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Abstract
In the present investigation,  Na2O–CaO–SiO2–B2O3–Ag2O glasses were prepared using the traditional melt-quenching 
process, with  Ag2O content progressively raised from 0 to 4 wt.%, at the expense of  B2O3, in the chemical composition of 
these glasses. The created glasses’ physical, mechanical and electrical characteristics were measured. The bone bonding 
capacity of the as-prepared specimens was evaluated not only by in vitro studies with treatment in simulated body fluid but 
also by in vivo studies using the albino rat model at different time intervals up to 28 days. The obtained findings revealed 
that increasing the  Ag2O content gradually improved the fracture toughness of the samples by approximately 3.94, 11.84, 
27.63, 50%, but fortunately with slight decreases in the microhardness, i.e. 1.02, 2.73, 8.90 and 16.43% and other mechanical 
properties. All samples had electrical conductivities of 2.36, 2.65, 2.84, 3.59, and 4.23 ×  10‒5 S/m when the frequency was 
1 MHz, compared to 1.36, 1.58, 1.72, 2.10, and 2.42 ×  10‒4 S/m for the same samples at 20 MHz. Furthermore, the addition 
of  Ag2O had a favorable function in improving the bioactivity of the glass samples, as evidenced by in vitro and in vivo 
data, and no cytotoxicity was seen. Based on these attractive findings, it is possible that the produced glass samples would 
be suitable for orthopedic applications at load-bearing-sites.

Graphical Abstract

Keywords In vivo studies · In vitro studies · Bone-bonding ability · Borosilicate glasses · Fracture healing applications

 * Rasha A. Youness 
 rhakamnrc@gmail.com

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-023-02626-8&domain=pdf


4069Journal of Inorganic and Organometallic Polymers and Materials (2023) 33:4068–4082 

1 3

1 Introduction

Biomaterials are known to have a vital role in many appli-
cations such as photocatalysis [1], nanoimaging [2], bio-
sensors [3], food technology [4], biotechnology [5], and 
biological screening platform [6] and this importance 
extends to use in orthopedic problems [7, 8].

It is well-known that when bones are broken, they repair 
the fracture due to their unique ability to repair themselves. 
However, if this damage is severe enough, bone tissue will 
be unable to fulfill this necessary role [9]. In light of this, 
significant efforts have been made over the last 50 years to 
produce novel and promising biomaterials for the regen-
eration, repair, and replacement of living bone tissue. 
One such enticing biomaterial is the so-called bioactive 
glass [10]. According to the pioneering work of Professor 
Hench [11], bioactive glasses (BGs) are bioactive mate-
rials having excellent beneficial interactions with hard/
soft tissues [12]. Based on this fact, BGs have sparked 
considerable attention in recent years for their prospec-
tive uses in orthopedics and dental purposes due to their 
ability to generate hydroxyapatite (HA) layers on their 
surfaces. As a result, they may easily bind to the tissues 
in their vicinity [13]. Surprisingly, the presence of BGs 
promotes osteoblastic cell proliferation as well as differ-
entiation [14]. Notably, their brittleness, on the other hand, 
is the fundamental issue that prevents them from being 
widely used in therapeutic settings. Therefore, research 
is undertaken to address this significant issue [15]. Boron 
may be present in a variety of organs in the human body, 
including bone, hair and nails. Furthermore, it plays an 
important function in bone production [16]. At the same 
time, it has an impact on the function of certain essential 
metabolic enzymes [17]. Researchers have devoted more 
attention to employing borate BGs as bone replacement 
materials due to their biological importance. Aside from 
the extraordinary biological properties discussed above, 
borate glasses have another essential characteristics, i.e. 
excellent bioactivity behavior due to their low chemical 
durability and rapid biodegradation rate [10, 18]. Unfortu-
nately, as shown in Refs. [19, 20], adding additional borate 
to the glass structure resulted in a severe structural dete-
rioration. Adding silicon dioxide as a former or calcium 
oxide as a modifier might thus be a potential solution to 
this problem. Furthermore, adding metal oxides to BGs 
can increase their fracture toughness as well as their opti-
cal and electrical characteristics. Silver oxide is one of 
the better possibilities in this respect, since it has a num-
ber of favorable features. Silver may become multivalent 
when it interacts with oxygen, such as  Ag2O, AgO,  Ag3O4, 
 Ag4O3 and  Ag2O3. As a result, it is reasonable to assume 
that the silver oxide’s physicochemical, electrochemical, 

electronic, optical and antibacterial properties are heav-
ily influenced by its crystalline structures [21–23]. It is 
worth noting that  Ag2O and AgO are the most visible and 
stable phases. Most notably, it has a minimal impact when 
utilized in biological applications [24].

In vitro studies are often used to evaluate the bioactivity 
of tested biomaterials since they are simple, cost-effective, 
and allow for the avoidance of animal exploitation and suf-
fering, as well as the fact that they are not time consum-
ing [25]. Despite these incredible benefits, biomaterials 
researchers are sometimes dissatisfied with in vitro results 
due to the relative simplicity of in vitro interactions com-
pared to the intricate interactions that occur in living organ-
ism [26]. By following this concept, in vivo studies are 
essential and irreplaceable, thanks to their ability to act as a 
bridge between in vitro studies and clinical trials [27].

Several articles have studied the effect of  Ag2O on the 
bioactivity, antibacterial and physico-chemical properties of 
borate/borosilicate [28–32] and phosphate glasses [33, 34]. 
Based on these efforts, to the best of our knowledge, this is 
the first study to examine the bioactivity of  Ag2O-containing 
borosilicate glasses when implanted into a rat model, as well 
as to verify their electrical and mechanical properties. In 
this regard, the purpose of this article was to investigate the 
above properties of calcium borosilicate glasses doped with 
various weight percentages of silver oxide.

2  Experimental Setup

2.1  Materials

Sodium carbonate  (Na2CO3; 99.5%), calcium carbonate 
 (CaCO3, 99.2%), silicon dioxide  (SiO2; 99%), silver nitrate 
 (Ag2NO3; 99.8%) and orthoboric acid  (H3BO3; 99.5%) pow-
ders were purchased to be used as precursors for preparing 
glass samples. Furthermore, sodium chloride (NaCl; 99.2%), 
sodium bicarbonate  (NaHCO3; 99.5%), potassium chloride 
(KCl; 99.5%), calcium chloride  (CaCl2; 99.6%), dibasic 
potassium phosphate  (K2HPO4; 99.8%), magnesium chlo-
ride  (MgCl2; 99.5%), tris-hydroxymethyl-amino-methane 
[(CH2OH)3CNH3); 99.6%] and hydrochloric acid (HCl; 
99%) were used to prepare SBF solution.

2.2  Glass Preparation

The following precursors:  Na2CO3,  CaCO3,  SiO2,  Ag2NO3 
and  H3BO3 were used to make melt-quenched glasses with 
x = 0, 0.5, 1, 2, and 4 wt.%. This glass system is composed 
of  25Na2O–20CaO–15SiO2-xAg2O–(40-x)B2O3. These 
precursors were combined in the right proportions in an 
agate mortar before being melted in an electric furnace 
at 1100–1150 °C for 3 h in air in porcelain crucible. The 
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molten liquid was sometimes agitated to ensure homogenous 
mixing of all components bubble-free samples. The molten 
batches were then immediately transferred to another muffle 
furnace and annealed for one hour at about 350 °C. After 
the muffle was switched off, the temperature decreased to 
room temperature at a rate of 25 °C/h. Table 1 lists the nomi-
nal compositions of the prepared glasses, along with their 
acronyms.

2.3  Measurement of Different Glass Properties

The density of the produced glass samples was determined 
using the Archimedes method. Vickers microhardness (HV) 
was nonetheless tested using a method outlined in recent 
studies [35, 36]. The examined specimens’ fracture tough-
ness,  KIC, and compressive strength were assessed using 
the techniques detailed in the references [37, 38]. Using 
a MATEC Model MBS8000 DSP system, the pulse-echo 
method was used to test the ultrasonic characteristics 
[39–42]. Finally, the electrical properties of the prepared 
samples were measured with the help of a broadband dielec-
tric spectroscopic technique at room temperature.

2.4  Structural Characterization of the Prepared 
Glass Samples

The chemical composition of the specimens was determined 
using a room-temperature KBr technique and Fourier-
transform infrared (FTIR; Jasco-300E) spectroscopy. Fur-
thermore, using X-ray diffraction (XRD; Philips PW 1373) 
device, the amorphous structure of the generated samples 
and the formation of an apatite layer on the surfaces of sam-
ples after being soaked in simulated body fluid (SBF) solu-
tion for varied lengths of time up to 4 weeks were verified.

2.5  Assessment of Bone‑Bonding Ability 
of the Studied Glass Samples

2.5.1  In Vitro Studies

According to ISO 23317, which was adopted by the Inter-
national Organization for Standardization in June 2007, the 
SBF solution is suitable for in vitro bioactivity assessment of a 
material. In this test, the examined samples were submerged in 
it for 1, 2, 3, and 4 weeks. Notably, despite being manufactured 
according to the recipe published by Kokubo et al. [43, 44], 
the ionic concentrations of SBF solution are identical to those 
of human blood plasma, as shown in Table 2. In this investiga-
tion, the 0.01 g/ml ratio recommended by Siqueira and Zanotto 
[45] was used to provide an excess of SBF volume surround-
ing the glass particles. The XRD technique and field emission 
scanning electron microscopy (FESEM; Quanta-FEG250) 
were used to confirm the formation of an apatite layer on the 
surfaces of samples. In addition, surface topography behavior 
was determined using Gwydoin 2.45 software [46].

2.5.2  In Vivo Bioactivity

The current investigation was done at the Surgery, Anaesthesi-
ology and Radiology Department, Faculty of Veterinary Medi-
cine, Cairo University using twenty-four albino rats weighing 
200–250 g. Twelve rats were placed in each of the two main 
groups (group I and group II) at random. Bilateral tibial bone 
defects were induced in all experimental animals. In group I, 
the tibial deficiencies were not corrected; they were left as a 
control; in contrast, group II had BSA4 treatment. The animal 
groups were divided into 4 subgroups, each with 3 rats, based 
on the observational intervals of 1, 2, 3 and 4 weeks’ postin-
duction and implantation.

An intraperitoneal injection of Xylazine HCl (10 mg/kg) 
and Ketamine HCl (50 mg/kg) was used to generally anaesthe-
tize the rats. Isoflurane 1% was then administered via an anes-
thetic box to sustain the anaesthesia. The animals in both tibial 
areas were prepared aseptically medially. The flat tibial shaft 
was used to pierce a skin, and the periosteum was exposed 
after subcutaneous tissues were dissected. Using a drill bit size 
of less than 1 mm, a tiny electric motor created a unicortical 
bone defect in the medial cortex. In the hind limbs, which are 
employed as a control limb, the faulty hole was left untreated. 
On the other hand, the BSA4 sample filled the bilateral bone 

Table 1  Nominal composition (wt.%) of the parent  Ag2O-containing 
borosilicate glasses

Glass code Nominal composition (wt.%)

Na2O CaO SiO2 B2O3 Ag2O

BSA0 25 20 15 40 0
BSA0.5 25 20 15 39.5 0.5
BSA1 25 20 15 39 1
BSA2 25 20 15 38 2
BSA4 25 20 15 36 4

Table 2  Ion concentration 
(mM) for simulated body fluid 
(SBF) and human blood plasma 
[35, 36]

Solution Ion concentration (mM)

Na+ K+ Mg2+ Ca2+ Cl− HCO3
− HPO4

2− SO4
2−

SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5
Blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5
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deficiencies in group II. Vicryl Ø 4/0 was used as normal to 
seal the wound.

Gentamicin 8 mg/kg intramuscularly and ketoprofen 
5 mg/kg were intravenously to all rats for 3 days in a row, 
along with daily wound treatment and evaluation. At 1, 2, 3 
and 4 weeks following surgery, the animals were euthanized 
by intraperitoneal injection of sodium thiopental (90 mg/
Kg). After euthanasia, the tibial bones were dissected and 
harvested, the defects sites were examined macroscopically 
and photographed. The bones were then preserved in 10% 
formalin solution after that. The samples were cleaned and 
ready for histopathological analysis using tissue sections 
stained with H&E and examined under various magnifica-
tion powers [47].

3  Results and Discussion

3.1  Measuring Different Properties of Prepared 
Glass Samples

3.1.1  Physical Properties

The physical properties of glasses are widely known to be 
substantially influenced by their structure and composition 
[48]. Of note, solids’ density is a useful and easily quantifi-
able physical property. Besides, it may be used to figure 
out how different varieties of glass are made. Some workers 
thought that glass density was an additional attribute that 
could be calculated based on the glass’s composition [49]. 
The density of all examined samples is shown in Fig. 1 as a 
function of  Ag2O concentration. As can be seen, increasing 
the concentration of  Ag2O results in significant increases in 
the density values of the produced glasses. This rise might 
be attributed to the substitution of a heavier oxide, i.e. 

 Ag2O (density = 7.14 g/cm3), for a lighter oxide, i.e.,  B2O3 
(density = 2.46 g/cm3).

3.1.2  Mechanical and Ultrasonic Properties

All produced glass specimens were examined for their 
microhardness, compressive strength and fracture toughness 
were measured and represented in Figs. 2 and 3. Besides, the 
longitudinal and shear ultrasound velocities were determined 
and displayed in Fig. 4, while the ultrasound moduli includ-
ing Young's modulus, longitudinal modulus, bulk modulus, 
shear modulus and Poisson's ratio are represented in Table 3. 
The obtained results showed that the prepared glass speci-
mens had lower rigidity and higher stiffness as evidenced 
by the dramatic decrease in all mechanical properties with 
the increase of  Ag2O content except for the fracture tough-
ness which showed opposite trend as it increased with the 
increase of the  Ag2O content of the samples. The observed 

Fig. 1  Bulk density of each produced glass sample with a range of 
 Ag2O contents

Fig. 2  All glass samples’ microhardness and compressive strength 
were compared to their  Ag2O concentrations
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values of the aforementioned properties for BSA0 sample 
are 5.84 GPa, 164.7 MPa, 0.76 MPa  m1/2, 73.55 GPa, 80.42 
GPa, 49.42 GPa, 31 GPa and 0.186, respectively, while those 
of BSA4 sample are 4.87 GPa, 139.7 MPa, 1.12 MPa.m1/2, 
62.39 GPa, 68.14 GPa, 41.82 GPa, 26.32 GPa and 0.185, 
respectively. According to these findings, increasing the 
 Ag2O concentration to 4 weight percent was helpful in rais-
ing fracture toughness to roughly 50%. Furthermore, the 

increase in  Ag2O content did not result in a drastic reduc-
tion in compressive strength, since all of the samples’ com-
pressive strengths were within the range of cortical bone 
(100–150 MPa). On the opposite side, increased  Ag2O 
level has had a detrimental impact on all elastic properties 
of produced samples. Two considerations may be used to 
better explain these results. On the one hand, the large con-
tribution of  BO4 units is a significant factor in the increased 
cross-linking of the glass network, resulting in increased 
interconnectivity and network compactness. The lower bond 
strength of Ag − O relative to B − O, along with the creation 
of a higher number of NBOs, decreases hardness and all 
elastic properties. Based on the foregoing findings, it may 
be concluded that the generated samples are suitable for use 
in load-bearing sites applications [15]. The relevance of the 
numerous mechanical properties acquired for diverse bio-
medical applications should be stressed to the readers of 
this text. Hardness, for example, is important in establishing 
the acceptability of a biomaterial for a certain therapeutic 
application since it is linked to the material’s abrasion. In 
other words, the lesser the abrasion, the higher the hardness. 
Fracture toughness, on the other hand, is advantageous for 
modifying crack propagation in ceramics. In this context, 
fracture toughness can be used to predict biomaterial perfor-
mance and long-term clinical success of biomaterials.

3.1.3  Electrical Properties

It is evident that biomaterials’ advantageous electrical char-
acteristics play a significant role in encouraging bone devel-
opment [36]. In this regard, as shown in Fig. 5, the electrical 
conductivity of all samples was measured at room tempera-
ture at frequencies ranging from 1 to 20 MHz. The frequen-
cies employed were carefully chosen because the majority of 
relevant studies [50, 51] focused on the preceding qualities 
at low frequencies. The electrical conductivity of the pro-
duced glass samples is affected by two parameters, as shown 
in Fig. 5, namely, the higher the frequency and the greater 
the  Ag2O content increases. For instance, the electrical 
conductivity measured for all samples was 2.36, 2.65, 2.84, 
3.59 and 4.23 ×  10−5 S/m when frequency = 1 MHz, while 
the electrical conductivity for the same samples was 1.36, 
1.58, 1.72, 2.10 and 2.42 ×  10−4 S/m at frequency = 20 MHz. 

Fig. 3  BSA0, BSA0.5, BSA1, BSA2, and BSA4 glass samples’ frac-
ture toughness

Fig. 4  Longitudinal and shear velocities of borosilicate glass samples 
containing  Ag2O

Table 3  Elastic moduli 
including Young’s modulus, 
longitudinal modulus, bulk 
modulus, shear modulus and 
Poisson’s ratio measured for all 
glass samples

Glass code Young’s modu-
lus (GPa)

Longitudinal 
modulus (GPa)

Bulk modulus 
(GPa)

Shear modulus 
(GPa)

Poisson’s ratio

BSA0 73.55 80.42 49.42 31.00 0.1864
BSA0.5 72.06 78.71 48.32 30.39 0.1855
BSA1 69.46 75.68 46.33 29.35 0.1832
BSA2 67.65 72.70 43.77 28.92 0.1696
BSA4 62.39 68.14 41.82 26.32 0.1854
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These results may be further explained with the aid of Ref. 
[51] which demonstrated that  Ag2O has a higher electri-
cal conductivity and can increase the conduction process by 
interacting with NBOs or  BO4

−. On the other hand, Ref. [52] 
provides an explanation for the impact of higher frequency 
on the measured AC conductivity and claims that the change 
is caused by a process known as conductivity relaxation phe-
nomenon, which is consistent with the hopping relaxation 
model. According to this hypothesis, a charge carrier jumps 
to an unoccupied site nearby and adds to σdc at low frequen-
cies. However, the possibility of the linked back and forth 
leaping increases with frequency, which in turn causes the 
charge carriers to relax.

3.2  Characterization of as‑Prepared Glasses

Figure 6 shows the XRD patterns of produced glass exam-
ples. Form the figure, it is clear that all of the samples were 
amorphous, as seen by the lack of diffraction peaks arising 
from the lattice periodicity, confirming proper glass sample 
preparation methods [28].

According to the literature [37], FTIR spectroscopy is a 
potent technique for examining functional groups in glass 
structure. All of the materials studied in this context have 
FTIR absorption spectra, which are displayed in Fig. 7. 
Notably, the bands were designed based on the references 
[53–55]. Although  B2O3 and  SiO2 make up the majority 
of the glass formers in the made glass samples, it is rea-
sonable to assume that  B2O3 will dominate the pertinent 
intensity bands and  SiO2 will play a minor role. It is criti-
cal to mention some crucial information regarding borate 
glasses before beginning the FTIR band assignment. For 
starters, this sort of glass has a complex chemistry as well 

as unique features that distinguish it from other varieties of 
glass. Second, the boroxol  (B3O6) rings/groups of borate 
are mostly made up of three triangles of boron and oxygen. 
When alkali oxide (CaO) and alkaline earth oxide  (Na2O) 
are added to borons, the coordination changes from trian-
gular  (BO3) units to tetrahedral units, i.e.  BO4. It is vital to 
note that this process stops once a certain concentration of 
 BO4 units is reached. If more of these oxides are added, non-
bridging oxygens (NBOs) are obtained. The same behav-
ior is observed in silicate glass where it consists of slightly 
deformed tetrahedral  SiO4 units, thus, CaO and  Na2O can be 
accommodated in this structure, creating Si–O-NBO ubiqui-
tously across the glass network [56]. In view of these facts, 
it should be noted that 3 and 4 borate/silicate units may be 
easily detected by FTIR spectroscopy. Following these facts, 
the FTIR absorption spectra that arise are simple to explain 
as follows:

Fig. 5  AC conductivity of all glass samples with various  Ag2O con-
centrations at various frequencies, i.e. 1, 5, 10 and 20 MHz

Fig. 6  All XRD patterns of generated glass samples, including BSA0, 
BSA0.5, BSA1, BSA2, and BSA4

Fig. 7  FTIR absorption spectra of BSA0, BSA0.5, BSA1, BSA2, and 
BSA4 glass samples
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• The B − O stretching vibrations of triangular  (BO3, 
 BO2O −) units can be allocated to medium bands in the 
region 1600–1250  cm−1. Notably, when the amount of 
 Ag2O increases, the intensity of these bands decreases. 
Most of these units are transformed to tetrahedral ones 
because of the greater concentration of modifiers (45–49 
wt.%), which is almost equivalent to or even higher than 
that of  B2O3 (40–36 wt.%). This is because increasing the 
levels of  Ag2O at the cost of  B2O3 causes these bands to 
weaken even more.

• The asymmetric stretching mode of tetrahedral borate 
units (di-borate, penta-borate and tri-borate units) may 
be responsible for the strong sharp band at 1050  cm−1, 
two ill-defined bands at 1010 and 1100  cm−1, as well as 
one weak band around 870  cm−1. By lowering the  B2O3 
level, the intensity of the bands at 1050 and 870  cm−1 
were somewhat raised.

• It is possible to designate a band near 780  cm−1 to the 
bending/deformation modes of different borate units.

• The presence of two weak bands near 1040 and 
1010  cm−1, respectively, which interact with the vibra-
tion of  BO4 units as mentioned above, point to the exist-
ence of asymmetric and symmetric stretching modes of 
Si − O − Si links, respectively [56].

• The Si − O bond’s asymmetric stretching mode is veri-
fied by a weak band at 850  cm−1 which interferes with 
asymmetric stretching mode of tetrahedral borate units. 
On the other hand, a weak band about 470  cm−1 indicates 
the Si − O bond’s bending vibrational mode.

• Bands in the spectral region 400–580  cm−1 indicates the 
vibrational modes of the modifiers, i.e., CaO and  Na2O. 
Notably, the intensities of these bands likewise stay con-
sistent since the contents of these bands are constant 
across all prepared samples.

• At 565  cm−1, a single band of different Ag − O vibration 
modes is seen. It is significant that this band may be eas-
ily seen in the spectrum of the BSA4 sample.

3.3  Assessment of Bone‑Bonding Ability 
of the Studied Glasses

3.3.1  In Vitro Studies Using XRD Technique and FESEM

In order for the bioactive glass to stably bond with living 
bones when implanted in the human body, it is imperative 
that it generate a HA-like coating on its surface as a result 
of its interaction with the nearby physiological fluids [57]. 
Glass surfaces’ degradation, precipitation, and ion exchange 
are all directly tied to the development of such a layer on 
them. It should be noted that the XRD technique can be 
used to validate the creation of the HA layer. In this context, 
prepared glass samples before and after incubation in SBF 
solution for 1, 2, 3, and 4 weeks were examined using the 

XRD technique as shown in Fig. 8a–d. It is possible to see 
that Fig. 8a demonstrates the existence of XRD peaks corre-
sponding to HA that were found using the JCPDS 72–1243. 
The analyzed glass samples’ bioactivity exhibits an escalat-
ing pattern in the following order: BSA0 < BSA0.5 < BSA1 
< BSA2 < BSA4. Notably, careful examination of this figure 
gives readers an important insight soaking time is a criti-
cal factor in the development of HA layer formation as the 
intensity of HA peaks increases with the increase in soaking 
time in SBF solution. The bioactivity of the studied samples 
may be explained by the dissolving of glass modifiers and 
network formers, such as  Na2O, CaO,  B2O3 and  SiO2, in 
SBF solution, resulting in the formation of  Na+,  (BO3)3− and 
 (SiO4)4− ions, as was previously mentioned in Refs. [32, 58]. 
It should be noted that the reaction between the  (BO3)3− and 
 (SiO4)4− ions results in the production of B − OH and 
Si − OH groups, which serve as a catalyst for bioactivity. 
In addition, the phosphate  (PO4)3− ions in the SBF solution 
interact with the  Ca2+ ions released from the glass to form 
the apatite layer. These findings are explained by the fact 
that, despite the increased proportion of  BO4 units, adding 
 Ag2O at the expense of  B2O3 while maintaining the same 
amount of network modifiers, i.e., 45 wt.%, increases the 
formation of NBOs and, as a result, increases the bioac-
tivity of the under-screened glass samples. In another way, 
increased NBOs have a bigger role in enhancing bioactivity 
than increased  BO4 units do in decreasing it. These findings 
broadly agree with those made by Krishnamacharyulu et al. 
[59], who claimed that increasing the amount of  Ag2O helps 
to improve the borosilicate glass’s dissolution and, conse-
quently, its bioactivity since it has a lower bond strength 
(Ag − O; 221 kJ/mol) than B − O (536 kJ/mol). It should be 
highlighted that the HA peaks’ broadness − in comparison 
to those in the JCPDS − may suggest that the generated HA 
layer has poor crystallinity and/or is in the nanoscale range 
[60].

Generally, excellent phase similarity between the bioce-
ramics and the inorganic bone component is required for 
osteoblasts to connect to the surface of the material and for 
a strong bond to form between these interfaces. It should 
be noted that the link between bone and biomaterials has a 
strength that varies from 15 to 25 MPa, which is significantly 
higher than the 0.5 and 2 MPa values for bioinert glass and 
smooth titanium, respectively [61]. Based on Ref. [62], it is 
reasonable to conclude that the surface texture of the mate-
rial under study and the rate of HA development are strongly 
connected. By this way, one can expect that as the surface 
area grows, apatite nucleation will develop more quickly. 
Glass grains are thus anticipated to be effective for a variety 
of applications including the administration of antibiotics 
and genes as well as growth factors that aid in bone mend-
ing because of their large surface area and simplicity in HA 
stacking.
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In this study, we exposed the BSA4 sample to SEM analy-
sis both before and after treatment in SBF solution at 1, 2, 
3, and 4 weeks in order to provide readers with visual proof 
of the increased creation of a HA layer on the surface with 
increasing soaking time as seen in Fig. 9a–e. It is clear that 
the specimen’s surface morphology was entirely different 
before and after being incubated in SBF since, as a result of 
this treatment, a new layer of spherical particles was found 
on the specimen. According to the XRD data and descrip-
tions of this layer in earlier research, this layer was most 
likely apatite. Undoubtedly, the layer that forms grows as 
the soaking time increases until it covers the entire sample 
surface.

It is generally established that surface roughness has a 
favorable impact on cell responsiveness. Due to the signifi-
cance of this, three-dimensional micrographs of the BSA4 
sample taken before and after 1, 2, 3, and 4 weeks of treat-
ment in the SBF solution were recorded and displayed in 

Fig. 10a–e, along with a list of various roughness parameters 
for each sample in Table 4. Increasing the length of incuba-
tion in SBF solution, up to 2 weeks, efficiently increases the 
surface roughness, according to detailed assessments of the 
roughness of these samples. For the analyzed samples, the 
maximum height of the surface  (Rt) was recorded as 321.9, 
385.4, 428.3, 389.0 and 381.1 nm, while the roughness aver-
age  (Ra) was recorded as 34.7, 36.7, 43.2, 42.7 and 40.1 nm. 
The maximum roughness valley depth  (Rv) was observed 
on the other side, and was as follows 170.2, 186.2, 195.4, 
190.8 and 182.9 nm. Notably, the BSA4 sample after treat-
ment in SBF solution for 3 and 4 weeks shows a noticeable 
decrease in surface roughness parameters compared to the 
same sample after soaking in SBF for 1 and 2 weeks. This 
finding can be attributed to that prolonged soaking in the 
solution is responsible for thickening of the apatite layer 
and its complete coverage of the surface which leads to this 
slight decrease in the surface roughness. It is worth to note 

Fig. 8  XRD patterns of glasses after a 1 week, b 2 weeks, c 3 weeks and d 4 weeks in SBF solution
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that this increase in surface roughness, compared to that 
prior to soaking in SBF solution, is consistent with a large 
body of research in biomaterials that has reported that rough 
surfaces have a significant effect on boosting the binding of 
osteoblastic cells to biomaterials implanted in human bone 
[63, 64].

3.3.2  In Vivo Studies

The golden standard in the pre-clinical stage continuous to 
be animal model testing of innovative preparations in bone 
restoration techniques [65]. In the present investigation, 
the normal bone healing of the control defects and repair 
of a non-critical sized unicortical bone defect (1 mm) 
utilizing  Ag2O-containing borosilicate glasses were com-
pared. Inflammation happens very away after a bone dam-
age, and a hematoma forms right away following a bleed 
at the fractured site. This is when the healing process for a 

normal fracture or bone defect begins [66]. The reparative 
stage take place prior to the inflammatory stage ends. This 
stage is marked by the presence of callus tissue, which is 
made up of fibrous connective tissues, blood vessels, car-
tilage, woven bone, and osteoid. Additionally, fibroblasts, 
chondroblasts, and osteoblasts are generated and differen-
tiated at this stage. The remodeling stage, which begins 
with the replacement of the woven bone by the lamellar 
bone and remodelling by resorption of excess callus, is 
the last stage in fracture repair. This stage might last for 
several months or perhaps years [67].

Our goal in our research is to develop calluses and 
advance the repair stage. Because of this, the first, second, 
third, and fourth postoperative weeks were considered to 
be the preferred window of time for animal euthanasia in 
the earlier literature. The harvested tibias were examined 
under a microscope at various observation intervals, and it 

Fig. 9  SEM images of BSA4 
sample a before treatment in 
SBF solution and after treat-
ment in SBF solution for b 
1 week, c 2 weeks, d 3 weeks 
and e 4 weeks
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was discovered that in every case no fractures, infections, 
or osteolytic responses materialized (Fig. 11).

At 1st week postoperative, the defect area in both control 
and implanted groups showed organized hematoma with 
degree of hemorrhagic fibrous connective tissue while the 
implant was appeared loose within the tissues. At 2nd weeks 
P.O, the defect area in control group revealed completely 
organized hematoma covered with glistening fibrous sheath 
while in the glass implanted defects showed organization of 
the hematoma enclosing the glass implant with slight fibrous 
covering. At 3rd weeks P.O, the control group defect area 
showed organized glistening fibrous connective tissue cov-
ering and adhering to the defect while in case of implanted 
glass group the defect site was covered with glistening 
fibrous sheath enclosing the implant with subperiosteal 
hemorrhagic area. At 4th weeks P.O, the control defects 

showed the defect hole occupied by hard white fibrous con-
nective tissue while in the glass group the defect size was 
decreased, and the implant still appeared fixed within the 
defect enclosed by reddish fibrous vascularized connective 
tissue zone. The implant that was found inside the bony 
defect was smaller than the one present before, which sug-
gests partial biodegradation.

It is possible to draw the conclusion that the BSA4 glass 
specimen deteriorated over time as a result of the creep-
ing replacement process and the development of new bone 
tissues similar to the implant’s biodegradability. This dem-
onstrated that the produced implant’s biodegradability and 
osteoconductivity were successful. The acquired results did 
not adequately illustrate the healing process or the makeup 
of the tissues that developed surrounding the lesion. Conse-
quently, further histological testing was done.

Fig. 10  Three-dimensional 
micrographs of BSA4 sample 
before and after treatment in 
SBF solution for 1, 2, 3, and 
4 weeks

Table 4  Surface roughness 
parameters for BSA4 sample 
before and after soaking in SBF 
solution for 1, 2, 3, and 4 weeks

Parameters Samples

BSA4 (before) BSA4 (after 1 w) BSA4 (after 2 w) BSA4 (after 3 w) BSA4 (after 4 w)

Ra (nm) 34.7 36.7 43.2 42.7 40.1
Rq (nm) 44.0 47.3 56.3 55.0 52.5
Rt (nm) 321.9 385.4 428.3 389.0 381.1
Rv (nm) 170.2 186.2 195.4 190.8 182.9
Rp (nm) 151.7 199.2 232.8 198.1 191.9
Rpm (nm) 115.6 126.9 178.5 150.1 140.6
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The microscopic images of the H&E stained tibial sections 
with the induced defect acquired at 1, 2, 3 and 4 weeks fol-
lowing induction and implantation of the borosilicate glass 
sample in the bone defect are shown in Fig. 12. The control 
tibias displayed some osteoporosis along with fibrous osteod-
ystrophy of the bone trabeculae and chondro-mucinous degen-
eration with the appearance of proliferated osteoblasts in the 
surrounding area after 2 weeks, which is consistent with the 
previously mentioned normal stages of fracture healing.

Both the control and implanted groups had poorly struc-
tured connective tissue and inflammatory cells in the lesion 
location at the end of the first week. In the control group’s 
tibias at two weeks, the defect was filled with structured 
fibrous connective tissue and just a few clusters of osteo-
blasts, but in the glass-implanted defects, woven bone had 
formed with a high concentration of osteoblasts and mature 
osteocytes. At three weeks, the defect hole in the control 
group was filled with arranged fibrous connective tissue 

Fig. 11  The left tibia control (upper) and the right tibia implanted 
(lower) with the induced defect (arrow) at different observation 
periods, at one week P.O the defect hole in control limb A showing 
organized hematoma with degree of hemorrhagic fiberous connec-
tive tissue and the same was noticed in the glass stuffed defect (a) but 
the implant was loose. At two weeks P.O, the defect hole in control 
limb B showing completely organized hematoma and covered with 
glistening fibrous sheath while in the defect with glass (b) show-
ing organization of the hematoma enclosing the implant with slight 

fibrous covering. At 3 weeks P.O, the control limb C showing organ-
ized glistening fibrous connective tissue covering and adhering to the 
defect while in defect with glass (c) the defect site was covered with 
glistening fibrous sheath enclosing the implant with subperiosteal 
hemorrhagic area. At four weeks P.O, the control limb D showing the 
defect site occupied by hard white fibrous connective tissue while in 
the defect with glass (d) the defect size is decreased, and the implant 
appeared fixed within the defect enclosed by reddish fibrous connec-
tive tissue
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that included just a few clusters of osteoblasts, but in the 
glass implanted flaws, the woven bone still looked to retain 
a significant amount of osteoblasts. In the fourth week, the 
defect displayed organization of fibrous connective tissue 
with homing osteoblasts and the formation of new osteons at 
the site of defect in the control group, whereas the implanted 
defects displayed the glass formation of woven bone with 
a high number of osteoblasts and osteocytes as well as the 
onset of newly formed lamellar bony tissue.

In contrast to the untreated defect area, the BSA4 sam-
ple’s implanted defect holes were filled with proliferated 
osteoblasts that were unevenly distributed, and the prolif-
eration of fibrous tissues in the defect area signified the 
beginning of the development of callus tissues, which are 
necessary for the formation of bone matrix after two weeks. 
Three weeks after the BSA4 specimen was implanted in the 
defect area, however, cartilaginous resorption and fibro-
blastic cell proliferation in the defect area began to show, 
suggesting that the reparative stage had progressed and 
that there had been improved bone healing compared to the 
control group. After 4 weeks in the untreated defect region 
in the control group, the callus tissues, which were stuffed 

with collagen fibers and fibrous connective tissues, started to 
show themselves. The successive attachment of osteoblasts 
to the surface of the material structure may have contributed 
to the BSA4 specimen’s quicker healing by encouraging the 
creation of blood vessels, which facilitates the transport of 
nutrients and wastes. The implant shape also offered a sub-
stantial surface area for cell adhesion, proliferation, and dif-
ferentiation, which was in consistent with Ref. [68].

The defect holes implanted with borosilicate glass sample 
showed full healing with newly developed bony tissue surface 
of tiny osteonal canals, structured fibrous tissues, and a sig-
nificant amount of non-homogenously dispersed osteoblasts, 
according to the histological data. However, there was total 
substitution of the fibrous tissues with homogenously distrib-
uted high clusters osteoblasts on the compact freshly created 
bone, that demonstrating complete healing. This homogenous 
osteoblastic distribution was anticipated to promote consistent 
mineral deposition, demonstrating a solid structure with high-
quality bone matrix. This implant structure made it serves as 
a supporting scaffold by enabling the passage of oxygen with 
nutrients, and regulated cell differentiation and proliferation. 
These findings are consistent with Refs. [38, 68, 69].

Fig. 12  The histological pictures of the defect site (arrow) in both 
control limb (upper) and with glass implant (lower) at different 
observation periods. At 1  week the defect hole was filled with ill 
organized connective tissue with inflammatory cells in both control 
(A) and implanted (a) limb. At 2 weeks the defect filled with organ-
ized fibrous connective tissue with few aggregations of osteoblast in 
control (B) while in defect formation of woven bone which contain-
ing high number of osteoblasts and mature osteocytes. At 3  weeks 
the defect filled with organized fibrous connective tissue at site of 

defect with homing of some osteoblasts in control one (C) while in 
implanted defect woven bone still appeared containing high num-
ber of osteoblasts (c). At 4 weeks the defect showed organization of 
fibrous connective tissue with osteoblasts homing and new osteons 
formation at site of defect in control group (D) while in the defect 
with the glass formation of woven bone which containing high num-
ber of osteoblasts and osteocytes with initiation of newly formed 
lamellar bony tissue (d)
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4  Conclusions and Future Aspects

Bioactive glass is one of the most important categories of 
biomaterials used for many purposes, including bone tissue 
engineering and medication delivery, due to its extraordinary 
bioactivity and beneficial effects on osteogenesis, angiogen-
esis, and chondrogenesis. Unfortunately, the main flaws that 
restrict its clinical applications are its brittleness and poor 
electrical conductivity. In order to increase the toughness and 
electrical characteristics of the  B2O3–SiO2–Na2O–CaO glass 
system while maintaining its bioactivity, this work aimed 
at adding silver oxide  (Ag2O) with varying concentrations, 
up to 4 weight percent. Based on this restriction, the bioac-
tivity of these glasses was investigated by in vitro experi-
ments through incubation in simulated body fluid (SBF) and 
in vivo tests using albino rats for different periods of time up 
to 4 weeks. Data analysis showed that the aforementioned 
addition was effective in enhancing the electrical conductiv-
ity ad fracture toughness of glass samples. These findings 
suggest that the  Ag2O-containing glasses will be clinically 
successful over the long run and will efficiently hasten the 
healing of fractures. Unexpectedly, the in vitro and in vivo 
results showed that the produced glasses’ improved bioac-
tivity was a result of the successive rise in  Ag2O content. 
Amazingly, this effect became more pronounced with the 
increase in the soaking time or the time of implantation in 
the albino rats. Fortunately, the layer of apatite formed on 
the surface of the samples increased their surface roughness 
allowing more association of osteoblasts with biomaterials 
implanted in human bone according to the previous results 
discussed elsewhere. One may infer from the outcomes that 
produced glasses are particularly appealing for utilization in 
orthopedic applications. Last but not least, it should be noted 
that this study may open the way for additional research in 
this field to increase the application of related metal oxides 
to improve the electrical characteristics, fracture toughness, 
and bioactivity of bioactive glasses, which will advance 
the development of bone substitute materials. It should be 
noted that the future direction that researchers around the 
world are interested in is to improve the fracture toughness 
of glasses intended to be usable in orthopedic applications at 
load-bearing sites. This trend supports attempts to develop 
organic–inorganic hybrid materials that display bioactive 
activity. Interestingly, this work is in line with these efforts 
and succeeded in achieving this goal but by adding metal 
oxides in low weight percentages.
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