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Abstract
The presented study explores the potential of zinc-doped modified borate glass as a biomate-
rial for bone bonding applications. The glass samples were prepared using a melt quenching 
technique with a definite composition of (45-x)  B2O3–24.5Na2O–24.5CaO–6P2O5–xZnO, 
where x = 1, 2, 5, 7.5, and 10 (wt.%) and soaked in SBF for extended periods to explore 
their suitability for bone bonding applications. XRD and FTIR analysis were used to 
examine the structural properties of the samples before and after immersion in SBF. XRD 
analysis of the prepared samples reveals their amorphous nature before immersion. How-
ever, after four weeks of immersion, the XRD spectra show a reduction in the broad band 
observed at 2θ angles between 20 and 35°, indicating increased crystallization and the for-
mation of a HA layer. FTIR data demonstrates significant modifications in the spectra after 
immersion, including the disappearance of certain bands and an increase in bands related 
to  (BO4) units. Additionally, the appearance of a new band at approximately 561  cm−1 con-
firms the formation of crystalline apatite. SEM images confirm the morphological changes, 
with a transition from a rough surface to a cotton shape, indicative of apatite formation. 
Electronic spectrum measurements (UV/Vis) were used to assess the samples’ optical char-
acteristics, showing that increasing Zn content decreases the optical energy gap, indicating 
improved optical properties. These findings highlight the structural, morphological, and 
optical changes induced by zinc ion doping and immersion in SBF, making it a more viable 
option for bone replacement.

Keywords Borate bioglass · Deconvolution analysis technique (DAT) · FTIR 
spectroscopy · ZnO

1 Introduction

Bioactive glasses based on silica have been broadly investigated in the application of bone 
replacement for the reason that they can form a bone-like mineral layer called hydroxy-car-
bonated apatite (HCA) on their surfaces as they are immersed in both in vivo and in vitro 
physiological fluid (Hench 2006a, 2006b; Hench 1998). Due to their lower chemical endur-
ance, glasses based on borate have recently been exposed to a faster conversion to HCA 
than silicate-based glasses (Abdelghany et al. 2012; DE et al. 2003; Han and Day 2007; 
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Huang et al. 2006; Yao et al. 2007). It is commonly known that borate based on glasses has 
good thermal stability, a low melting point, and great transparency(Abdelghany and Ram-
mah 2021; Kaky et al. 2019).Additionally, the creation of  BO3 triangular and  BO4 tetrahe-
dral (non-bridged oxygen) units results in the formation of several structural units in borate 
glasses, including pentaborate, diborate, triborate, and tetraborate (Issa et al. 2019).

Wound healing and bone repair are the two primary study areas where borate bioac-
tive glass are being investigated (Ege et al. 2022). Quicker conversion times may result in 
quicker healing, as has been shown in a variety of in vivo bone defect models; therefore, 
increased HCA conversion rates may be favourable for mineralized tissue repair (Bi et al. 
2013; Fu et  al. 2010; Wang et  al. 2014). Glasses based on borate have also been effec-
tively utilized as substrates for bone infection treatment given that they can be overloaded 
with antibacterial drugs, for instance, gentamicin (Cannio et al. 2021), vancomycin (Prasad 
et al. 2018), and teicoplanin (Ege et al. 2022; Homaeigohar et al. 2022; Zhang et al. 2010). 
Additionally, more recent research into the potential uses of glasses made of borate has 
included soft tissue applications like nerve restoration (Gupta et al. 2016; Krishnamacha-
ryulu et al. 2018) and wound healing (Cannio et al. 2021; Liu et al. 2013; Rau et al. 2020; 
Zhao et al. 2015). A significant number of research investigations have been conducted on 
the development of bioactive glasses, and they have demonstrated that these glasses can 
be used to replace, regenerate, or repair injured body components. The outstanding quali-
ties of the bioactive glass include its bioactivity, biocompatibility, and capacity to promote 
cell proliferation along with facilitating bone induction. The characteristics of the implant 
surface substantially influence these remarkable characteristics (Schuhladen et al. 2018). A 
conventional technique for producing bioactive glasses (BGs) is the melt-quench process, 
which entails melting precursor oxide powders at high temperatures and quickly chilling 
them to retain the amorphous network. This process is frequently used to create borate 
BGs, although it needs specific tools (Kermani et al. 2023).

Depending on the composition, diverse therapeutic active ions, for instance, B, Ca, Si, P, 
Ca, etc., have been released into the human system through the implantation of BGs. More 
research is being done on BGs with these biological ions, which provide a specific, dose-
dependent response as antibacterial agents, angiogenesis enhancers, and osteogenesis moti-
vation factors (Abouelnaga et al. 2021; Kargozar et al. 2018). Typically, modest amounts of 
these ions can be integrated into the glass structure as metallic ions like  Cu+2,  Ag+2,  Mg+2, 
 Zn+2,  Fe+3,  Sr+2, and  Co+2 (Ghazy et  al. 2023b; Ram and Ram 1996, 1988). Numerous 
alkali metals, including ZnO,  Na2O, CaO, and MgO, work as excellent modifiers in glasses 
that enhance their optical and structural characteristics(Abouhaswa et al. 2020).Zinc oxide 
(ZnO) is a commonly used substance in both medicinal and industrial uses(Rashad et al. 
2020). Zinc (Zn) is an essential element during bone metabolism since it is a cofactor for 
several enzymes. Zn is used in the structure of several metalloenzymes because of its abil-
ity to induce bone formation (Thanasrisuebwong et  al. 2022) by stimulating the synthe-
sis of protein, which is required for DNA replication in osteoblast cells, increasing alka-
line phosphatase (ALP) activity in bone, preventing bone resorption(Yamaguchi 2010), 
increasing bone mass (Ghazy et al. 2023a) and preventing bacterial infections (Heras et al. 
2020; Lang et al. 2007; Schuhladen et al. 2020).In addition, Zn is a critical component for 
wound healing in soft tissue regeneration (Hench 2006a, 2006b; Saranti et al. 2006). Inves-
tigations have also demonstrated that small quantities of Zn induced early cell proliferation 
and enhanced differentiation of in vitro biocompatibility studies. Furthermore, research has 
shown that tiny amounts of Zn improved differentiation and stimulated early cell prolifera-
tion in vitro biocompatibility investigations (Balamurugan et al. 2007; Lakhkar et al. 2013; 
Oki et al. 2004).The significant calcification alterations that are caused by deficiencies in 
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zinc are associated with a reduction in bone density and slower skeletal growth (Li et al. 
2022; Yamaguchi 2010). In the glass structure, ZnO may function as a network modifier, 
an intermediate oxide, or both. It was revealed that ZnO acts as a network modifier up to a 
certain concentration, but that when the ZnO content grew, it became an intermediate oxide 
(Afrizal et  al. 2020; El-Kady and Ali 2012; Subhashini et  al. 2014). Zinc can eliminate 
cations from the network of silica, forming a new bond (Si–O–Zn) with significantly lower 
strength than the Si–O–Si link and therefore lowering the glass transition temperature.In 
the SBF solution, Zn helped maintain the pH within the physiological range by generating 
zinc hydroxide. In vitro biocompatibility tests have confirmed that zinc in small quantities 
enhances the earliest stages of cell division and proliferation (Oki et al. 2004), but adding 
zinc can delay the bioactive glasses’ degradation profile (Haimi et al. 2009). Furthermore, 
the addition of ZnO to the borate glass system improves its glass-forming ability, reduces 
the melting temperature, and decreases the rate of crystallization.

Several ZnO–containing borate glasses have shown promising outcomes in vitro inves-
tigations (Abdelghany et al. 2014). Thus, after immersion in SBF solution, the synthesis of 
hydroxyapatite is enhanced by increasing the concentration of Zn ions in the composition 
of borate glass.Numerous investigations have revealed that BBGs may help to rebuild bone 
in vivo without causing cytotoxicity (Thyparambil et al. 2020) (Sengupta et al. 2021).

In this investigation, the novelty of the present work is to report structural, physical, and 
optical investigations on new zinc-doped borate glasses to obtain the optimum glass system 
for targeted bone replacement application.

2  Materials and methods

2.1  Sample preparation

Zinc-doped, modified borate Hench bioglasses of the compositional (45–x)  B2O3–24.5Na2 
O–24.5CaO–6P2O5–xZnO, where x = 1, 2, 5, 7.5, and 10 (wt.%); were produced by the tra-
ditional melt quenching process. In Table 1,  B2O3 was gradually replaced with zinc oxide 
(ZnO) to investigate the role of the addition of Zn on the glassy structure.

Briefly,  B2O3 that is obtained from an orthoboric acid source (Sigma-Aldrich Co.) was ini-
tially mixed with the other weighted batches of  P2O5 obtained from an ammonium dihydro-
gen phosphate source and supplied by Sigma-Aldrich Co., calcium, and sodium carbonates 
(El-Nasr Pharmaceuticals), with gradually added ZnO replacing the borate partner. After that, 
the mixture was placed into an agate mortar and heated to a temperature of around 1050 °C 
(± 10 °C) in crucibles that were crusted with platinum. At intervals of 30 min, the crucibles 
were rotated to obtain adequate homogeneity following the glass’ composition. To form the 

Table 1  Sample composition 
of the modified borate bioglass 
wt.%

Glass sample B2O3 CaO Na2O P2O5 ZnO

Zn1 44 24.5 24.5 6 1
Zn2 43 24.5 24.5 6 2
Zn5 40 24.5 24.5 6 5
Zn7.5 37.5 24.5 24.5 6 7.5
Zn10 35 24.5 24.5 6 10
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glass, the molten mixture was then quenched and pressed between two steel plates at room 
temperature. The same preparation technique that Kokubo et  al. previously disclosed was 
used to create an SBF solution with ion concentration about equivalent to that of human blood 
plasma (Kokubo and Takadama 2006).

2.2  Characterization techniques

XRD, FTIR, SEM, and EDAX studies were carried out to characterize the compositional and 
structural changes within the glasses caused by the reaction that occurred with the SBF solu-
tion. The crystalline phases that were present or created inside the sample before and post-
soaking for up to four weeks in the SBF solution at 37 °C will be identified by examining the 
BG sample phase constituents using the X-ray diffraction (XRD) technique.

Brucker Axs-D8 setup and a copper radiation source K-line at 0.154600 nm over a 2 range 
of 4 to 70 with a step size of 0.02, XRD spectral data were produced. With a period of 0.4 s 
and an interval of 0.020, data was steeply collected. Utilizing the Joint Committee on Pow-
der Diffraction and Standards, the resulting spectra were compared to the compiled standards 
(JCDPS).Using Fourier Transformation Infrared Spectroscopy (FTIR), compositional altera-
tions coupled with structural modifications in qualitative or quantitative ways were discovered. 
A single-beam Fourier transform infrared spectrometer (Nicolet IS10, ThermoFisher Co.) was 
used to get the FTIR absorption spectra for several substances at room temperature. To analyze 
the samples’ structures, with a resolution of 2.0  cm−1, absorbance-mode FTIR spectra were 
scanned over a wavenumber range of 400–400  cm−1. The glass pieces were crushed to powder 
and combined with KBr at a weight proportion of 1:100 for the IR examination in absorption 
mode. To avoid a moisture attack, IR absorption spectra were taken right away. Each glass 
sample’s spectrum is an average of individual scans that have been standardized to the spec-
trum. Background and dark current noises were removed from the spectra obtained. It was car-
ried out at Mansoura University’s Fine Measurements Laboratory, which is part of the faculty 
of science. The obtained FTIR spectra were quantitatively evaluated and stimulated by Gauss-
ian functions using a standard curve fitting tool (peak fit 4.12) that modified the peak positions 
of each band’s intensities and widths in two steps as previously indicated(Abdelghany et al. 
2023). The relative area of both  (BO3) and  (BO4) units in the following peaks, which were 
analyzed using the formula below, was used to quantify the amount of borate glass N4:

Using a scanning electron microscope (SEM) with a JEOL JSM-6510LV, USA, operat-
ing at a 20 kV accelerating voltage, the morphology of the films was examined. To shrink 
the charging effects of the sample from the electron beam, a thin layer of gold (3.5 nm) was 
applied to the samples’ surfaces using the vacuum evaporation process. To examine how the 
addition of the dopant altered the structures of the samples and their optical properties, UV/
Vis absorption spectra were obtained using a spectrophotometer (JASCO 630, Japan).

N4 =
��4

��4 + ��3
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3  Results and discussion

3.1  X‑ray diffraction analysis

Figure 1 shows the XRD diffraction pattern of the prepared powder of borate glasses sam-
ples with nominal composition  (B2O3)  (45B2O3, 24.5CaO, 24.5Na2O,  6P2O5) doped with 
different concentrations of zinc ions (Zn) (1, 2, 5, 7.5, and 10%) prior and after soaking in 
SBF between 5 and 70 °C Bragg angle range at room temperature. Sample notations and 
compositions are listed in the table above. Before immersion, the diffraction patterns of all 
prepared samples reflect their amorphous nature without any evidence for crystallization or 
phase separation, despite the rising content of Zn ions to 10 wt.%, as recognized from glass 
definition by various glass researchers (Mardas et  al. 2021). After spending four weeks 
submerged in SBF, XRD data illustrate that the broad band of all samples that appears 
in XRD spectra in Fig. 1 at 2 theta angles approximately between (20–35°) is diminished 
after 4 weeks of immersion, and glass appears to be more crystallized, with little diffrac-
tion peak that relates to crystalline phases related to the formation of a hydroxyapatite layer 
(Huang et al. 2006).

3.2  SEM and EDX analysis

In SEM Fig. 2 of the MBHG doped with 5 and 10 wt.% of Zn doped borate glass before 
immersion in SBF solution indicates the amorphous borate matrix as a roughed sample 
is the continuous phase and is present as a dominant structure. This would be reflected 
from the energy dispersive X-ray (EDX) spectrum of 10 wt% of Zn doped MBHGs as in 
Fig. 3 in which B and Ca atoms are considered the most dominant constituents in the tested 
sample.

Figure 4 presents SEM images of the samples containing 5 wt.% and 10 wt.% of Zinc-
doped borate glass After 4 weeks of immersion in SBF solution. These figures showed 

Fig. 1  XRD spectrum of glass samples doped with Zn a before soaking in SBF b after soaking in SBF
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significant changes to the surface morphology; from a roughed surface to a surface with a 
cotton shape, evidencing the morphology of the apatite formed.

Figure 5 shows the EDX spectrum obtained due to a reaction time of 4 weeks between 
the sample (10 wt.%) of Zn-doped MBHGs and SBF. From the results, it appeared that 

Fig. 2  SEM for glass doped with Zn before soaked in SBF solution in case of a 5 wt%, b 10wt%

Fig. 3  EDAX for glass doped with 10wt% of Zn before soaked in SBF solution

Fig. 4  SEM for glass doped with Zn after soaked in SBF solution in case of a 5 wt.%, b 10wt%
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when bioglass is soaked in SBF for a lengthy period (4 weeks), the hydroxyapatite layer 
forms and precipitates on top of the surfaces and spreads over the entire surface. Our con-
siderations based on SEM observations indicate that increasing Zn concentration affects 
HA layer formation and agrees well with previously XRD-reported results.

3.3  Fourier transform infrared (FTIR)

The absorption spectra chart of FTIR of Zn-doped materials with dissimilar concentrations 
before soaking in the solution of SBF is shown in Fig. 6. The presence of dopant Zn ions 
led to the emergence of a broad, tiny band at 1218  cm−1, which was recognized as the for-
mation of non-bridging oxygen (NBO) associated with increasing in trigonal units  (BO3), 
and this band intensity enlarged as the Zn concentration increased.

Fig. 5  EDAX for glass doped with 10wt% of Zn after soaked4 weeks in SBF solution

Fig. 6  FTIR spectra of Zn doped 
borate glass sample before 
immersion in SBF
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As shown in Fig. 7 we studied the effect of concentration on prepared samples of glass 
that have been soaked in SBF for a total period of 1, 2, 3, and 4 weeks. FTIR spectrum 
observations of the Zn system indicate that the bands at 3433   cm−1 correspond  to the 
modes of stretching vibration correspondingly of the hydroxyl group (Asthana and Heise 
2011) and communicate to  H2O adsorption at the surface. 1409   cm−1 peak is assigned 
to the bending C–O vibration of carboxyl groups  (CO3−2) found in the HCA structure 
(Pino et  al. 2008).The strong bands at 1035  cm−1  match up to vibration modes for P-O 
that are related to the amorphous calcium phosphate layer, and they increase in intensity 
with immersion time (3 and 4 weeks), whereas the peaks at 719 and 562  cm−1 correspond 
to O–P–O bending modes (Elzinga and Sparks 2007). The phosphate mode appears as a 
resolved small single peak at 463  cm−1 in the  case of 1 wt.% Zn and is assigned to the 
asymmetric mode of P-O vibrations in amorphous calcium phosphate (apatite). The IR 
spectra of the examined borate glasses exhibit this significant modification in the spectra 
after immersion:

1. The disappearance of the bands at 718  cm−1 from the first week in the case of Zn con-
centration (1, 5, and 10) disappeared from 2 weeks for 7.5 wt.% of Zn and just from 
4weeks for 2 wt.% of Zn and this confirms the ion exchange process of glass.

2. The disappearance of the bands at 1218  cm−1for all concentrations from the first week 
that related to triangular units  (BO3) confirms increasing the bands related to  (BO4).

Fig. 7  Zn sample FTIR spectra after soaking for a 1 week, b 2 weeks, c 3 weeks, and d 4 weeks
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3. The substantial persistence of the major band at roughly 1035  cm−1 following corrosion 
with SBF solution, as well as the quiet fall in the intensities of the band 1560  cm−1, show 
that the bands related to  BO3 vibrations are greatly reduced, but the bands due to  BO4 
vibrations endure and remain noticeable.

4. The new band peaks at about 561  cm−1confirm the formation of crystalline apatite, 
which was documented by SEM morphology and XRD results.

Comparing the FTIR absorption spectra of glasses with different amounts of ZnO in 
Fig. 7, it is deduced that the sample containing a higher concentration of ZnO possesses 
not only higher crystallinity but also more phases than that in the glass containing a lower 
one. This observation is highly confirmed by the results based upon EDX analysis of Ca 
and P content in crystalline phases (Fig. 5), XRD patterns (Fig. 1b), and SEM morphology 
(Fig. 4) of the obtained bioactive apatite phases.

Figure 8 shows a deconvolution analysis of samples comprising zinc oxide amounts of 
10 wt.%, which were utilized to evaluate the four-coordinated boron (N4) changes before 
and after 1, 2, 3, and 4 weeks of soaking in SBF solution. As previously reported by several 
authors, the deconvolution technique is based on prior knowledge of the wave number of 
proposed vibrational groups and the second derivative of the spectrum, which specifies 
the precise position of peak maxima(Abdelghany et al. 2022; Abdelghany 2010; Lin et al. 
2022).

The N4 fraction for ZnO doped borate glasses of the concentration of (1, 10 wt.%) was 
tabulated as shown in Table 2 and it is represented in Fig. 9 for different immersion times 
(1, 2, 3, and 4) to estimate indicates boron atoms transformations occur during immersion 
time in SBF solution. The value of N4 is thought to have increased with longer immersion 
times before beginning to decline in the last week. In addition to other parameters, the 
development of NBO can be linked to a reduction in the ratio of N4 when immersion time 
is increased. Higher-wavelength electron excitation is facilitated by the negative charge on 
NBOs (Chanshetti et al. 2011). By increasing the quantity of NBO atoms, ZnO improved 
the glass network and decreased the  BO4/(BO4 +  BO3) ratio (Boda et al. 2016). ZnO oper-
ates as an intermediate oxide in the glass structure, either as a modifier or a maker network 
(Ahmad et al. 2014).

3.4  UV–vis. spectroscopic measurements

Using ultraviolet–visible absorption spectroscopy, the optical characteristics of a mate-
rial that reveal information about its electronic structure can be represented(kenawy et al. 
2022; Taha and Rammah 2016). The wavelength range of UV/Vis absorption spectra is 
between 200 and 1100 nm as shown in Fig. 10. The samples display two absorption peaks 
at approximately 243 and 238 nm in the spectrum UV region for all glass samples doped 
with Zn, which result from the iron impurities that are an obligatory tracer inside the raw 
materials during the glass formation (ElBatal et  al. 2009). The absorbance is approxi-
mately the same in the concentration (1 and 7.5) wt.% of Zn, and concentration 2 wt.% 
is the least one in absorbance. Internal and external factors such as electronic transitions, 
chemical bonding, and the glass structure, which are primarily caused by the addition of 
dopants, influence the UV absorption of glasses (Elbatal et al. 2011).Also, the absorption 
edge position change is caused by the oxygen bondingvariation within the glass network 
(El Agammy et al. 2021).The metal cations addition for example Pb, Zn, Cd, etc., affects 
the  B2O3 and  SiO4 network formation. These cation additives can also act as a nucleating 
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Fig. 8  Deconvolution and residual results of Zinc doped 45S5 borate bioactive with the addition of 10 wt.% 
of ZnO before and after soaking in SBF solution

Table 2  The N4 fraction 
calculated before and post-
soaking in the solution of SBF

Zn conc N4

Before 1 Week 2 Weeks 3 Weeks 4 Weeks

1 0.521 0.748 0.842 0.880 0.785
10 0.455 0.743 0.808 0.941 0.846
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agent for glass crystallization and a network modifier. Therefore, the borate glasses’ optical 
properties have significantly changed (Gautam et al. 2012).

The optical energy gap (Eg) values are recorded in Table  3 and shown in Fig.  11. 
The values of indirect and direct band gap were reduced with an increase in the dopant 
concentrations.

4  Conclusions

In this paper glass of supposed composition [(45-x)  B2O3–24.5Ca O–24.5Na2O–6P2O5–x
ZnOWt.%], while x = 1, 2, 5, 7.5, and 10 Wt.% were successfully been prepared through 
a melt quenching route. In conclusion, the experimental results obtained from the XRD, 
SEM, EDX, and FTIR analyses provide valuable insights into the structural and morpho-
logical changes that occur in borate glasses doped with different concentrations of zinc 

Fig. 9  Illustrate N4 variation as a 
function of the concentration of 
zinc oxide and soaking time

Fig. 10  Spectra of UV/Vis for 
Borate glass containing Zn by 1, 
2, 5, 7.5, and 10 wt.%
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ions before and after immersion in simulated body fluid (SBF). The XRD analysis of the 
samples before immersion revealed their amorphous nature, with no evidence of crystal-
lization or phase separation, even with the increasing concentration of zinc ions. How-
ever, after four weeks of immersion, the XRD data showed a reduction in the broad band 
observed in the diffraction pattern, indicating increased crystallization and the formation of 
a hydroxyapatite layer.

SEM images of the samples before immersion displayed an amorphous borate matrix as 
the dominant structure, with rough surface morphology. However, after immersion, signifi-
cant changes in surface morphology were observed, with the formation of a cotton-shaped 
hydroxyapatite layer. The EDX analysis confirmed that boron and calcium were the domi-
nant constituents in the tested samples, especially in the case of 10 wt.% zinc-doped borate 
glass immersed in SBF for four weeks. FTIR analysis revealed several modifications in 
the spectra after immersion. The disappearance of certain bands indicated an ion exchange 
process between the glass and SBF solution. The emergence of new peaks confirmed the 
formation of crystalline apatite. The intensity of certain bands related to  BO3 vibrations 
decreased, while those related to  BO4 vibrations remained visible. The UV/Vis absorption 
spectra showed two absorption peaks resulting from iron impurities in the raw materials 
used for glass formation. The addition of zinc ions influenced the optical properties of the 
borate glasses, and the absorbance varied with different zinc concentrations. Overall, the 
experimental findings suggest that the addition of zinc ions to borate glasses affects their 

Table 3  The effect of varying Zinc oxide concentrations on the optical characteristics of borate glass

Sample Absorption edge (λg) 
(nm)

E optical (eV) Edirect (eV) E indirect(eV)

Zn 1 455.03 2.73 2.22 3.09
Zn2 438.72 2.83 2.32 3.16
Zn5 432.42 2.87 2.31 3.18
Zn7.5 429.08 2.89 2.37 3.21
Zn10 419.44 2.96 2.07 3.16

Fig. 11  Indirect and direct band 
gap energies as a function of 
Zinc concentration in the glassy 
matrix
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structural, morphological, and optical properties. The immersion in SBF leads to the for-
mation of a hydroxyapatite layer on the glass surface, and the concentration of zinc ions 
influences the crystallization and morphology of the formed layer.

The study investigates the impact of zinc oxide on the physical properties, bioactivity of 
borate-based bioactive glass for bone bonding application.
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