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Abstract
Bone regeneration is a critical area in regenerative medicine, particularly in 
orthopedics, demanding effective biomedical materials for treating bone defects. 
45S5 bioactive glass (45S5 BG) is a promising material because of its osteocon-
ductive and bioactive properties. As research in this field continues to advance, 
keeping up-to-date on the latest and most successful applications of this material 
is imperative. To achieve this, we conducted a comprehensive search on Pub-
Med/MEDLINE, focusing on English articles published in the last decade. Our 
search used the keywords “bioglass 45S5 AND bone defect” in combination. We 
found 27 articles, and after applying the inclusion criteria, we selected 15 studies 
for detailed examination. Most of these studies compared 45S5 BG with other 
cement or scaffold materials. These comparisons demonstrate that the addition of 
various composites enhances cellular biocompatibility, as evidenced by the cells 
and their osteogenic potential. Moreover, the use of 45S5 BG is enhanced by its 
antimicrobial properties, opening avenues for additional investigations and 
applications of this biomaterial.

Key Words: Biocompatible materials; Bioglass; Bone regeneration
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Core Tip: Regenerative medicine demands materials with effective osteoconductive and bioactive properties. Compared with 
other materials, 45S5 bioactive glass not only exhibits more biocompatibility but also enhances bone growth when combined 
with composites. Moreover, its antimicrobial properties offer many possibilities for future applications.

Citation: Nogueira DMB, Rosso MPO, Buchaim DV, Zangrando MSR, Buchaim RL. Update on the use of 45S5 bioactive glass in the 
treatment of bone defects in regenerative medicine. World J Orthop 2024; 15(3): 204-214
URL: https://www.wjgnet.com/2218-5836/full/v15/i3/204.htm
DOI: https://dx.doi.org/10.5312/wjo.v15.i3.204

INTRODUCTION
As human life expectancy increases, there is a corresponding rise in the prevalence of bone-related medical conditions, 
such as fractures, bone tumors, periodontal diseases, and degenerative cartilage disorders. These conditions can 
significantly affect individuals' daily activities, given the vital role bones play in providing mechanical support, 
facilitating hematopoiesis, and protecting internal organs. Bone regeneration is a complex biological process that involves 
a series of coordinated events to stimulate and regulate the formation of new bone. Considering the negative impact on 
the skeletal system, there is an increasing demand for tissue engineering approaches that specifically focus on promoting 
bone regeneration in humans[1-3].

Reconstructing critical bone defects resulting from trauma, accidents, and bone necrosis has historically posed a 
complex challenge for patients and surgeons worldwide. Although autologous bone grafts and allografts have shown 
potential in restoring lost structure and function, they face significant challenges such as size incompatibility, immuno-
logical rejection, donor shortage, extensive graft resorption, prolonged surgical time, and the risk of postoperative 
infection and pain. These challenges ultimately limit the application of autologous bone grafts and allografts. 
Accordingly, numerous studies have been conducted in recent decades to identify viable alternatives, resulting in the 
introduction of various substitute materials in the field of regenerative medicine. These materials are often made of 
metals such as aluminum, zirconium, and titanium, which are used in the manufacturing of prostheses, plates, pins, 
screws, and similar devices. However, these materials often lack the durability required for long-term human use, 
prompting the search for more enduring alternatives[4-7].

To overcome these challenges, the field of medical biomaterials has undergone substantial growth in recent years, 
offering innovative solutions to reduce fracture healing time and address other bone regeneration issues. Currently, 
biomaterials play a prominent role in promoting bone tissue regeneration in humans. Various synthetic materials have 
been developed, with bioactive glass (BG) ceramics emerging as a significant contributor. Categorized as second-
generation biomaterials, BG interacts with the biological environment, enhancing tissue adhesion and progressively 
degrading as new tissue regenerates and heals, similar to hydroxyapatite[8].

We are currently in the era of third-generation biomaterials, which have the capability to trigger specific cellular 
responses at the molecular level. At the forefront of this field are bioactive glasses (BGs). These glasses consist of a group 
of calcium phosphate compounds that exhibit the remarkable capacity to rapidly form a strong bond with tissue, as 
exemplified by 45S5 bioactive glass (45S5 BG)[9-11].

In the late 1960s, researcher Larry L. Hench and his pioneering team at the University of Florida introduced 45S5 BG
[12]. During their research, they made a remarkable discovery: this type of glass formed such a strong bond with bone 
that separation was impossible without causing a fracture. Subsequent in vivo studies showed that 45S5 BG exhibited 
osteoinductive and osteoconductive properties by forming carbonated hydroxyapatite (CHA) within the bone[13].

BGs are typically amorphous calcium-containing silicates that have osteoinductive capacity[14]. The most commonly 
used type of BG is 45S5 (Figure 1), composed of 45% SiO2, 24.5% CaO, 24.5% Na2O, and 6% P2O5[15,16]. This type of BG is 
osteoconductive, osteogenic, and biodegradable. Currently, BGs are produced using the sol-gel method, which uses a 
solvent at low temperatures. This method has the advantages of creating a porous and highly bioavailable structure and 
incorporating various additives to produce a range of glass-ceramics[15]. The unique combination of characteristics 
makes BG a potential substitute biomaterial because of its association with growth factors and biomolecules used in 
regenerative medicine[16,17].

BGs from various commercial brands have been successfully used, either alone or in combination with various metal 
ions, to reconstruct jawbone defects. BGs elicit a biocompatible response at the bone-tissue interface, thus enabling 
numerous medical applications[16]. Initially, the main goal of these materials was to enhance bone regeneration[14]. 
Applying a BG coating to a surface before it receives a metal prosthetic implant can provide stability by creating a 
bonding interface between the bioactive coating and the host tissue[18]. BG-coated surfaces can also protect the substrate 
(thus preventing corrosion) and even inhibit the release of potentially toxic metal ions[19].

More than 60 years after the discovery of BGs, the field of regenerative medicine continues to evolve, with many 
studies indicating vast opportunities for exploitation. BG shows remarkable efficacy in promoting bone regeneration, 
surpassing other bioactive ceramics. This particularity is related to BG's dissolution products, which act at the genetic 
level, stimulating the cells. This characteristic has fundamentally changed the way doctors, scientists, and regulatory 
agencies perceive the concept of bioactivity. 45S5 BG, a pioneer in this category, has only recently become widely used in 
orthopedics. To date, 45S5 BG has contributed to the bone regeneration of more than 1.5 million patients in the fields of 

https://www.wjgnet.com/2218-5836/full/v15/i3/204.htm
https://dx.doi.org/10.5312/wjo.v15.i3.204
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Figure 1 An example of the articles reviewed in this editorial. 45S5 bioactive glass (45S5 BG) stands out in regenerative medicine. 45S5 BG is 
biocompatible and has osteoinductive and osteoconductive properties by forming carbonated hydroxyapatite (CHA). These characteristics result from the creation of 
a highly bioavailable porous structure and the ability to incorporate various additives to produce a variety of glass-ceramics. A: Bone defect; B: Bone defect filling with 
45S5 BG granules; C: Evaluation of histological sections of bone following experiments; D: Demonstration of the bioactive properties of 45S5 BG due to its ability to 
form a mineral surface layer of CHA similar to bone tissue. 45S5 BG particles are absorbed, and the released ions interact with local ions [Si(OH)4, OH-, CO3

2-, PO4, 
Ca2+] to form hydroxycarbonate apatite (HCA), providing an ideal surface for the formation of new bone; E: Example of the composition of a 45S5 BG chain (in 
weight%): 45% SiO2, 24.5% CaO, 24.5% Na2O and 6% P2O5. The green arrows indicate the characteristics of 45S5 BG observed in the reviewed studies: osteogenic 
potential, osteoconductivity, and cell compatibility; F: Stimulation and cell adhesion of the 45S5 BG granules to the new bone surface; G: Absorption of the granules 
and formation of new tissue with bone repair.

orthopedics and dentistry[20,21].
45S5 BG was first used in medical practice to restore the bones of the middle ear and thus hearing. Subsequent research 

has advanced, presenting BG in the form of granules and modified compositions. This advancement enabled surgeons to 
manipulate it more precisely and customize it to meet the specific needs of each patient[20,22].

Under the name Perioglass®, 45S5 BG was initially used to treat jawbone defects. In 1999, 45S5 BG was launched as 
NovaBone® and used in clinical trials for the surgical treatment of adolescent idiopathic scoliosis. These trials 
demonstrated several advantages, including reduced infection and mechanical failure rates. Additionally, the use of 45S5 
BG eliminates the need for a local donor. In 2015, the Food and Drug Administration (FDA) approved the term 
"osteostimulation" for 45S5 BG[23]. Another variation, BonAlive®, has received approval for use in orthopedic surgeries in 
more than 50 countries, being used for synthetic bone grafting in trauma, tumor removal, and the treatment of chronic 
osteomyelitis[20,24].

The application of 45S5 BG extends beyond orthopedics. Clinical and experimental tests of this biomaterial, molded 
with a borate glass structure, have successfully healed diabetic ulcers in humans that did not respond to conventional 
treatment[25]. Other potential applications of BG-containing composites include tissue engineering (e.g., heart, lung, and 
nerve tissues), intervertebral disc structures, antibacterial activity, and dressing materials. However, in vivo tests are 
required to confirm their effectiveness before they can be recommended for clinical trials[17].

Bone regeneration is a critical aspect of regenerative medicine, and research in this field continues to advance. 
Therefore, it is crucial to stay up-to-date on the latest developments in biomaterials. The applications of 45S5 BG in the 
treatment of bone defects have progressed significantly. Therefore, this editorial aims to provide a comprehensive and 
up-to-date analysis of its applications. It will serve as a valuable resource for professionals and researchers in the field of 
regenerative medicine, helping to guide their clinical decisions and identify areas for future research.

CHARACTERIZATION OF THE MOST RECENT PUBLICATIONS ON 45S5 BG IN BONE DEFECTS
To develop this editorial and conduct a critical analysis, we searched the PubMed/MEDLINE database for articles 
published over the past 10 years using the search terms "bioglass 45S5 AND bone defect". The search returned 27 articles. 
We then analyzed the titles and abstracts to determine elegibility. Subsequently, we reviewed the articles to ascertain 
whether they met the eligibility criteria, which included application to both animals and humans, publication in English, 
full-text accessibility, and relevance to the topic. We included 15 articles as the basis for this editorial. Nine of these 
articles involved in vitro and in vivo experiments, five involved only in vivo experiments, and only one involved a human 
cohort study. Regarding the animal models used in the experiments, eight articles used rats, three used rabbits, two used 
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mice, and one used sheep. Regarding the experimental region of interest, six articles used the calvaria, four used the 
femur, two used the tibia, and two involved graft implantation in subcutaneous pouches in the hind and forelimbs.

The articles included in this editorial are listed in Table 1[3,10,26-38], along with the elements categorized according to 
the PICO strategy (P: Patient or problem; I: Intervention; C: Control or comparison; O: Outcome). Table 1 also provides 
details on the reference, objective, study type, bioactive glass composition, methods, and outcome measures for each 
article.

Most studies conducted in the last decade were designed to compare 45S5 BG with other cements or scaffolds, such as: 
(1) BGPN2.6; (2) Nb-substituted 45S5 BG; (3) Empty cavity; (4) CPC; (5) Magnesium- and strontium-doped BG; (6) BGNb; 
(7) A glass derived from the composition of 45S5 BG, Collapat® II, and Osteopure®; (8) Slow-resorbing ceramic granules, 
biphasic compounds of PEUR, and nHA; (9) Biosilicate® BioS-2P; (10) 45S5 BG scaffolds reinforced with BG-ZB; (11) 
Borosilicate glass 0106-B1; (12) Icariin-doped 45S5 BG seeded with ASCs; (13) 3D polymer-coated 45S5 BG scaffolds: 
gelatin-coated, cross-linked gelatin-coated, or PHBV-coated; and (14) LLLT in autogenous grafts.

We observed variation in the concentration of 45S5 BG in the reviewed studies. Research in regenerative medicine 
highlights the importance of determining and applying optimal concentrations[17]. This is essential to confirm the 
vascularization process in composites made of this biodegradable polymer, indicating a potential area for future research.

Only one study has assessed the interaction between alendronate and 45S5 BG[32]. As described in that study, the 
hybrid particles released alendronate and inorganic elements (Ca, Na, Si, and P) in a controlled manner. This controlled 
release exhibited a strong anti-osteoclastic effect in vitro and stimulated the regeneration of the osteoporotic femur in 
Wistar rats.

Only one study, Fares et al[30], investigated the outcomes in patients who underwent ACL reconstruction with patellar 
tendon autograft and various materials. Patients who received Glassbone® or Collapat® II grafts reported experiencing 
less pain and greater kneeling comfort than those who received the Osteopure® graft. No significant differences were 
observed among the three groups in knee function scores (International Knee Documentation Committee - IKDC and 
Lysholm) and anterior knee pain. The authors reported no wound healing complications. At the end of the 2-year follow-
up, the type of material used had no effect on functionality.

Souza et al[26] compared the performance of BGPN2.6 with that of 45S5 BG for repairing CSD calvarial defects in rats. 
They comprehensively assessed biocompatibility, cell adhesion, and osteoblast cell proliferation in the presence of 
BGPN2.6. In animal models, micro-CT scans revealed that the application of BGPN2.6 almost completely regenerated the 
CSD within 8 wk, achieving over 90% coverage. In comparison, standard 45S5 BG achieved only 66% coverage. These 
results clearly demonstrate that Nb-containing BG is a safe and effective biomaterial for bone replacement in the 
treatment of CSD, with significant implications for regenerative medicine and orthopedics. This research provides 
encouraging evidence for the applicability of 45S5 BG in the treatment of CSD.

Continuing their research on the addition of Nb to 45S5 BG, Souza et al[3] tested rods made of different types of glass 
(BGPN1.3, BGPN2.6, and 45S5 BG) in rat tibiae. Their findings made important contributions, such as demonstrating the 
non-toxicity of Nb to hESCs and a significant increase in osteogenic capacity when adding up to 1.3 mol% of Nb2O5 to 
45S5 BG. The substitution of an equivalent amount of Nb2O5 for phosphorus enhanced the osteostimulation of 45S5 BG.

The use of Nb combined with 45S5 BG has attracted the interest of researchers. Lopes et al[10] demonstrated that 45S5 
BG with Nb at concentrations of 1 and 2.5 mol% stimulated osteogenic differentiation of BMMSCs after 21 d of treatment. 
BGNb is osteoconductive and osteostimulative. These results indicate that the bioglass (BGNb) is suitable for biomedical 
applications.

In another experiment investigating the effects of adding components to 45S5 BG, Esfahanizadeh et al[29] compared the 
elements strontium and magnesium to standard 45S5 BG. At 4 wk, the group treated with magnesium-doped 45S5 BG 
showed greater bone formation. At 8 wk, the group treated with strontium-doped 45S5 BG showed better results. The 
addition of strontium and magnesium into the composition of 45S5 BG improved bone regeneration compared to 
standard 45S5 BG. It should be noted that the rate of bone regeneration was higher than that of 45S5 BG, but without 
statistically significant differences. This finding may be attributed to the effect of magnesium and strontium ions in 
inhibiting osteoclastic activity, as well as the inherent ability of 45S5 BG to enhance angiogenesis and stimulate the 
secretion of growth and osteogenic factors.

Thomas; Anbarasu[27], who also focused on CSD in rat calvaria, demonstrate the growing research interest in this type 
of injury. They found that 45S5 BG achieved a cell viability rate of over 70%, confirming its cell compatibility. 
Furthermore, CBCT revealed a significant increase in VGi (P < 0.001) and a reduction in ROI (P < 0.001) from the fourth to 
the eighth week, indicating the potential of 45S5 BG for bone regeneration in CSD.

Zhang et al[34] addressed CSD in rabbit femurs and found that the strongest scaffolds, containing 4% low-melting ZB 
in 45S5 BG and 500 μm pores, were particularly beneficial for osteogenic capacity. This was accompanied by accelerated 
bone growth (6-18 wk), with the material itself showing mild resorption. In contrast, scaffolds with smaller pore sizes 
showed lower bone growth (< 32% after 6-12 wk). These results suggest a promising application of 45S5 BG in clinical 
settings, particularly in mechanically loaded bone defects.

Regenerative medicine depends on ongoing advancements to improve its principles and applications, including the 
development of complementary approaches to address bone defects. One example is the use of LLLT in bone lesions, 
which has shown promising results[39-41]. In this editorial, we highlight the study by Moreira et al[38], who used LLLT 
to heal CSDs filled with a blood clot, autogenous bone, or 45S5 BG. With the protocol used, LLLT did not increase ANFB 
when associated with autogenous bone or 45S5 BG. This underscores the need for further research and improvement of 
complementary methods until a consensus is reached.

The use of scaffolds, cements, and compounds (whether synthetic, natural, or in 3D formation) has been the focus of 
research aimed at developing artifacts to assist in surgical procedures for bone defects. Ma et al[28] evaluated the results 
of a CSC composed of 35% tricalcium silicate, 30% 45S5 BG (particulates with two sizes), and 35% calcium sulfate. They 
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Table 1 Studies published over the past 10 years involving the application of 45S5 bioactive glass in bone defects

Ref. Objective Type of 
study Composition Methods Outcome measures

Souza et al[26], 
2020

To compare the biocompat-
ibility of a bioactive sodium 
calcium silicate glass containing 
2.6 mol% Nb2O5 with that of the 
archetypal 45S5 BG

In vitro 
and in 
vivo

A variation of 45S5 BG in which 2.6 mol% of 
P2O5 was replaced by 2.6 mol% of Nb2O5, 
resulting in the composition named BGPN2 
The glass was mixed with the precursor 
oxides SiO2 (99.5%), CaCO3 (99.95-100.5%), 
Na2CO3 (≥ 99.5%), P2O5 (≥ 99.5%), and Nb2O5 

Biocompatibility and genotoxicity tests  
Bone regeneration: rat calvarial defect (5 mm). Seventy-two 
rats (sham group: no defect; control group: empty defect; 
45S5 BG group: filled defect; BGPN2.6 group: filled defect), 
with 6 rats per group for 14, 28 and 56 d  
Qualitative and quantitative analysis of 3D micro-CT 
images

BGPN2.6 glass was not cytotoxic to BM-MSCs and had no 
mutagenic potential 
Micro-CT showed that BGPN2.6 almost completely 
regenerated a critical-sized calvarial defect within 8 wk, 
surpassing the performance of standard 45S5 BG. BGPN2.6 
glass demonstrated more than 90% coverage compared to 
66% for 45S5 BG 

Souza et al[3], 
2018

To study the bioactive 
properties of Nb-substituted 
silicate glass derived from 45S5 
B

In vitro 
and in 
vivo

Compositions (mol%):  
45S5 BG (46.1 SiO2; 26.9 CaO; 24.4 Na2O; 2.6 
P2O5; no Nb2O5)  
BGPN2.6 (46.1 SiO2; 26.9 CaO; 24.4 Na2O; no 
P2O5; 2.6 Nb2O5)  
BGPN1.3 (46.1 SiO2; 26.9 CaO; 24.4 Na2O; 1.3 
P2O5; 1.3 Nb2O5)  
High purity powders SiO2, Na2CO3, CaCO3, 
P2O5 (> 99.9%), and Nb2O5, optical grade, > 
99.5%)  
Glass particles between 38-53 µm in size

Compatibility and osteogenic differentiation of hESCs.  
Bone formation: rods composed of different glass types 
(BGPN1.3, BGPN2.6, and 45S5 BG) were implanted into 
bone defects (2 mm) in rat tibiae. Five animals per group 
were analyzed after 14 and 28 d

Nb-substituted BG is non-toxic to hESCs. There was a 
significant increase in osteogenic capacity and biocompat-
ibility when up to 1.3 mol% Nb2O5 was added to 45S5 BG. 
The same increase in Nb2O5, replacing phosphorus, increased 
the osteostimulation of the BG

Thomas and 
Anbarasu[27], 
2022

To evaluate cell compatibility 
and regenerative potential of 
45S5 BG graft in critical size 
defects (CSD) in rat calvaria

In vitro 
and in 
vivo

45S5 BG: 45% SiO2; 24.5% Na2O; 24.5% CaO 
and 6% P2O5

In vitro cell viability assay of 45S5 BG using MTT assay 
with Novabone® and 10% DMSO as positive and negative 
controls, respectively, whereas cells alone served as the 
control  
Bone regeneration: 20 male rats with 6 mm diameter 
calvarial defects (control group: empty cavity) loaded with 
2.5 mg of 45S5 BG (test group). Evaluation by CBCT after 4 
and 8 wk

45S5 BG achieved a cell viability rate of > 70%, confirming cell 
compatibility. CBCT analysis showed a significant increase in 
VGi and a reduction in ROI of CSD from the fourth to the 
eighth weeks, showing its potential for bone regeneration

Ma et al[28], 
2017

To evaluate a silicate-based 
composite bone cement (CSC) 
in a rabbit femur defect in terms 
of in vivo bone integration and 
biodegradability and compare 
the results with those of BG 
particulates and a calcium 
phosphate cement (CPC)

In vivo CSC composition: tricalcium silicate (35%) 
and 45S5 BG (30%) with particles < 50 µm and 
90-710 µm. The ratio of the two components 
was 1:2 (small:large); calcium sulfate (35%) 

CSC cylinders molded with a 5 mm × 10 mm diameter, and 
CPC cylinders. Experiments conducted on 30 adult New 
Zealand white rabbits with femur defects. Control groups: 
BG particles and CPC. Analyses were conducted after 3, 6, 
and 12 months

The CSC underwent slower in vivo degradation compared 
with BG and CPC. The bone contact area at the interface 
between the surrounding bone and CSC gradually increased 
over time. CSC kept its structural integrity during in vivo 
implantation because of its acceptable mechanical strength

Esfahanizadeh 
et al[29], 2022

To evaluate bone regeneration 
in critical defects of rabbit 
calvaria filled with magnesium- 
and strontium-doped BGs and 
compare it with standard 45S5 
BG 

In vivo Standard 45S5 BG with particles of approx-
imately 20-50 nm

Experiments on 12 male New Zealand rabbits allocated to 2 
groups. Four lesions were created in each calvaria with a 
diameter of 8 mm spaced apart. Each lesion was filled with 
(1) strontium-doped BG, (2) magnesium-doped BG, (3) 
45S5 BG (positive control), and (4) an empty lesion 
(negative control). Evaluation occurred at the end of 4 and 
8 wk

At 4 wk, magnesium-doped BG showed the highest new bone 
formation with a mean of 11.66 ± 2.64, followed by strontium-
doped BG with a mean of 11.10 ± 1.69 (P = 0.0001). At 8 wk, 
the highest amount of new bone was observed in the 
strontium-doped group with a mean of 28.22 ± 3.19, followed 
by the magnesium-doped group with a mean of 22.55 ± 3.43 
(P = 0.0001) 

To evaluate the solubility, 
apatite-forming capacity, 

In vitro 
and in 

Composition (mol%) of 45S5 BG and Nb-
substituted 45S5 BG:  

In vitro: BMMSCs were isolated from the tibia and femur of 
adult Wistar rats. MTT assay was conducted for each of the 

45S5 BG and BGSN1 developed an apatite layer on their 
surfaces within 3 h. Glasses with higher concentrations of Nb2

Lopes et al[10], 
2020
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cytocompatibility, osteostimu-
lation, and osteoinduction of 
Nb-containing bioactive glasses 
(BGNb) derived from the 
composition of 45S5 BG

vivo 45S5 BG (46.1 SiO2; 26.9 CaO; 24.4 Na2O; 2.6 
P2O5; no Nb2O5) 
BGSN1 (45.1 SiO2; 26.9 CaO; 24.4 Na2O; 2.6 
P2O5; 1.0 Nb2O5)  
BGSN2.5 (43.6 SiO2; 26.9 CaO; 24.4 Na2O; 2.6 
P2O5; 2.5 Nb2O5 
BGSN5 (41.1 SiO2; 26.9 CaO; 24.4 Na2O; 2.6 
P2O5; 5.0 Nb2O5)

BG compositions. Cells were cultured in complete DMEM 
(positive control), and cells were previously incubated in 
DMSO for 30 min (negative control) 
In vivo: glass rods (4 mm length × 2 mm diameter) 
composed of 45S5 BG (45S5 BG or BGSN1 groups were 
implanted into circular defects (2 mm diameter) in the tibia 
of rats (5 animals/group) Evaluated after 28 d

O5 (2.5 and 5 mol%) required at least 12 h 
Nb-substituted glasses were found to be compatible with 
BMMSCs. BGSN1 significantly enhanced cell proliferation 
after 4 d of treatment. Concentrations of 1 and 2.5 mol% Nb2
O5 stimulated osteogenic differentiation of BMMSCs after 21 
d of treatment

Fares et al[30], 
2024

To evaluate the impact of 
different materials for filling 
bone defects following anterior 
cruciate ligament (ACL) 
reconstruction surgery with 
bone-patellar tendon-bone 
(BPTB) graft

In 
humans 

Osteopure® allograft from resected human 
femoral head treated by sterilization at 25 
kGy  
Glassbone® BG, 100% synthetic, a mixture of 
45% SiO2, 24.5% CaO, 25.5% Na2O, and 6% 
P2O5 weight%)  
Collapat® II, a spongy bone graft composed of 
a collagen structure in which hydroxyapatite 
granules are dispersed

A prospective, monocentric cohort study was conducted 
with 102 adult athletes who underwent ACL 
reconstruction using the same arthroscopically-assisted 
BPTB, with a minimum follow-up of two years. Three 
groups based on the type of bone substitute  
GB group (G1): 45S5 BG ceramic Glassbone™ (n = 36; 
35.29%); CP group (G2): collagen and hydroxyapatite bone 
void filler in sponge-shaped Collapat® II (n = 34; 33.33%); 
OP group (G3) treated human bone graft Osteopure® (n = 
32; 31.37%). Patients were assessed based on their ability to 
kneel, the presence of donor site pain, and palpation of the 
defect

The percentage of Glassbone™ and Collapat® patients who 
kneeled comfortably was significantly higher than that of 
Osteopure® patients (77.78% and 76.5%, vs 65.6%, 
respectively) 

Lu et al[31], 
2018

To investigate the remodeling of 
resorbable bone cements in a 
stringent model of mechanically 
loaded tibial plateau defects in 
sheep

In vivo Melt-derived 45S5 BG with fast- and slow-
resorbing ceramic mini-granules (CG, 85% β-
tricalcium phosphate/15% hydroxyapatite) 
ground to 100-300 μm diameter and biphasic 
PEUR composites 
Nanocrystalline hydroxyapatite (nHA) 
The resulting composite bone grafts were 
denoted as CG/nHA-PEUR and 
BGCG/nHA-PEUR 
CG/nHA-PEUR cement contained 55wt% 
CG, 24.3 wt% nHA, and 20.7 wt% PEUR, 
whereas BGCG/nHA-PEUR cement 
contained 37.5 wt% BG, 22.5 wt% CG, 21.6 
wt% nHA, and 18.4 wt% PEUR

Eight sheep, with two types of bone defects in each 
posterior limb. The defects included a non-weight-bearing 
femoral plug defect on the medial and lateral distal 
condyles of both femurs (n = 16 per group, two defects 
with a 6 mm diameter and a 16 mm depth) and a weight-
bearing tibial plateau slot defect (n = 8 per group) approx-
imately 50% of the total anterior to posterior tibial depth 
with 6 mm height. Each sheep received both grafts 
(BGCG/nHA-PEUR or CG/nHA-PEUR) in separate 
extremities, with graft placement alternating between 
animals. Micro-CT analysis was conducted in the 
immediate postoperative period, and at 4, 8, 12, and 16 wk

CG/nHA-PEUR cements mechanically stabilized the tibial 
plateau defects and remodeled to form new bone at 16 wk, 
with early weight-bearing. Cements containing BG particles 
were resorbed and showed fibrous tissue filling the defect. 
These findings represent the first report of a settable bone 
cement that remodels to form new bone while providing 
mechanical stability in a stringent large animal model of 
weight-bearing bone defects near a joint 

45S5 BG: a mean particle size of 2.0 ± 1.2 μm. 
Alendronic acid (4-amino-1-hydroxybutane-
1,1-diphosphonic acid) powder. 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic 
acid (HEPES; ≥ 99.5%), and 2-(N-
morpholino)ethanesulfonic acid hydrate 
(MES hydrate; ≥ 99.5%). Sodium hyaluronate 
powder (1.01-1.8 MDa)  
Injectable cohesive pastes: particles mixed 
with an aqueous solution of sodium 
hyaluronate (26 mg mL−1). A 
particle/solution ratio (g/mL) of 0.75. Final 
composition (wt%):  
HP1-7 (ALN 62.3 ± 0.6; Ca 11.4 ± 0.0; Na 12.8 
± 0.0; Si < 2; P < 1)   
HP2-7 (ALN 25.5 ± 9.8; Ca 16.7±0.3; Na 34.7 ± 

Diba et al[32], 
2019

To investigate the feasibility of 
synthesizing novel hybrid 
particles by exploiting the 
strong interactions between 
alendronate and 45S5 BG

In vitro 
and in 
vivo

A cylindrical defect (2.5 mm diameter and 5 mm depth) 
was created in the bilateral femoral condyle of osteoporotic 
male rats (n = 8 per experimental group) and filled with 
HP1-7 and HP2-7 hybrid particle pastes. Positive control: 
45S5 BG 
 

The hybrid particles released alendronate and inorganic 
elements (Ca, Na, Si, and P) in a controlled manner, exhibited 
a strong anti-osteoclastic activity in vitro, and stimulated the 
regeneration of osteoporotic bone in vivo
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0.0; Si 7.3 ± 0.3; P 9.9 ± 0.2) 

Prado Ferraz et 
al[33], 2017

To evaluate the in vitro 
osteogenic and osteoinductive 
potentials of BioS-2P and its 
ability to promote in vivo bone 
repair

In vitro 
and in 
vivo

Biosilicate®: 23.75 Na2O; 23.75 CaO; 48.5 SiO2; 
4 P2O5 (wt%), containing two crystalline 
phases (BioS-2P)  
Composition (mol%):  
BioS-2P (23.3 Na2O; 25.8 CaO; 49.2 SiO2; 1.7 
P2O5)  
45S5 BG (24.4 Na2O; 26.9 CaO; 46.1 SiO2; 2.6 
P2O5) 

BioS-2P and 45S5 BG were cut into 3 mm thick discs and 
ground with silicon carbide paper to a grit of 400 (~35 μm). 
MSCs were obtained from the femur of two male Wistar 
rats and cultured on both types of discs and on polystyrene 
(control group). CSDs with a 5 mm diameter were created 
in 15 male Wistar rats and implanted with scaffolds. 
Evaluation occurred at 4, 8, and 12 wk (n = 5 per period).  
BioS-2P scaffolds seeded with unlabeled MSCs were 
implanted into calvarial defects and evaluated 8 wk later 

Extracellular matrix mineralization increased in cells cultured 
on BioS-2P compared with 45S5 BG (P = 0.029) 

Zhang et al[34], 
2017

To compare the osteogenic 
capacity and effects of 45S5 BG 
scaffolds reinforced with 
ZnO/B2O3 (ZB), called BG-ZB, 
with pure 45S5 BG.

In vivo BG-ZB: 30 SiO2; 28 CaO; 2 P2O5; 30 B2O3; 10 
ZnO). 45S5 BG containing 4% BG-ZB 
45S5/ZBx powders were homogeneously 
mixed with paraffin microspheres (porogen) 
of ~350 and ~500 μm diameter. BGs scaffolds 
manufactured with different porogens: 
45S5/ZB0-350, 45S5/ZB4-350, and 45S5/ZB4-
500

Thirty-six adult male rabbits were randomly separated into 
three groups according to the scaffolds (45S5/ZB0-350, 
45S5/ZB4-350, and 45S5/ZB4-500). Each animal 
underwent surgery for a CSD (Ø 6 × 10 mm) in the 
bilateral distal femur, with two different implants inserted 
into the right and left femurs

Open porosity decreased with the addition of 4% ZB, but the 
percentage of interconnected pores (> 50 μm) increased with 
increasing porogen size from 350 to 500 μm. Stronger 
scaffolds containing 4% ZB and 500 μm porogen were 
beneficial for osteogenic capacity. In contrast, both scaffolds 
with smaller pore sizes exhibited a low level of new bone 
growth (< 32%) after 6-12 wk of implantation

Westhauser et 
al[35], 2019

To evaluate the effects of 0106-
B1-BG and 45S5 BG on 
osteogenic differentiation, 
viability, and proliferation of 
MSCs in vitro and in vivo in 
severe combined immunode-
ficient (SCID) mice

In vitro 
and in 
vivo

Borosilicate glass (0106-B1-BG) (wt%): 37.5% 
SiO2, 22.6% CaO, 5.9% Na2O, 4% P2O5, 12% 
K2O, 5.5% MgO, 12.5% B2O3)  
45S5 BG (wt%): 45%SiO2, 24.5% CaO, 24.5% 
Na2O, 6% P2O5)

Ten scaffolds per BG type were seeded with MSCs. Two 
scaffolds per BG type were implanted without MSCs as a 
control (total of 24 scaffolds). Four scaffolds were 
implanted per animal (female SCID mice), with two 
subcutaneous pockets created on the forelimbs and two on 
the hindlimbs  
Evaluation occurred after 10 wk

In vitro: both 45S5 BG and 0106-B1-BG were comparable in 
terms of MSC proliferation, viability, and osteogenic differen-
tiation  
In vivo: 0106-B1-BG scaffolds were significantly superior to 
45S5 BG in terms of osteoid quantity and maturation and 
angiogenic gene expression patterns

Jing et al[36], 
2018

To investigate the relationship 
between icariin-doped 45S5 BG 
seeded with ASCs and 
angiogenesis of rat EPCs, in rat 
calvarial bone defect

In vitro 
and in 
vivo

45S5 BG (wt%): 45% SiO2, 24.5% Na2O, 24.5% 
CaO, and 6% P2O5, in a cubic and porous 
format with a volume of 5 × 5 × 5 mm3 loaded 
with 30 μL of icariin at a concentration of 5 × 
10-3 mol/L  
Pure 45S5 BG scaffolds were used for 
comparison 
 

A 8 mm diameter calvarial defect was created in the dorsal 
portion of the parietal bone in twenty male Sprague-
Dawley rats, which were allocated into four groups: Group 
A (control, no implant), Group B (45S5 BG), Group C (45S5 
BG/ASCs, 45S5 BG seeded with ASCs), and Group D 
(icariin/45S5 BG/ASCs, icariin/45S5 BG seeded with 
ASCs). Evaluation after 12 wk

Treatment with icariin was optimal in promoting VEGF 
secretion from ASCs, and it was hypothesized to promote 
angiogenesis of rat EPCs. This suggests a paracrine role for 
VEGF in mediating the interaction between icariin-induced 
ASCs and EPCs

Westhauser et 
al[37], 2016

To evaluate the bone formation 
potential of three different types 
of hBMSC-seeded polymer-
coated 45S5 BG scaffolds in 3D 
using standardized protocols

In vitro 
and in 
vivo

Three types of 3D-polymer coated 45S5 BG 
scaffolds:  
Group A - scaffold coated in 5% w/v gelatin 
solution, (50 °C).  
Group B - scaffold coated in 5% w/v cross-
linked gelatin-genipin (99:1) solution (50 ºC)  
Group C - scaffold coated in 5% w/v PHBV 
solution (room temperature) 

Each group (A-C) had four identical scaffolds differing 
only in the type of polymer coating. Scaffolds had a 
nominal size of 5 × 5 × 5 mm and were implanted 
subcutaneously on the back above the upper and lower 
extremities of three female SCID mice. Evaluated 8 wk 
after surgery. hBMSCs from human bone marrow aspirate 
were seeded onto each scaffold

All groups exhibited bone formation and good infiltration of 
connective tissue cells, as well as a dense vascularization 
network. A-group showed a greater amount of bone. C-
group, and especially B-group, exhibited a high dissolution. 
Both B- and C-groups showed more singular bone formation 
with no signs of interconnectivity

A 5 mm diameter CSD was created on the calvaria of sixty 
adult male rats were divided into six groups (n = 10): 
group C (control, blood clot); group LLLT (LLLT-GaAlAs, 
wavelength of 780 nm, power of 100mW, energy density of 
210 J/cm2 per point for 60 seconds/point, in five points, 
only once, after creation of the surgical defect); group AB 
(autogenous bone); group AB+LLLT (autogenous bone + 

The highest ANFB was recorded in the LLLT group (47.67% ± 
8.66%), followed by the AB+LLLT (30.98% ± 16.59%) and 
BG+LLLT (31.13% ± 16.98%) groups. There was a statistically 
significant difference in ANFB values between group C and 
the other groups, except for the BG group (P > 0.05). There 
was no statistically significant difference in ANFB values 
between group AB and the other groups, between group 

Moreira et al
[38], 2018

To evaluate the effect of low-
intensity laser therapy (LLLT) 
on the healing of bone defects 
filled with autogenous bone or 
45S5 BG

In vivo 45S5 BG Biogran® Biomet 3i
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LLLT); group BG (45S5 BG); group BG+LLLT (45S5 BG + 
LLLT). Evaluation after 30 d

AB+LLLT and groups BG and BG+LLLT, and between 
groups BG and BG+LLLT. The highest area of remaining 
particles was found in the BG group (25.15% ± 4.82%), 
followed by the BG+LLLT group (17.06% ± 9.01%), and there 
was no significant difference between the groups

Nb2O5: Niobium pentoxide; 3D: Three-dimensional; micro-CT: Micro-computed tomography; BM-MSCs: Bone marrow-derived mesenchymal stem cells; hESCs: Human embryonic stem cells; CSD: Critical size defects; DMSO: Dimethyl 
sulfoxide; CBCT: Cone-beam computed tomography; VGi: Grayscale value in; ROI: Region of interest; CSC: Composite bone cement; CPC: Calcium phosphate cement; BGNb: Nb-containing bioactive glasses; BMMSCs: Bone marrow-
derived mesenchymal stem cells; ACL: Anterior cruciate ligament; BPTB: Bone-patellar tendon-bone; PEUR: Poly(ester urethane); nHA: Nanocrystalline hydroxyapatite; BioS-2P: Biosilicate® containing two crystalline phases; MSCs: 
Mesenchymal stromal cells; hMSC: Human mesenchymal stem cells; MTT: 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; SCID: Severe combined immunodeficiency; ASCs: Adipose-derived stem cells; EPCs: Endothelial 
progenitor cells; VEGF: Vascular endothelial growth factor; PHBV: Poly(3-hydroxybutyrate-co-3-hydroxyvalerate); LLLT: Low-intensity laser therapy; ANFB: Newly formed bone; GaAlAs: Gallium-aluminum-arsenide.

observed that this composite is suitable for clinical applications because it is a self-setting material. The authors observed 
that the addition of 45S5 BG increased mechanical strength and the ability to induce apatite formation. This outcome was 
expected, given the well-known properties of 45S5 BG. According to their results, there is evidence of in vivo efficacy and 
potential for clinical applications of silicate-based composite bone cements.

Two studies investigated the subcutaneous insertion of scaffolds. These studies caught our attention because they 
diverged from typical biomaterial research in bone regenerative medicine. Westhauser et al[35] implanted subcutaneous 
scaffolds in rats to observe the behavior of 45S5 BG (as described in Table 1). Interestingly, the authors found that both 
45S5 BG and 0106-B1-BG had similar effects on the proliferation, viability, and osteogenic differentiation of MSCs. 
However, 0106-B1-BG outperformed 45S5 BG in terms of osteoid quantity and maturation, as well as angiogenic gene 
expression patterns. In another study, Westhauser et al[37] implanted subcutaneous 45S5 BG scaffolds coated with 
gelatin, cross-linked gelatin, and PHBV after seeding with hMSC in SCID mice. They observed bone neoformation in all 
groups and suggested that the gelatin coating on these implants was more stable than on group A (Table 1). This lack of 
stability hinders the effective interaction of the 45S5 BG surface with the surrounding tissues, thereby interfering with the 
formation of new tissue. Bone neoformation plays a stabilizing role for the implant. If bone neoformation is insufficient, 
mechanical integrity will not improve, resulting in reduced bone formation and increased mechanical destruction. 
Westhauser et al[37] then proposed conducting mechanical tests on the scaffolds to test their hypothesis linking structural 
deficit to reduced bone formation. Alternatively, it is likely that scaffolds with pores larger than 500 µm in diameter do 
not induce bone formation[42].

45S5 BG is a bioactive (osteoconductive) and versatile biomaterial capable of inducing bone growth in animal soft 
tissues. The findings of Yuan et al[43] warrant further research on the osteoinductivity of 45S5 BG, its osteoinduction 
mechanism, and the relationship between osteoinduction and osteoconduction.

Xynos et al[44] demonstrated the activation of genes involved in osteoblast metabolism and bone homeostasis. This was 
achieved through a specific transcriptional program activated in human osteoblasts after treatment with ionic products 
derived from the dissolution of 45S5 BG. These genes have multiple functions, including the induction of osteoblast 
proliferation, as exemplified by the RCL gene, which acts as a growth promoter. Moreover, these genes are involved in 
the remodeling of the extracellular matrix (such as metalloproteinases), play specialized functions (such as CD44), and 
facilitate cellular interactions, both between cells and with the extracellular matrix.

In regenerative therapy, the ability of scaffolds to be colonized by osteoblasts is extremely important, as a 45S5 BG 
substrate can serve as a model for previously modified tissues in bioengineering. As shown by Xynos et al[45], 45S5 BG 
stimulated the growth and osteogenic differentiation of primary human osteoblasts. Prado Ferraz et al[33] evaluated BioS-
2P and 45S5 BG cylinders and found a similar cell growth pattern in both materials. Another interesting finding was that 
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the BioS-2P scaffold stimulated bone formation to such an extent that its combination with MSCs could not enhance it 
further. In another study, rat calvarial osteoblasts cultured on BioS-1P and 45S5 BG showed identical proliferation rates
[46]. These findings strongly suggest that the presence of one or two crystalline phases does not affect the ability of 
Biosilicate® to sustain cell adhesion and proliferation. Granito et al[47] demonstrated osteogenic activity in 45S5 BG and 
Biosilicate® but found no significant difference in morphometry between them, suggesting the need for further research. 
In both cases, growth dynamics accompanied the growth of 45S5 BG.

Icariin seeded with ASCs is another element added to 45S5 BG to treat calvarial defects. A study[36] showed that this 
combination significantly improved neobone formation, while also displaying excellent osteogenic and angiogenic 
properties. This emphasizes the potential of this combination as a viable option for regenerating large bone defects.

In orthopedic regenerative medicine, the repair of tibial plateau fractures often requires extensive mechanical fixation 
and protected weight-bearing for 10 wk. This is because the lack of stability of existing grafts. For bone lesions near joints, 
the use of a biomaterial that hardens rapidly after implantation can stabilize the fracture with minimal use of rigid 
implants. Moreover, this biomaterial must stimulate the neobone formation and undergo remodelling at a rate that 
maintains bone integrity. Developing biomaterials that provide mechanical stability for fractures while facilitating bone 
remodeling remains a significant challenge in bone tissue engineering.

Lu et al[31] demonstrated that CG/nHA-PEUR grafts and BGCG/nHA-PEUR grafts with ceramic granules improved 
handling properties by reducing polymer tackiness. Both groups hardened within 20 s, resulting in a rigid cement that 
could not be manually compressed. We highlight the innovations of this research: the development of the first settable 
bone cement that not only offers mechanical stability but also remodels to form new bone in a large, stringent animal 
model, particularly for bone defects near a joint. In animals that tolerated the first few weeks of early loading, the CG/
nHA-PEUR cements demonstrated effective mechanical stabilization of tibial plateau defects and underwent remodeling 
to form new bone within 16 wk. In contrast, cements containing 45S5 BG particles were resorbed and filled the defect 
with fibrous tissue. Additionally, CG/nHA-PEUR cements remodeled at a significantly faster rate at the full weight-
bearing tibial plateau site compared to the femoral condyle site, which was mechanically protected in the same animal. 
These findings, along with mechanical tests, suggest that incorporating 45S5 BG into composites renders the material 
more brittle.

BG materials and composites may be applicable in load-bearing orthopedic injuries. Wheeler et al[48] observed that 
45S5 BG had greater shear strength, greater bone growth, no decrease in trabecular bone thickness over time, and 
maintenance of mechanical integrity.

CONCLUSION
This editorial aimed to provide a comprehensive and up-to-date analysis of the applications of 45S5 BG in regenerative 
medicine. We have reviewed a diverse range of applications in scientific research. Below, we summarize the main 
findings and observations from these studies.

Several studies have compared 45S5 BG with other biomaterials. The addition of niobium and other elements generally 
improves osteogenesis and biocompatibility of materials. These observations demonstrate the safety and efficacy of 45S5 
BG as a bone substitute for the treatment of severe defects. However, results have varied over time, suggesting that the 
choice of these elements may depend on the specific needs of the application. Scaffolds and cements have demonstrated 
potential in clinical applications because of their rapid hardening ability and their ability to induce the formation of 
apatite deposits. The incorporation of LLLT, subcutaneous scaffold inserts, and mechanical stabilization of fractures 
highlights the importance of further research to improve complementary methods in bone regenerative medicine. In 
summary, these studies suggest that 45S5 BG and related materials have great potential in regenerative medicine and the 
treatment of bone defects. Modifications and combinations of these materials may optimize bone regeneration in various 
clinical applications.
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