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I. INTRODUCTION 

Bioactive materials refer to substances that interact with 

biological tissues to promote specific physiological 

functions. Among these, bioactive glass (BG) has 

emerged as a remarkable innovation since its inception 

by Larry Hench in 1969, originally composed of silica 

(SiO₂), calcium oxide (CaO), sodium oxide (Na₂O), and 

phosphorus pentoxide (P₂O₅).[1]
 Unlike traditional inert 

materials, BG bonds chemically with living tissues, 

creating a robust interface that encourages cellular 

responses essential for regeneration. 

 

Over time, the composition of bioactive glass has 

diversified into silicate, borate, and phosphate systems, 

enhancing its applications in bone regeneration, wound 

healing, and dental repair. The integration of therapeutic 

ions such as cobalt, strontium, and fluoride further 

broadens its utility by stimulating angiogenesis, 

antimicrobial activity, and osteogenesis.
[2], [3]

 Cobalt-

doped BG, for instance, imitates hypoxic conditions to 

promote vascular growth via hypoxia-inducible factor 

(HIF-1α) stabilization.
[4]

 

 

II. Mechanism of Action 

Bioactive glass exerts its therapeutic effects primarily 

through surface reactions in physiological environments. 

Upon exposure to body fluids or saliva, it undergoes ion 

exchange, raising local pH and promoting the 

precipitation of hydroxycarbonate apatite (HCA), closely 

resembling the mineral phase of bone and dentin.
[5]

 The 

released Ca²⁺, PO₄³⁻, and SiO₄⁴⁻ ions not only support 

mineralization but also modulate gene expression of 

bone-related proteins.
[6]

 The incorporation of fluoride 

results in fluorapatite formation, which enhances acid 

resistance and mitigates demineralization.
[7]
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also promotes the physiological healing of hard and soft tissues. It plays a critical role in emerging fields like tissue 

engineering and regenerative dentistry. Future developments aim to optimize its composition for tailored 

therapeutic outcomes. With ongoing research, bioactive glass is poised to further redefine the standards of 

restorative and regenerative dental care. 
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III. Benefits of Bioactive Glass 

Bioactive glasses possess multiple biological and 

mechanical advantages, including osteoconductivity, 

bioresorbability, and excellent tissue integration.
[8]

 Their 

ability to release biologically active ions confers 

antibacterial, anti-inflammatory, and regenerative effects. 

These glasses can also serve as drug carriers, offering 

localized delivery with enhanced tissue compatibility.
[9]

 

In dental contexts, they offer sealing properties that limit 

bacterial penetration and help prevent recurrent caries.
[10]

 

 

IV. Limitations of Bioactive Glass 

Despite its advantages, bioactive glass faces challenges 

such as brittleness and low fracture toughness, which 

limit its use in load-bearing applications.
[11]

 Additionally, 

conventional compositions like 45S5 are prone to 

crystallization during thermal processing, impacting their 

mechanical performance and limiting their fabrication 

into complex scaffold structures.
[12]

 Efforts are ongoing 

to develop more thermally stable and flexible 

formulations. 

 

V. Biomedical Applications 

A. Cancer Treatment Strategies 

Nanostructured BG frameworks enable the delivery of 

anticancer agents such as gallium and support magnetic 

hyperthermia, selectively heating and eliminating tumour 

cells while preserving adjacent tissue.
[13], [14]

 These 

scaffolds also promote the formation of 

hydroxycarbonate apatite layers that aid in restoring bone 

structure post-therapy. Furthermore, gallium-doped BG 

selectively promotes osteoblast differentiation while 

impairing osteoclast activity, offering dual benefits in 

oncology-related bone repair [turn0search11]. Preclinical 

models suggest that these materials can reduce tumour 

mass and encourage regeneration of healthy tissue 

concurrently, with cytotoxic effects focused on malignant 

stromal cells in vitro [turn0search11]. 

 

 

B. Soft Tissue Regeneration & Wound Healing 
Borate-based bioactive glass formulations release boron 

and calcium ions that enhance fibroblast migration, 

endothelial tube formation, and VEGF expression, 

accelerating wound closure—especially in diabetes-

induced chronic lesions.
[15]

 These materials have gained 

FDA approval (e.g. 13-93B3) for clinical use in 

advanced wound treatment.
[16]

 In vivo studies using 

copper-doped borate glass fibers showed significantly 

enhanced angiogenesis, collagen deposition, and 

epithelialization in full-thickness skin defects compared 

to controls [turn0search4]. Quantitative wound-area 

reduction exceeded 70% within 14 days 

post-implantation, outperforming undoped BG dressings 

[turn0image10]. 

 

C. Orthopaedic Bone Repair 
In orthopaedic contexts, BG materials like BonAlive 

(S53P4) serve as bone graft substitutes and injectable 

cements, supporting osteo-conduction and gradual 

replacement by new bone.
[17]

 These synthetic 

biomaterials also exhibit intrinsic antibacterial 

properties, effectively inhibiting pathogens in chronic 

osteomyelitis cases [turn0search12]. Clinical follow-up 

of patients treated with S53P4 showed restored limb 

function, no recurrence of infection, and radiographic 

integration of BG with host bone over a 14–21month 

period [turn0search9] turn0search2. Furthermore, 

randomized paediatric trials comparing BG to allograft in 

benign bone cysts demonstrated comparable outcomes in 

recurrence and functional improvement at 

two-yearfollow-up[turn0search5]. 

 

D. Advanced Wound Dressing Applications 
Fibrous BG mats, including silicate and borate-based 

micro/nano-fibres, replicate extracellular matrix 

architecture while releasing therapeutic ions that enable 

clotting, antibacterial effects, and angiogenesis
[18]

, 

[turn0search10]. Materials doped with copper or silver 

further enhance vascular growth and microbial control 
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without added growth factors. For example, Cu-doped 

borate glass microfibers stimulated HUVEC migration 

and VEGF secretion while expediting closure of rodent 

full-thickness wounds [turn0search10] turn0search4. 

These dressings achieved up to two-fold greater collagen 

maturity and improved vessel formation compared to 

standard treatments in animal studies [turn0search10]. 

 

Application Area Key Advances Observations / Data 

Cancer Therapy 
Ga-doped, magnetic scaffolds; selective 

cytotoxicity + HCA regeneration 

Tumor cell death in vitro; osteoblast 

stimulation [turn0search11] 

Soft Tissue Healing 

Borate BG fibers with Cu dopants 

improve angiogenesis and collagen 

deposition 

~70% wound area reduction in rabbits 

[turn0search4] 

Orthopaedics 
BonAlive® S53P4 substitute provides 

osteostimulation and infection control 

Infection resolved, bones integrated 

[turn0search2] 

Wound Dressings 
Hybrid microfibers (BG + polymer) 

mimic ECM and sustain ion release 

More mature collagen & vasculature in vivo 

[turn0search10] 

 

VI. Dental Applications 

A. Restorative Dentistry 

BG-filled resin composites help offset polymerization 

shrinkage while promoting local mineral deposition 

around restorations, thereby improving marginal seal and 

reducing microleakage.
[10]

 In vitro studies have shown 

that adding up to ~15 wt% of BG fillers significantly 

reduces biofilm penetration at restoration margins, 

improving durability under cyclic loading
[10]

 These 

composites also release calcium and phosphate ions over 

time, supporting continual surface remineralization and 

reducing secondary caries risk. The images above display 

BG-composite restorations mimicking tooth structure 

and apatite precipitation over time. 

 

B. Prosthodontics and Implants 

Coating implant surfaces with bioactive glass enhances 

osseointegration by forming an apatite layer that binds 

chemically to bone tissue, strengthening fixation and 

reducing peri-implant inflammation
[19]

 Such coatings 

have been shown to encourage osteoblast proliferation 

and differentiation, leading to faster and more stable 

bone–implant interfaces clinically. The implant images 

highlight BG-coated implants with radiographic evidence 

of bone integration improving implant stability. 

 

C. Hypersensitivity Treatment 

BG particles occlude open dentinal tubules rapidly by 

forming hydroxyapatite-like plugs, reducing fluid flow 

and sensory nerve activation.
[20]

 Studies confirm long-

lasting relief from hypersensitivity, with continued tubule 

blocking even after acid challenges. The image carousel 

includes toothpaste and particulate products (e.g. 

NovaMin®) used in hypersensitivity management. 

 

D. Toothpastes 

Toothpastes containing fluoridated bioactive glass (e.g. 

Biomin F) significantly increase enamel microhardness 

and reduce surface roughness compared to standard 

fluoride toothpastes in vitro 
[21]

 Clinical evaluations 

report up to 30% reduction in new caries lesions and 

enhanced remineralization of early enamel lesions within 

months among users.
[17]

 The first image shows 

remineralization process schematics; together these 

illustrate early lesion repair. 

 

E. Endodontics 

Strontium- or copper-doped BG formulations exhibit 

strong antimicrobial activity against E. faecalis and C. 

albicans, inhibiting common root canal pathogens.
[22]

 

These doped glasses also foster secondary dentin 

formation and sealability, improving outcomes in 

regenerative endodontic procedures and pulpal therapy. 

The middle image clarifies pulp-capping and 

canal-filling with BG-based sealants. 

 

F. Periodontal Regeneration 

BG granules or putty placed in periodontal bone defects 

stimulate osteogenesis, filling osseous lesions and 

promoting regeneration in furcation and infrabony 

defects.
[24]

 Combined with guided tissue regeneration 

techniques, BG also supports angiogenesis and stem-cell 

mediated healing, reducing pocket depth and stabilizing 

teeth. The periodontal image shows defect repair with 

BG-based graft materials. 

 

G. Bone Grafting 

Bioactive glass bone grafts, such as S53P4 or 45S5 

formulations, provide an osteoconductive scaffold that 

gradually degrades while encouraging new bone 

formation in ridge augmentation or alveolar socket 

preservation
[25]

 Clinical cases show improved volumetric 

bone retention compared to controls, leading to better 

implant site preparation and less need for autogenous 

grafts. 

 

VII. Innovations in Bioactive Glass Engineering 

Recent advancements in material science have enabled 

the customization of bioactive glass (BG) structures for 

high-performance biomedical applications. Techniques 

such as 3D printing and sol-gel processing allow the 

fabrication of porous scaffolds with precise geometries 

and tunable porosity, ideal for osseous tissue integration 

in load-bearing sites.
[26]

 These scaffolds not only mimic 

the hierarchical architecture of natural bone but also 

exhibit controlled biodegradation aligned with the rate of 

tissue regeneration. Simultaneously, nanostructured 
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mesoporous BGs are being employed as drug delivery 

vehicles—dexamethasone-loaded formulations have 

been particularly effective in enhancing osteoblastic 

activity while reducing pro-inflammatory cytokine 

expression.
[27]

 

 

VIII. Bioactive Glass in Smart Therapeutics 

The integration of exosomes—extracellular vesicles 

involved in cell signalling—into BG-based systems 

marks a significant leap in targeted regenerative 

therapies. These biologically active vesicles can be 

combined with BG matrices to improve cell-to-cell 

communication, enhancing healing efficiency in complex 

tissue environments.
[28]

 Furthermore, the development of 

hybrid biomaterials that blend BG with natural or 

synthetic polymers, such as gelatin, alginate, or PEG, is 

addressing mechanical limitations and enabling site-

specific applications. 

 

 
 

These polymer–glass composites exhibit enhanced antibacterial action and flexibility, making them suitable for soft-

tissue engineering and chronic wound management.
[29]
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IX. Strategic Directions and Translational Potential 

The emerging trend in BG development emphasizes 

multifunctionality through compositional tailoring. 

Injectable BG formulations, such as ion-releasing pastes 

and hydrogel suspensions, are being explored for 

minimally invasive procedures in dentistry and 

orthopedics. Additionally, the incorporation of 

therapeutic ions like silver, copper, and cobalt into the 

glass network has shown potential to simultaneously 

stimulate angiogenesis and suppress infection
[30]

,
[31]

 

Research is now focusing on scaling these innovations 

through in vivo validation, long-term biocompatibility 

studies, and compliance with stringent regulatory 

frameworks to facilitate clinical translation. 

 

X. Concluding Perspective 

Bioactive glass has evolved into a pivotal material in the 

landscape of biomaterials due to its unparalleled ability 

to induce both hard and soft tissue regeneration. Its 

mechanism of action, centered on ionic dissolution and 

hydroxyapatite layer formation, continues to inspire the 

design of next-generation therapeutic devices. While 

challenges such as low fracture toughness and brittleness 

remain, advancements in composite engineering and 

processing techniques are steadily mitigating these 

drawbacks. With the convergence of nanotechnology, 

additive manufacturing, and biological augmentation 

strategies, BG is well-positioned to become an integral 

component of precision medicine in both dental and 

orthopaedic applications. 
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