [Si], [P] and 
[Ca] degraded from the sample are quantified using inductively coupled 
plasma optical emission spectroscopy (ICP-OES, Varian Liberty 150, 
Agilent Technologies). All measurements were performed in triplicates, 
where the mean, standard deviation and relative standard deviation is 
calculated. 

Additional PBS immersion containing respective samples is prepared 

using the same procedure aforementioned, except the ratio of sample to 
PBS is set to 5 mg/ml. The second in vitro test is to examine any possible 
structure modification after the in vitro test. The previous set-up causes 
all the glass to dissolve into the solution. The precipitated powder is 
filtered, dried and characterised using an attenuated total reflectance 
sensor–Fourier transform infrared spectrophotometer (FTIR-UATR; 
Perkin Elmer Spectrum, model Frontier) and Raman Spectrophotometer 
(LabRAM HR Evolution model, Horiba). The possible growth of HPA is 
scrutinized through FTIR and Raman spectra. 

3. Results and discussion 

3.1. Density and molar volume 

The density analysis may reveal possible anomaly behaviors of 
borate (B2O3) as integrated with 45S5 BGs. The B2O3 anomaly could 
impact the degree of glass connectivity which correlates with ion 
dissolution [31,32]. Fig. 2 illustrates the patterns of density (ρ) and 
molar volume (Mv) for 45S5 BGs at different B2O3 molar fractions 
(0.0–1.0). Table 3 tabulated the ρ and Mv values of studied glass. 
Overall, the results show the reduction of ρ values (2.43–1.89) g.cm3 as a 
function of B2O3 molar fraction, except for sample 45S5 BGs containing 
20% of B2O3. The results are consistent with a model reported by 
Vedishcheva wherein the ρ of sodium silicate-based glass in their studies 
decreases with B2O3 inclusion, but the claim is only valid when the 
molar fraction of B2O3 is above 0.2 [33]. Previous work also revealed a 

Fig. 3. The pH profile of sample dissolution as immersed in PBS at 3,7, 14 days.  
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low density (2.04 g.cm3) and refractive index (1.47) of sodium 
silicate-based glass as B2O3 is added to their sample [5,34] Thus, the 
present findings are in agreement with earlier studies. It is worth 
mentioning that the total molecular weight of pure borate glass (69.62 
g) is heavier than pure 45S5 BGs (64.47 g). Thus, a decrease in ρ glasses 
is less likely caused by the light-weight of B2O3 constituent. It can be 
assumed that decline of ρ value may contribute to the shortening of glass 
linkages and a more open network structure [6]. This means the pre-
pared glass becomes less compact with B2O3. Contrary, the molecular 
volume increases with B2O3 content indicating an increase of empty 
spaces (voids) within the network, thus, supporting the deduction. There 
are no obvious anomalies traits observed in the density patterns as a 
function of B2O3, except for glass coded 0.2B2O3. 

3.2. pH test 

Fig. 3 illustrates the pH of PBS containing a different ratio of B2O3 to 
45S5 BGs, set at 37.0 ± 0.1 ◦C for 3, 7 and 14 days. Meanwhile, Table 4 
tabulated the pH value including the standard deviation (SD) and rela-
tive standard deviation (RSD%). A small SD (0.004–0.033) and RSD 
(0.061–0.325) confirmed the reliability of the data. The pH value shows 
the same trends in all time intervals and samples. Generally, the PBS pH 
is drastically reduced (become acidic) as B2O3 is incorporated into the 
glass. The solution immersed with 45S5 BGs with 20% of B2O3 displays 
the lowest pH value (7.39− 7.26). However, as the ratio of B2O3 to 45S5 
increased up to 60%, the pH value rose to 8.21 as observed on day 14. 
The fluctuation of pH value is attributed to the variation of boron acid 
derivatives from B2O3 hydrolysis [9]. Increasing pH after dissolution 
could indicate a high level of silanol (Si-OH) forming in the media [35]. 
It involves exchanges of Na+/H+ ions through a reaction Si − O − Na+ +

H+ + OH− →Si − OH+ + Na+(aq)+ OH− [36]. Nevertheless, other than 
the presence of boric acid derivative, the possible drop of pH could be 
attributed to the occurrence of calcium phosphates and carbonates 
precipitation through reaction: HCO−

3 ↔ CO− 2
3 + H+ and HPO− 2

3 ↔ PO− 3
3 

+H+ [36]. Although human body fluid is circulated within the body, the 
excessive increase of pH (become alkaline) from ions degradation would 
be a disadvantage in osteogenesis [37]. Thus, the replacement of some 

fraction of 45S5 BGs with B2O3 may be beneficial in adjusting the pH 
closed to human body fluids to help in promoting protein adsorption 
that is essential for bone cell adhesion, proliferation and mineralization 
regulations [38]. To inspect the possible formation of calcium phosphate 
precipitate as a precursor of hydroxyapatite (Ca5(PO4)3(OH)2), the 
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES), 
Attenuated Total Reflection- Fourier Transform Infrared (ATR-FTIR) and 
Raman spectrometer is utilized. 

3.3. Immersion in PBS studies: in vitro analysis 

The possible formation of an amorphous calcium phosphate layer 
(ACP) and hydroxyapatite (HPA) in a physiological medium is predicted 
based on the bioactivity of the prepared glass in PBS. The bone-bonding 
ability in vivo is correlated with in vitro calcification of biomaterials. ICP- 
OES measurements were performed to oversee ion dissolution for in vitro 
analysis [39]. 

Since the trends of pH in the all-time interval (3, 7, 14 days) are 
synchronized, only the sample’s immersion on day 14 is selected for ICP- 
OES measurement. The selection of the sample is based on its longest 
soaking period to allow ACP/HPA growth. The concentration of [Si], [P] 
and [Ca] that degrade from the samples are quantified and presented in 
Fig. 4. A value of offset P is the concentration of [P] element contributed 
from the degradation process of glass, excluding the quantities of 
phosphate measured from PBS solutions in vitro. Meanwhile, Table 5 
tabulated the value of ion concentration dissolved from the samples. A 
high concentration of [Si] detected indicates the rapid glass dissolution, 
while the existence of [Ca] and [P] in solution reflects the ability of the 
glass to form a calcium phosphate layer for bone proliferation [29]. The 
[Si] concentration release from sample 0.0B2O3 is the highest compared 
to the rest of the glass. The [Si] concentration reduced significantly 
when B2O3 were incorporated into 45S5 BGs. Previous work mentions 
that additional oxide such as NbO6 could replace some part of SiO2 
tetrahedra in the glass network, creating Si–O–Nb bonds. This new 
bond could delay the dissolution of Si–O–Si bonds [40]. Previous 
leaching test on SiO2− CaO sol-gel hybrid material with high content 
boron also shows a low release of [Si]. They claimed the Si ions form a 
bond with boron, thus making the Si less dissolved in the physiological 
fluids [18]. Similarly, in the present case, integrated B2O3 into 45S5 BGs 
may lead to low [Si] concentration dissolution due to the possible for-
mation of Si–O–B bonds. Another possible reason is the reduction of 
SiO2 constituents within the sample itself. 

Results show a high concentration of [P] and [Ca] in 0.2B2O3-im-
mersion, that also exhibits low pH compared to borate-free PBs im-
mersion. Dissolution of B2O3 in PBS increases H+ contents and raises 
dissolution of [Ca] and [P] from the glass. In other words, an acidic 
solution improves the solubility of calcium phosphate [36]. It is known 
that ion dissolution is better in acidic solution (pH < 7.4) compare to 
physiological media [41]. Nevertheless, the concentration of [P] and 
[Ca] in 0.6B2O3-immersion decreased despite the high contents of B2O3. 
Noted that the pH of 0.6B2O3-immersion increased (become alkaline) 
relative to 0.2B2O3-immersion. The possible creation of Si-O-B linkages 
in sample 0.6B2O3 may lead to physical and structural change in the 
glass network and consequently influences the dissolution and degra-
dation properties of the glass [2,23,42]. Other than that, the rapid 
release of alkali ions such as Na+ and Ca2+ from B2O3 dissolution could 
raise the pH solution slightly, simultaneously with B2O3 degradation 
[43]. Another possibility is when ions such as [P] and [Ca] have 
precipitated into the calcium phosphate layer on top of a glass surface, 
decreasing their concentration in the solutions [18]. 

The ratio of (Ca/P) and (Ca/Si) values is demonstrated in Table 6. 
The calcium to phosphorus (Ca/P) atomic ratio determines the proba-
bility of the glass-forming ACP to HPA. The (Ca/P) atomic ratio is 
calculated by multiplying the ratio of [Ca]/[P] concentrations from an 
ICP-OES by ten [44]. An increase of (Ca/P) atomic ratio (1.7–4.0) along 
B2O3 contents indicates an increase in bioactivity [45]. A previous study 

Table 4 
The pH reading of prepared glass in PBS (37 ◦C) at a different time interval (3, 7, 
14 days), including their standard deviation (SD) and relative standard deviation 
(RSD%).  

3 days 
Sample pH reading 

First Second Third Mean SD RSD% 

0.0B2O3 10.14 10.11 10.14 10.13 0.014 0.140 
0.2B2O3 7.26 7.24 7.25 7.25 0.008 0.113 
0.4B2O3 7.4 7.38 7.38 7.39 0.009 0.128 
0.6B2O3 7.78 7.79 7.78 7.78 0.005 0.061 
0.8B2O3 7.53 7.54 7.53 7.53 0.005 0.063 
1.0B2O3 7.26 7.26 7.25 7.26 0.005 0.065 
7 days 
Sample pH reading 

First Second Third Mean SD RSD% 
0.0B2O3 10.18 10.1 10.15 10.14 0.033 0.325 
0.2B2O3 7.29 7.29 7.28 7.29 0.005 0.065 
0.4B2O3 7.54 7.52 7.54 7.53 0.009 0.125 
0.6B2O3 7.94 7.91 7.94 7.93 0.014 0.178 
0.8B2O3 7.59 7.59 7.58 7.59 0.005 0.062 
1.0B2O3 7.28 7.29 7.28 7.28 0.005 0.065 
14 days 
Sample  pH reading 

First Second Third Mean SD RSD% 
0.0B2O3 10.57 10.54 10.54 10.55 0.014 0.134 
0.2B2O3 7.39 7.43 7.38 7.40 0.022 0.292 
0.4B2O3 7.61 7.63 7.64 7.63 0.013 0.164 
0.6B2O3 8.21 8.23 8.21 8.22 0.009 0.115 
0.8B2O3 7.78 7.79 7.78 7.78 0.005 0.061 
1.0B2O3 7.37 7.41 7.37 7.38 0.019 0.255  

N.N. Yusof et al.                                                                                                                                                                                                                                



Journal of Non-Crystalline Solids 596 (2022) 121843

5

on 45S5 BGs containing B2O3 using different glass preparation has 
revealed improved growth of HPA with B2O3 inclusion [46]. Meanwhile, 
an increase of the (Ca/Si) ratio as function B2O3 in 45S5 BGs signifies the 
shortening of glass connectivity [47]. Therefore, when the (Ca/Si) ratio 
is higher, the network connectivity of the glass decrease. However, a 
decrement of (Ca/Si) ratio in sample 0.8B2O3 indicates elongation of 
glass connectivity, unlike other glass series [45]. 

The dissolution precipitation process of B2O3-45S5 BGs follows a 
similar process as free-borate 45S5 BGs except for the absence of silica- 
rich amorphous precipitations [6]. The mechanism is systematically 
described by Hench in five steps [25]. Fig. 5 illustrates Hench’s mech-
anism. In the first stage, the exchange reactions between the glass 
network modifiers (Na+, Ca2+,) and H+ (or H3O+) occur where silica 
(Si-O-Si) groups are hydrolyzed and formed silanol groups (Si-OH); 

through reactionSi − O − Na+ + H+→Si − OH+ + Na+(aq)[48]. 
Simultaneously, B2O3 within the glass may go hydrolysis through re-
action B2O3 + H2O→2HBO2 and follow byHBO2 + H2O→B(OH)3 [20, 
49]. This means that while Si–O–Si bonds degrade, the BO3

3− ions are 
also released into the solutions during the in vitro test [21]. This claim 
was also supported by Abdelghany and Kamal as he mentioned 
B2O3-45S5 BGs dissolved by hydrolysis, hydration, and ion exchange 
reactions in an aqueous environment. The hydrolysis reactions and 
dissolution kinetics are responsible for controlling the degradation of 
B2O3-45S5 BGs [20,50]. This may explain the reduced pH value of PBS 
immersion when incorporated with B2O3-contained 45S5 BGs. The 
acidity from B(OH)3 over Si(OH)4 during glass degradation could 
slightly neutralise the alkaline solution [6,7]. The second stage proceeds 
as Si–O–Si bonds continue hydrolyzed to Si(OH)4 through reaction 

Fig. 4. Concentration profile of [Si], [P] and [Ca] degrade from samples after immersion in PBS for 14 days.  
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Si − O − Si + H2O→Si − OH + OH − Si. The third stage involved 
condensation and polymerization of the amorphous gel-like SiO2 layer. 
In the fourth stage, ions such as Ca2+ and (PO4)3+ adsorb on top of 
sol-gel SiO2 precipitation and formed the ACP layer. Subsequently in the 
final stage, the ACP layer crystalized while also incorporating ions such 
as (OH)− and a small amount of (CO3)2− to form the HPA/HCA layer 
[46,48]. 

Glass comprised of high borate contents permits the rapid release of 
alkali ions (Na+, Ca2+) due to easy breakage of B-O-B chains [2]. It is 
worth noting that the main structure of borate glasses is comprised of 
BO3 trihedron that is unable to form into a three-dimensional network 
structure which led to low cross-linking density. This occurrence allows 
PBS to degrade the glass faster compared to glass comprised of high 
Si-O-Si linkages [51]. The dissolution-precipitation reactions occur 
continuously until all soluble parts of borate glass had dissolved [2]. The 
dissolution rate of the glass for each element in PBS is estimated using 
equation [52,53] 

DR(ppm / day) =
(

Ci − Co

Cs

)

×

(
1
T

)

(1) 

Where Ci is the concentration of the element obtained from ICP-OES, 
Cois background concentration. The Cs is the concentration of the 
respective element in PBS immersion. Meanwhile Tis the period of the in 
vitro test; in this case 14 days. The sample coded 0.8B2O3 shows the 
fastest dissolution rate of elements P and Ca at 0.198 and 0.028 ppm/ 
day, except for Si, which dissolves at 0.010 ppm/day. However, 
increasing the dissolution rate may not necessarily lead to the highest 
HPA formation due to lacks of nucleation sites for bone proliferation 
[39]. Further analysis is required to inspect HPA formation. 

3.4. ATR-FTIR 

The ATR-FTIR spectra of glasses with different molar fractions of 
B2O3 before and after in vitro are shown in Fig. 6 and Fig. 7, respectively. 
Generally, the ATR-FTIR profile of the glass before and after the in vitro 
test shows almost similar patterns except for significant changes in 
bands around 1018 and 1400 cm− 1. The vibration bands that correspond 
to particular groups are predicted based on previous literature. Due to 
the overlapping of vibration bonds of almost the same frequency, it is 
almost impossible to distinguish each band by deconvolution technique 
[36]. 

The band around 674–705 cm− 1 could be assigned to the symmetric 
stretching mode of Si–C bonds which may also be overlapped with the 
bending vibration of Si–O–B bonds− if B2O3 were incorporated into the 
glass composition [18,42]. Meanwhile, vibration band 772–784 cm− 1 

indicates the presence of bending vibration of B-O-B in BO3. The 
shoulder peak around 885–878 cm− 1 is characterized as B-O stretching 
of boroxol rings meanwhile broad band in the range 918–1200 cm− 1 

disclosed B-O linkages of BO4 [22]. However, the band in the range 
981–1018 cm− 1 could be associated with Si–O–Si and P–O–P bonds 
as well, which are greatly affected after immersion [36,39]. The incor-
poration of B2O3 into glass may lead to a cross-linking between the 
phosphate and silica chains through the formation of P–O–B bonds and 
Si–O–B [54]. The asymmetric stretching of Si-O-NBO is positioned 
around 900–970 cm− 1 [6,19,39,55]. There is a high chance that 
Si–O–NBO bonded with BO4 units and raised the stretching frequency 
of Si-O-B around 925 cm− 1 [56,57]. A strong band change around 
1005–1052 cm− 1 is allotted to the symmetric stretching mode of 
Si–O–Si bonds. The asymmetric bending vibration of CH3 in Si(CH3)2 
is located around 1403–1465 cm− 1 [18]. 

The bands around 875–981 cm− 1 may be attributed to the bending 
vibration of PO3−

4 bonds that are possibly converted toH3PO4 [58,59]. 
The defined and sharp center around 1022 cm− 1 could also be ascribed 
to asymmetric stretching of PO3−

4 groups; a sign of crystalline phosphate 
surface layer formation [60]. The degradation of B2O3 converted them 
into B(OH)3 or B(OH)

−
4 . This breaks the glass network and allowed 

CO2−
3 ,PO3−

4 ,Ca2+andOH− ions in PBS to form carbonate and phosphate 
precipitates [61]. Despite precautions adopted, the carbonate groups 
(CO2−

3 ) also could be contaminated in the glass network whenever in 
contact with the atmosphere. Their bending vibration bond may appear 
around 870 cm− 1 [55] meanwhile their stretching mode could be 
located around 1410 and 1458 cm− 1 [58,62,63]. These bands could be 
overlapped BO3 units vibration bonds around 1314–1413 cm− 1 which 
hardly distinguished from the functional groups [6,7,22,64]. Without 
comparing with sample 0.0B2O3, the band about 1018 cm− 1 becomes 
sharper as the molar fraction of B2O3 within the glass increased. This 
condition indicates a steady rise in bioactivity and controlled growth of 
the HPA layer [6]. 

Following Hench’s dissolution processes, the reaction CO2−
3 with 

ACP allowed the growth of B-type carbonate apatite precipitation, 
Ca9(HPO4)0.5 (CO3)0.5(PO4)5OH (HCA), mimicking bone-like apatite 
[60]. Typical water (OH− ) bonds is evidenced about 1644 cm− 1 and 
3400 cm− 1, respectively [65]. These bands correspond to bending and 
symmetric stretching vibration mode, accordingly. Hydroxyl groups are 
involved in the formation of HPA via reaction 10Ca2+ + 6PO4

3− +

2OH− →Ca10(PO4)6(OH)2[66]. In summary, sample 0.0B2O3 is assumed 
to experience the highest dissolution of Si–O–Si bonds as reflected by 
the deep FTIR band around 1080 cm− 1. However, 45S5 BGs containing 
B2O3 seem to increase the deposition of PO3−

4 ions to form HPA. This 
assumption is supported by a sharp band around 1022–1052 cm− 1 

revealed by sample 1.0B2O3 even in absence of SiO2 bonds. Neverthe-
less, FTIR measurement is suspected unable to probe some vibration 
BO3/BO4

− bonds, thus Raman measurements were performed to support 
the study. 

Table 5 
Phosphorus, silicon and calcium ions concentrations that degrade from samples, 
include its SD and RSD%.  

Phosphorus in ppm 
Sample P Offset P SD RSD% 

0.0B2O3 323.9 27.9 1.43 0.44 
0.2B2O3 349.5 53.5 2.04 0.58 
0.4B2O3 345.6 49.6 1.06 0.31 
0.6B2O3 317.0 21.0 4.51 1.42 
0.8B2O3 335.3 39.3 6.45 1.92 
Silicon in ppm 
Sample Si SD RSD% 
0.0B2O3 58.03 0.307 0.53 
0.2B2O3 14.95 1.630 10.90 
0.4B2O3 5.379 0.428 7.95 
0.6B2O3 2.124 0.029 1.35 
0.8B2O3 7.025 0.300 4.27 
Calcium in ppm 
Sample Ca SD RSD% 
0.0B2O3 4.730 0.077 1.62 
0.2B2O3 14.24 0.899 6.31 
0.4B2O3 14.37 0.201 1.40 
0.6B2O3 7.394 0.054 0.73 
0.8B2O3 15.76 0.279 1.77  

Table 6 
The ratio of (Ca/P) and (Ca/Si) dissolved in PBS immersion. The dissolution rate 
(ppm/day) is included.  

Sample Ratio Ca/P Ratio Ca/Si Dissolution rate(ppm/day) 
P Si Ca 

0.0B2O3 1.7 0.08 0.026 0.015 0.002 
0.2B2O3 2.7 0.95 0.064 0.005 0.006 
0.4B2O3 2.9 2.67 0.081 0.002 0.008 
0.6B2O3 3.5 3.48 0.052 0.001 0.007 
0.8B2O3 4.0 2.24 0.198 0.010 0.028  
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3.5. Raman 

Raman analysis complements FTIR studies since some vibration 
modes are inactive in FTIR. Fig. 8 shows Raman spectra of glasses before 
an in vitro test, where Fig. 8(a) represent samples with a high 45S5 BGs 
to B2O3 ratio and Fig. 8(b) displayed represents glasses with high B2O3 to 
45S5 BGs ratio. Here, free borate-45S5 BGs displayed prominent peaks 
around 425, 580, 965 and 1023 cm− 1 which were assigned to bending 
vibration of O-Si-O, vibration at three/six-membered ring of Si–O bond, 
asymmetric stretching of Si-O-Si in Q1 and Q2 units, and asymmetric 
stretching of Si-O-Si in Q3 units. Here Q1, Q2, Q3 of Si-O-Si units refer to 
SiO6−

7 , SiO4−
6 , SiO2−

5 species having three, two, and one non-bridging 
oxygen (NBOs) [67,68]. As the ratio of B2O3 gradually increases to 
20%, the vibration band within 45S5 BGs shifted to higher wave-
numbers and the band around 965 and 1023 cm− 1 seems to overlap and 

become broad. On other hand, the addition of B2O3 up to 40% has 
shifted the wavenumber to a higher frequency and revealed some hid-
den peaks around 488, 728 and 801 cm− 1. The broader band indicates 
Si–O–Si bonds distortion due to changes in bond length and angle; thus 
raising various Qn units to represent Si–O bonds [5]. The hidden peaks 
aforementioned around 488, 728 and 801 cm− 1 correspond to the vi-
bration of BO4 isolated tetrahedra/diborate groups[69], bending vi-
bration in BO3 units and lastly B-O stretching of boroxol rings [22]. 
Meanwhile, for 45S5 BGs with a high ratio of B2O3 (60, 80, 100%), the 
broad absorbance around 1023–1045 cm− 1 indicates a decrease in 
stretching of Si-O-Si in Q3 units, creation of BO4 groups within the 
samples and creation of HPO2−

4 units. Increase absorbance around 805 
cm− 1 with B2O3 concentration indicated stronger vibration of oxygen 
atom within boroxol rings (B3O6)3− , which also means BO4 groups are 
consumed by BO3 dependent on B2O3 contents. Vibration bonds around 

Fig. 5. Illustration of glass dissolution in PBS.  
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500 and 880 cm− 1 represent the regeneration of BO4 units in pentabo-
rate, tetraborate and diborate groups [7,20]. 

Fig. 9 shows Raman spectra of glasses after the in vitro test. Mean-
while, Fig. 10(a)–(f) portrayed the structure modification of the glasses 
before and after the in vitro test. The 45S5 BGs made of 0.0–0.2 molar 
fraction of B2O3 show no significant difference in vibration bond. 
However, it is not the case for glass comprised 40–80% of B2O3. Their 
vibration band around 800 cm− 1, allocated to B-O stretching of boroxol 
rings is significantly reduced. This occurrence signifies the dissolution of 
glass at a high B2O3 ratio of over 40%. The new band around 507–567 
cm− 1 ascribed to P-O bending mode in PO3−

4 groups, revealing the for-
mation of hydroxyapatite [70]. Meanwhile, the appearance of broad-
band around 1007–1087 cm-1 is allotted to asymmetric stretching of 
PO3−

4 groups which signifies the formation of crystalline surface layers of 
phosphates [60]. Raise band around 1300–1500 cm− 1, center around 
1439 cm− 1 indicates existence of carbonated hydroxyapatite (HCA) 
[71]. The previously mentioned twin band about 1420 and 1470 cm− 1 is 
assigned to the asymmetric C-O stretching vibration of the CO2−

3 groups 
in carbonate apatite [70]. The band shift of 1439 cm− 1 towards 1500 
cm− 1 indicates the conversion of apatite type where partially carbonated 
B hydroxyapatite turns to AB apatite [71]. Results suggest that the ratio 
of B2O3 above 0.2 of molar fraction haste the HPA growth. 

Recognizing the coordination number of Boron (B) within the 
network provides insight into their role in creating the HPA layer. The 
coordination number here refers to the number of ligands that are 
attached to the central atom or ions, which in this case the central atom 

is Boron (B). For pure borate glass, BO3 components are largely antici-
pated within the network in boroxol rings, allocated around 800 cm− 1. 
However, in a system with multicomponent oxide constituent, BO3 
groups are likely converted into BO4 which mainly exist as diborate, 
triborate or pentaborate structures. Table 7 shows the predicted per-
centage of BO3 and BO4 units dissolve after the in vitro test for selected 
samples (0.4B2O3, 0.6B2O3, 0.8B2O3 and 1.0B2O3). The sample was 
selected based on a significant change in Raman spectra after the in vitro 
assessment. The estimated percentage is calculated based on the bands 
area under the curve in the range 431–917 cm− 1 using deconvulation 
technique [72]. Here, band around 431–455 cm-1 and 873–917 cm-1 is 
assigned as diborate, pentaborate and tetraborate groups [7] and bands 
around 778–810 cm− 1 are approved as boroxol units [73]. The band 917 
and 800 cm− 1 shift to 873 and 778 cm− 1 signify the conversion of borate 
linkages into B(OH)3 and B(OH)4

− species after in vitro test [73]. In view 
of the high overlapping frequencies of Si–O, P–O, and B–O bonds in 
1000–1400 cm− 1, the BO4 and BO3 groups are estimated in lower fre-
quency ranges (430–950 cm-1). Results show that BO3 groups degrade 
faster than BO4 sites. Thus, this explains the disappearance of boroxol 
peaks (mainly containing BO3 units) around 800 cm− 1 for glass coded 
1.0B2O3 [1,72]. The remaining B–O bonds are presumably associated 
with BO4 species attached to hydrated silica network [1]. Table 8 
enlisted the area under 1000–1033 cm− 1 which is assigned toHPO2−

4 
vibration bond, a precursor for HPA growth. After the in vitro assess-
ment, sample 0.4B2O3 demonstrated the highest percentage of potential 
HPA growth relative to 45S5 BGs (248%), by dissolving BO3 and BO4 at 
57.36 and 8.48%, respectively; as shown in Fig. 11. The respective 
sample could be potential in soft-bone tissue engineering applications. 

4. Conclusions 

A series of glass composition (1-α) [0.45SiO2-0.245Na2O-0.245CaO- 
0.06P2O5]+αB2O3 where α is 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 in molar 
fraction were successfully prepared. The in vitro assessment revealed a 
drastic reduction of pH value (acidic nature) due to rapid hydrolysis of 
B2O3 from glass, inducing variation of boron acid derivates. PBS 
immersed with sample coded 0.06B2O3 revealed a slight increase of pH, 
likely due to increasing migration of Na+ and Ca2+ ions into solution; 
allowing OH production. The increase in (Ca/P) atomic ratio (1.7–4.0) 
along with B2O3 contents indicates increased of bioactivity. The sharp 
FTIR band around 1022 cm− 1 for free borate-45S5 BGs and pure borate 
glass after the in vitro test exemplifies a fast phosphate crystal growth. 
For Raman analysis, a significant change in glass structure is evidenced 
for glass incorporated with a high B2O3 ratio (> 40%) after the in vitro 
test. The appearance of new bands around 1007–1087 cm− 1 for 45S5 
BGs integrated with 40–80% of B2O3 signifies an increase in HPA 
growth. The glass labeled 0.4B2O3 glass displayed the highest potential 

Fig. 6. ATR-FTIR spectra of the glass sample before in vitro test.  

Fig. 7. (a) FTIR spectra of glass sample after immersed in PBS for 14 days in the range 650–400 cm− 1 (b) 650–1800 cm− 1.  
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of hydroxyapatite formation (248%) while dissolving BO3 units at 57.36 
and 8.48% for BO4 units. Results suggest that HPA formation could be 
controlled by tailoring the B2O3 ratios in 45S5 BGs. This new formulated 
glass may find its application in bone grafting and bioactive coatings by 
manipulating the degree of HPA formation to facilitate mineralization 
and protein adsorption onto bone tissue. In vitro tests on cytotoxicity and 

cytocompatibility of the glass could be done to ensure its safety as an 
implant material. A comprehensive evaluation on their fragility, crys-
tallization kinetics and phase assemblage could be conducted to assess 
their ability to be moulded as bone scaffold. 

Fig. 8. Raman spectra for glasses with molar fraction of B2O3 at (a) 0.0–0.4 (b) 0.6–1.0 before in vitro test.  
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Fig. 10. (a)–(f) Raman spectra of prepared samples before (BL) and after in vitro test (AL).  

Table 7 
The area represents BO3 and (BO4)− 1 units within the samples and the percentage of BO3 and (BO4)− 1 dissolved in PBS.  

Sample Before in vitro test After in vitro test The dissolved BO3 unit (%) The dissolved (BO4)− 1 unit (%) 

0.4B2O3 Wavenumber (cm− 1) 490 799 978 466 788 871 57.36 8.48 
Area 25.81 1.39 5.40 27.03 0.84 1.53 

0.6B2O3 Wavenumber (cm− 1) 455 802 917 471 799 873 59.34 50.62 
Area 35.53 7.46 1.26 17.14 0.89 1.02 

0.8B2O3 Wavenumber (cm− 1) 465 810 917 431 778 879 59.35 30.19 
Area 5.85 13.91 2.32 0.88 0.79 4.82 

1.0B2O3 Wavenumber (cm− 1) 455 804 881 441 807 879 69.54 44.72 
Area 5.06 18.15 4.18 0.85 0.01 4.25  
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R. Boccaccini, Influence of the replacement of silica by boron trioxide on the 
properties of bioactive glass scaffolds, Int. J. Appl. Glass Sci. 12 (2021) 293–312, 
https://doi.org/10.1111/ijag.15894. 
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evaluation for apatite-forming ability of bioactive glasses and their variants, 
J. Mater. Sci. Mater. Med. 26 (2015) 1–10, https://doi.org/10.1007/s10856-015- 
5403-9. 

[61] R. Chen, Q. Li, Q. Zhang, S. Xu, J. Han, P. Huang, Z. Yu, D. Jia, J. Liu, H. Jia, 
M. Shen, B. Hu, H. Wang, H. Zhan, T. Zhang, K. Ma, J. Wang, Nanosized HCA- 
coated borate bioactive glass with improved wound healing effects on rodent 
model, Chem. Eng. J. 426 (2021), 130299, https://doi.org/10.1016/j. 
cej.2021.130299. 

[62] D. Cheng, D. Liu, T. Tang, X. Zhang, X. Jia, Q. Cai, X. Yang, Effects of Ca/P molar 
ratios on regulating biological functions of hybridized carbon nanofibers 
containing bioactive glass nanoparticles, Biomed. Mater. 12 (2017), https://doi. 
org/10.1088/1748-605X/aa6521 (Bristol). 

[63] J. Faure, R. Drevet, A. Lemelle, N. Ben Jaber, A. Tara, H. El Btaouri, 
H. Benhayoune, A new sol-gel synthesis of 45S5 bioactive glass using an organic 
acid as catalyst, Mater. Sci. Eng. C 47 (2015) 407–412, https://doi.org/10.1016/j. 
msec.2014.11.045. 

[64] A.K. Yadav, P. Singh, A Review of Structure of Oxide Glasses by Raman 
Spectroscopy, R. Soc. Chem. (2012) 11002–11003, https://doi.org/10.1039/ 
C5RA13043C. 

[65] M. Ouis, A. Abdelghany, H. Elbatal, Corrosion mechanism and bioactivity of borate 
glasses analogue to Hench’s bioglass, Process. Appl. Ceram. 6 (2012) 141–149, 
https://doi.org/10.2298/pac1203141o. 

[66] R.A. Youness, M.A. Taha, M. Ibrahim, A. El-Kheshen, FTIR spectral 
characterization, mechanical properties and antimicrobial properties of La-doped 
phosphate-based bioactive glasses, Silicon 10 (2018) 1151–1159, https://doi.org/ 
10.1007/s12633-017-9587-0. 

[67] L. de Siqueira, T.M.B. Campos, S.E.A. Camargo, G.P. Thim, E.S. Trichês, Structural, 
crystallization and cytocompatibility evaluation of the 45S5 Bioglass-derived glass- 
ceramic containing niobium, J. Non Cryst. Solids 555 (2021) 1–8, https://doi.org/ 
10.1016/j.jnoncrysol.2020.120629. 

[68] G. Taveri, O. Hanzel, J. Sedláček, J. Toušek, Z. Neščaková, M. Michálek, I. Dlouhý, 
M. Hnatko, Consolidation of Bioglass® 45S5 suspension through cold isostatic 
pressing, Ceram. Int. 47 (2021) 4090–4096, https://doi.org/10.1016/j. 
ceramint.2020.09.283. 

[69] M.R. Ahmed, M. Shareefuddin, EPR, optical, physical and structural studies of 
strontium alumino-borate glasses containing Cu2+ ions, SN Appl. Sci. 1 (2019) 
1–10, https://doi.org/10.1007/s42452-019-0201-5. 

[70] L.A. Adams, E.R. Essien, A.T. Adesalu, M.L. Julius, Bioactive glass 45S5 from 
diatom biosilica, J. Sci. Adv. Mater. Dev. 2 (2017) 476–482, https://doi.org/ 
10.1016/j.jsamd.2017.09.002. 
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