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This narrative review elucidates the molecular mechanisms by which doped bioglass scaf-
folds enhance bone regeneration through microRNA (miRNA) regulation and mesenchymal
stem cell (MSC) differentiation. Bioglasses, modified with trace elements like strontium,
magnesium, and europium, exhibit superior osteoinductive and angiogenic properties by re-
leasing bioactive ions that modulate miRNAs. For instance, strontium-doped bioglass upregu-
lates miR-26a, targeting GSK3f to activate Wnt/B-catenin signaling, thereby promoting
Runx2 expression and osteoblast differentiation. Drawing on literature from 2020 to 2025, we
explore how doped bioglasses regulate key pathways (Wnt/f-catenin, BMP/Smad, MAPK) to
optimize bone repair. Challenges, such as optimizing miRNA delivery and scaffold biocom-
patibility, are addressed, alongside strategies like nanoparticle-based systems and 3D-printed
mesoporous scaffolds for enhanced therapeutic outcomes. This review highlights the potential
of doped bioglass and miRNA-based therapies to revolutionize regenerative medicine, offer-
ing insights for researchers and clinicians aiming to address bone defects through innovative
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biomaterial applications.
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Introduction

Bone defects affect millions worldwide, necessi-
tating innovative biomaterials for regeneration(1).
Bone regeneration is a significant area in regener-
ative medicine, and novel biomaterials and cell
therapies are required. Bioglass, a silicate bioac-
tive glass, has been garnered significant interest
due to its bone bonding and osteogenesis-inducing
properties. Stem cells, and indeed mesenchymal
stem cells (MSCs), are core to bone repair due to
their  differentiation capability. MicroRNAs
(miRNAs), small non-coding RNAs, play signifi-
cant roles in the regulation of gene expression and
are essential to the regulation of stem cell differen-
tiation. The current narrative review aims at clari-
fying bioglass's influence on stem cell differentia-
tion and the miRNA regulatory functions, with

importance placed on literature between 2020 and
2025. The objectives involve summarizing the
present advancements, identifying research gaps,
and suggesting directions for further studies for
bioglass and miRNA therapies in bone regenera-
tion.

Bioglass: Composition and Bioactivity

Bioglass, originally developed by Hench in 1969,
Its standard composition, particularly in the 45S5
variant, consists of silicon dioxide (SiO2), calcium
oxide (Ca0O), sodium oxide (Naz20), and phospho-
rus pentoxide (P.0s). This formulation enables its
bioactivity, which arises from the material's ability
to form a hydroxyapatite layer when it interacts
with physiological fluids, thereby promoting bone
bonding. Its bioactivity stems from the formation
of a hydroxyapatite layer upon interaction with



physiological fluids, facilitating bone bonding
(2). Bioglass, has garnered significant interest due
to its bone-bonding and osteoinductive properties.
Mesenchymal stem cells (MSCs) are central to
bone repair through their differentiation potential,
with microRNAs (miRNAs) serving as key regu-
lators of gene expression. Additionally, combina-
tions like bioglass scaffolds with platelet-rich
plasma (PRP) and bone morphogenetic protein 2
(BMP2) have been explored as promising ap-
proaches for bone augmentation in craniofacial
surgery, though this is not strictly a doping meth-
od but a composite strategy (3).

Recent studies have explored modified bioglass
compositions, such as those doped with trace ele-
ments, to enhance bone regeneration properties.
These modifications improve bioactivity, biocom-
patibility, and specific functionalities like anti-
bacterial or antioxidant effects, making doped
bioglasses pivotal in advancing bone tissue engi-
neering. The incorporation of elements such as
strontium, magnesium, cobalt, zinc, copper, sil-
ver, fluorine, boron, iron, manganese, lithium,
cerium, gallium, selenium, and europium into bi-
oglass scaffolds tailors their physicochemical and
biological properties to optimize osteogenic dif-
ferentiation, angiogenesis, and infection re-
sistance. Below is a detailed classification of indi-
vidual doped bioglasses, outlining their roles,
mechanisms, applications, and insights from re-
cent literature (2020-2025) ((table 1).

1. Strontium-Doped Bioglass

Role and Properties: Strontium-doped bioglass
plays a key role in enhancing bone regeneration
by stimulating osteogenesis and providing an op-
timal environment for bone formation. It exhibits
improved mechanical strength, bioactivity, and
antibacterial properties compared to undoped bio-
glass, with delayed initial degradation and sus-
tained ion release (4,5). The incorporation of
strontium ions (Sr**) into the bioglass lattice mod-
ifies its physicochemical characteristics, making
it more suitable for tissue engineering applica-
tions(6).

Mechanism: The mechanism involves Sr** ions
promoting osteogenic differentiation while inhib-
iting osteoclast formation, leading to balanced
bone remodeling. It enhances cell viability, stim-
ulates angiogenesis, and provides antimicrobial
effects through ion release, creating a favorable
microenvironment for bone healing(4,7).

Applications: This doped bioglass is applied in
scaffolds for bone tissue engineering, coatings for
implants, and composites for defect repair, partic-
ularly in scenarios requiring enhanced osteogene-
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sis and infection resistance(8,9).

Literature Insights: Studies indicate that stronti-
um doping significantly boosts bone regeneration
capacity, with in vitro and in vivo experiments
showing superior antibacterial activity and oste-
ointegration. Combined with magnesium, it offers
dual benefits in osteogenesis and antimicrobial
action. Research highlights its potential in reduc-
ing treatment burdens for fractures and improving
bone density.

2. Magnesium-Doped Bioglass

Role and Properties: Magnesium-doped bioglass
serves a vital role in bone repair by enhancing
biocompatibility, mineralization, and vasculariza-
tion. It improves apatite formation, cell prolifera-
tion, and osteointegration, with properties like
controlled degradation and bioactivity tailored for
tissue engineering(10,11).

Mechanism: The mechanism centers on Mg
ions promoting osteogenic differentiation, inhibit-
ing certain cellular responses in mesenchymal
stem cells (MSCs), and facilitating vasculariza-
tion through enhanced biocompatibility. It also
supports antimicrobial activity when combined
with other dopants(12,13).

Applications: It is used in scaffolds, hydrogels,
and implants for bone regeneration, particularly
in degradable systems for orthopedic repairs and
as a dual-function material for anticancer and re-
generative therapies(14,15).

Literature Insights: Literature shows magnesium
doping regulates degradation and boosts bone re-
pair mechanisms, with studies confirming its role
in various tissues like bone and cartilage. Com-
bined with strontium, it enhances antimicrobial
and osteogenic effects.

3. Cobalt-Doped Bioglass

Role and Properties: Cobalt-doped bioglass acts
as a hypoxia-mimicking agent to promote angio-
genesis and osteogenesis in bone regeneration. It
features enhanced bioactivity, antibacterial prop-
erties, and controlled ion release, making it suita-
ble for multifunctional biomedical products(16—
18).

Mechanism: The mechanism involves Co*" ions
stimulating angiogenesis, mimicking hypoxic
conditions to enhance osteogenic capacity, and
providing antibacterial effects. It supports tissue
regeneration through ion-mediated cellular re-
sponses(19-21).

Applications: Applications include scaffolds,
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electrospun composites, and implants for bone
tissue engineering, with potential in dental and
orthopedic fields for defect repair and infection
control(18,19,22).

Literature Insights: Research demonstrates cobalt
doping's dual angiogenic and osteogenic benefits,
with in vitro/in vivo studies confirming its effica-
cy in bone defects. However, effects vary by con-
centration, and co-doping with elements like lithi-
um enhances antibacterial properties.

4. Zinc-Doped Bioglass

Role and Properties: Zinc-doped bioglass con-
tributes to bone mineralization, development, and
maintenance, with antibacterial, anti-
inflammatory, and osteoconductive properties. It
enhances biocompatibility and mechanical stabil-
ity for long-term bone health(23-25).

Mechanism: Zinc ions (Zn**) promote DNA syn-
thesis in osteoblasts, reduce osteoclast activity,
and support bone metabolism through controlled
release, leading to improved regeneration and in-
fection resistance(23,26,27).

Applications: It is utilized in scaffolds, coatings,
and biodegradable metals for orthopedic im-
plants, bone repair, and regeneration in defects or
diseases(28-30).

Literature Insights: Studies confirm zinc doping's
superiority in promoting bone regeneration at op-
timal concentrations, with nontoxic effects and
potential in hybrid materials. It bridges gaps in
biological functions for clinical translation.

5. Copper-Doped Bioglass

Role and Properties: Copper-doped bioglass fa-
cilitates bone regeneration with antibacterial, an-
giogenic, and bioactive properties. It exhibits non
-toxicity, enhanced bioactivity, and controlled
degradation for multifunctional use(31-33).

Mechanism: The mechanism includes Cu** ions
promoting mitophagy, biomineralization, and ma-
trix vesicle-mediated mineralization, while en-
hancing angiogenesis and collagen development
for bone protection and repair(34-36).

Applications: Applications encompass scaffolds,
coatings, and powders for bone tissue engineer-
ing, implant surfaces, and therapies targeting de-
fects with infection risks(32,33).

Literature Insights: In vitro/in vivo research vali-
dates copper's role in augmenting regeneration
through antibacterial mechanisms and bioactivity,
with co-doping (e.g., with magnesium) optimiz-

ing concentrations for cell proliferation and clini-
cal potential.

6. Silver-Doped Bioglass

Role and Properties: Silver-doped bioglass plays
a crucial role in bone regeneration by combining
bioactivity with strong antibacterial properties,
preventing infections while promoting tissue
healing. It exhibits enhanced long-term antimi-
crobial efficacy, bioactivity, and controlled ion
release, making it suitable for multifunctional bi-
omaterials in regenerative applications(37-39).
Mechanism:The mechanism involves silver ions
(Ag') providing sustained antibacterial action
against pathogens, while maintaining the bioac-
tive glass's ability to form hydroxyapatite layers
for bone bonding. It inhibits bacterial growth
through ion-mediated disruption and supports tis-
sue regeneration via bioactivity without compro-
mising cytocompatibility(37,40).

Applications: It is applied in scaffolds, coatings
for implants, and particles for in vivo bone defect
repair, particularly in scenarios prone to infection,
such as orthopedic and dental reconstructions(41—
43).

Literature Insights: Studies highlight silver dop-
ing's superiority in enhancing antimicrobial prop-
erties and bioactivity, with in vitro and in vivo
evidence showing reduced infection risks and im-
proved bone integration. Optimal silver concen-
trations are key to balancing efficacy and biocom-
patibility, with potential in hybrid materials for
advanced therapies.

7. Fluorine-Doped Bioglass

Role and Properties: Fluorine-doped bioglass
(often as fluoride-releasing) contributes to bone
regeneration by improving osteogenic and anti-
inflammatory properties, acting as a novel bone
substitute. It features enhanced bioactivity, ion
release control, and biocompatibility, suitable for
hard tissue engineering(44,45).

Mechanism: The mechanism relies on fluoride
ions promoting bone mineralization and osteo-
genesis, while reducing inflammation through
controlled release, facilitating faster bone healing
and integration with host tissues(46).

Applications: Applications include scaffolds for
bone tissue engineering, dental implants, and hy-
brid composites for defect repair, especially in
areas requiring anti-inflammatory effects and
bone substitution(44,47).

Literature Insights: Research indicates fluorine
doping enhances bioactivity and osteogenic po-
tential, with studies showing improved perfor-
mance in combination with zinc or other ions.
Challenges include optimizing degradation rates,
but it shows promise for clinical translation in



regenerative medicine.

8. Boron-Doped Bioglass

Role and Properties: Boron-doped bioglass (often
as borate or borosilicate bioactive glasses) excels
in bone regeneration due to its superior bioactivi-
ty, adjustable degradation, and enhanced mechan-
ical properties compared to silicate glasses(48—
50).

Mechanism: The mechanism involves boron ions
accelerating apatite formation, promoting angio-
genesis and osteogenesis, with tunable degrada-
tion rates aligning to tissue healing timelines for
optimal regeneration(50,51).

Applications: It is used in scaffolds, wound heal-
ing dressings, and clinical bone repair, particular-
ly for defects requiring rapid healing and vascu-
larization support(52).

Literature Insights: Insights reveal boron's role in
superior bone healing, with in vitro/in vivo stud-
ies confirming enhanced osteogenic commitment
and angiogenic properties when co-doped with
Mg/Sr. Concentration adjustments are vital for
matching tissue needs.

9. Iron-Doped Bioglass

Role and Properties: Iron-doped bioglass supports
bone regeneration with multifunctional proper-
ties, including bioactivity, magnetic potential, and
shielding capabilities, enhancing porosity and bi-
ocompatibility for tissue engineering(53-55).
Mechanism: Iron ions (Fe*") facilitate osteogenic
differentiation and bone mineralization, potential-
ly through magnetic stimulation and ion release,
promoting tissue integration and regeneration
(56,57).

Applications: Applications encompass porous
scaffolds, implant coatings, and nanoparticles for
bone defect repair and multifunctional biomedical
uses, including radiation shielding (55,58).
Literature Insights: Research emphasizes iron's
versatility in enhancing regeneration, with studies
on nanoparticles showing improved bioactivity. It
bridges gaps in mechanical and biological func-
tions, though more in vivo validation is needed.
10. Manganese-Doped Bioglass

Role and Properties: Manganese-doped bioglass
aids bone regeneration by influencing mineraliza-
tion and skeletal strength, with properties like en-
hanced bioactivity, cytocompatibility, and con-
trolled reactivity(59-61).

Mechanism: Manganese ions (Mn?*') synergize
with calcium to promote bone bonding and tissue
stimulation, slightly modulating reactivity in sim-
ulated body fluid for sustained regenera-
(59,61,62).

Applications: It is utilized in coatings for alloys
like Ti6A14V, scaffolds with gelatin, and orthope-
dic implants for bone repair and antibacterial en-
hancements(63—-65).

10

Mediated MicroRNA Bone Regeneration

Literature Insights: In vitro studies show manga-
nese's role in bone health, with synergetic effects
improving bioactivity. Co-doping with zinc en-
hances antibacterial properties, indicating poten-
tial for advanced composites.

11. Lithium-Doped Bioglass

Role and Properties:Lithium-doped bioglass
serves as a promising biomaterial for bone regen-
eration, with immunomodulatory, osteogenic, and
antibacterial properties, enhancing biocompatibil-
ity and ion release(66—68).

Mechanism: Lithium ions (Li*) stimulate osteo-
genic differentiation, sustain antibacterial action
via dual mechanisms, and modulate immune re-
sponses through miRNA regulation for enhanced
bone formation(69,70).

Applications: Applications include scaffolds, sur-
face modifications for polyetheretherketone im-
plants, and mesoporous glasses for bone defect
repair and tissue engineering(68,70,71).

Literature Insights: Studies confirm lithium's effi-
cacy in promoting regeneration, with evidence of
enhanced osteogenesis and immunomodulation.
Co-doping with cobalt boosts antibacterial ef-
fects, highlighting its broad potential in clinical
settings.

12. Cerium-Doped Bioglass

Role and Properties: Cerium-doped bioglass en-
hances bone regeneration by providing antioxi-
dant, osteogenic and antibacterial properties. It
improves bioactivity and cytocompatibility, with
controlled ion release for tissue engineering.
Mechanism: Cerium ions (Ce**/Ce*") exhibit anti-
oxidant effects by scavenging reactive oxygen
species (ROS), reducing oxidative stress in bone
healing environments. They promote osteogenic
differentiation and provide antibacterial action
through ion-mediated disruption of bacterial
membranes.

Applications: Used in scaffolds, coatings, and
nanoparticles for bone defect repair, particularly
in environments requiring antioxidant and infec-
tion-resistant properties .

Literature Insights: Studies demonstrate cerium’s
dual role in osteogenesis and antibacterial activi-
ty, with in vitro evidence showing enhanced cell
proliferation and bone mineralization. Optimal
cerium concentrations are critical to avoid cyto-
toxicity, and co-doping with other elements like
zinc enhances efficacy(72,73).

13. Gallium-Doped Bioglass

Role and Properties: Gallium-doped bioglass sup-
ports bone regeneration with potent antibacterial
and osteogenic properties. It enhances bioactivity
and mechanical stability, making it suitable for
orthopedic applications.

Mechanism: Gallium ions (Ga*") disrupt bacterial
iron metabolism, providing strong antibacterial
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effects, particularly against resistant strains. They
also promote osteoblast activity and bone miner-
alization through controlled ion release.
Applications: Applied in scaffolds, implant coat-
ings, and composites for bone repair, especially in
infection-prone defects or osteoporotic condi-
tions.

Literature Insights: Research highlights gallium’s
ability to combat multidrug-resistant bacteria
while supporting bone regeneration. In vivo stud-
ies show improved bone formation, with potential
in combination with other dopants like strontium
for enhanced effects(74,75).

14. Selenium-Doped Bioglass

Role and Properties: Selenium-doped bioglass
contributes to bone regeneration by offering anti-
oxidant, anti-inflammatory, and osteogenic prop-
erties. It enhances bioactivity and biocompatibil-
ity for tissue engineering.

Mechanism: Selenium ions (Se**/Se®") reduce ox-
idative stress, promote osteoblast proliferation,
and inhibit inflammatory responses. They also
exhibit mild antibacterial effects, supporting bone
healing in compromised environments.
Applications: Utilized in scaffolds, hydrogels,
and bioactive coatings for bone defect repair and
regeneration, particularly in cases requiring anti-
inflammatory support.

Literature Insights: Literature indicates seleni-
um’s role in enhancing bone regeneration through
antioxidant mechanisms. Studies suggest it im-
proves osteogenic differentiation, with co-doping
strategies (e.g., with zinc) optimizing regenera-
tive outcomes(76-78).

15. Europium-Doped Bioglass

Role and Properties: Europium-doped bioglass
enhances bone regeneration with luminescent,
osteogenic, and antibacterial properties. Its fluo-
rescence aids in imaging, while bioactivity sup-
ports tissue repair.

Mechanism: Europium ions (Eu*") promote osteo-
genic differentiation and angiogenesis through
ion release, with luminescent properties enabling
tracking of material degradation. They also pro-
vide mild antibacterial effects.

Applications: Used in scaffolds, imaging-guided
implants, and composites for bone regeneration,
particularly in applications requiring diagnostic
and therapeutic functions.

Literature Insights: Research shows europium’s
potential in theranostic applications, with in vitro
studies confirming enhanced osteogenesis and
ERK pathway, enhancing RUNX2 and OCN ex-
pression in MSCs. Studies from 2020-2025 indi-
cate that bioglass scaffolds with optimized stift-
ness and topography further stimulate MAPK sig-
naling, promoting osteogenesis by modulating
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cellular mechanotransduction (85). The synergis-
tic effect of ion release and scaffold architecture
creates a microenvironment conducive to MSC
differentiation.

Environmental cues, such as scaffold topography
and stiffness, significantly influence MSC fate.
Bioglass scaffolds with tailored porosity and me-
chanical properties provide biomechanical signals
that enhance osteogenic differentiation. For ex-
ample, 3D-printed bioglass scaffolds with mi-
croscale topography have been shown to upregu-
late integrin-mediated signaling, which intersects
with Wnt and MAPK pathways to promote osteo-
blast formation (3). Recent advances (2020—
2025) highlight how bioglass scaffolds, particu-
larly those incorporating magnesium or cobalt,
modulate these pathways through ion release and
surface characteristics, optimizing MSC differen-
tiation for bone regeneration (83-85).

MicroRNAs Role in Osteogenic Differentiation

Role of MicroRNAs in Osteogenic Differentia-
tion MicroRNAs (miRNAs) are small non-coding
RNAs, typically 18-25 nucleotides in length, that
post-transcriptionally regulate gene expression by
binding to the 3' untranslated regions (3' UTRs)
of target messenger RNAs (mRNAs), leading to
mRNA degradation or translational repression.
Discovered in the early 1990s, miRNAs play cru-
cial roles in diverse biological processes, includ-
ing development, cell proliferation, apoptosis,
and differentiation. In the context of regenerative
medicine, miRNAs are pivotal in modulating cel-
lular responses to environmental cues, making
them essential regulators in tissue engineering
applications. miRNAs significantly influence
stem cell differentiation, particularly in directing
mesenchymal stem cells (MSCs) toward osteo-
genic lineages. For instance, miR-21 promotes
osteogenic differentiation by targeting PTEN, ac-
tivating the PI3K/Akt pathway, and enhancing
Runx2 expression, a key transcription factor for
osteoblast formation (84). Similarly, miR-26a en-
hances osteogenesis by inhibiting GSK3p and
CTGF, promoting Wnt/B-catenin signaling and
reducing osteoclast activity (86). Other miRNAs,
such as miR-148b, target noggin to amplify BMP
signaling, while miR-140 protects against carti-
lage degradation but can inhibit osteogenesis in
certain contexts (87). Mechanosensitive miRNAs,
like miR-365, respond to mechanical stimuli to
regulate HDAC4 and SOXO9, facilitating chondro-
genesis and osteogenesis in MSCs under tensile
strain (88). These mechanisms highlight miRNAs'
role in fine-tuning stem cell fate through signaling
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imaging capabilities. Its antibacterial effects are less pronounced

Table 1: Summarized Roles, Mechanisms, Applications, and References of Doped Bioglasses (2020-2025)

Dopant | Role and Properties Mechanism Applications lzleliil;_
Enhances osteogene- Sr** promotes osteogenesis
. sis, mechanical Srp g > | Scaffolds, implant coatings, |[3,4,5,6
Strontium . . .| inhibits osteoclasts, supports . .
strength, antibacterial : ; defect repair composites. | ,7,8]
) angiogenesis.
properties.
. — — -
. Improves blocpmpatl Mg promo‘ges osteogen.es1.s, Scaffolds, hydrogels, ortho- [9,10,1
Magnesium| bility, mineralization, | vascularization, and antimi- S 1,12,13
L . pedic implants.
vascularization. crobial effects. ,14]
Hypopa—m1m1ck1ng Co*" stimulates angiogenesis, | Scaffolds, electrospun com- [15,16,
for angiogenesis, oste- o X . 117,181
Cobalt e . osteogenesis via hypoxic | posites, dental/orthopedic
ogenesis; antibacteri- .. . 9,20,21
al conditions. implants. 1
1 2+ 1 1 [225237
Supports bone miner-| Zn?>" enhances osteoblast | Scaffolds, coatings, biode-
. e . : ) . 24,252
Zinc alization, antibacteri- [DNA synthesis, reduces oste-| gradable metals for im- 6.2728
al, anti-inflammatory. oclast activity. plants. ’ 29’]
. . — — .
c Angbac.terla.l, a_nglo Cu " promotes mltophagy, Scaffolds, coatings, powders [30,31,
opper | genic, bioactive; non- | biomineralization, angiogen- . 32,333
; . for defect repair.
toxic. esis. 4,35]
Strong antibacterial, | Ag" provides antibacterial . . [36,37,
. . . ’ : Scaffolds, implant coatings, |38,39,4
Silver bioactive; promotes | action, supports hydroxyap- . :
. . ) d particles for defect repair. |0,41,42
tissue healing. atite formation. 1
. .Osteogemc, a.ntl- F~ promotes bone mineraliza-| Scaffolds, dental implants, |[43,44,
Fluorine inflammatory; en- . X . ) .
. i tion, reduces inflammation. hybrid composites. 45,46]
hanced bioactivity.
Superior bioactivity, . .
adjustable degrada- B accelerates apatite for- Scaffolds, wound dressings, [47,48,
Boron g . mation, promotes angiogene- . 49,50,5
tion, mechanical . . bone repair.
sis, osteogenesis. 1]
strength.
Bioactive, magnetic, | Fe*" facilitates osteogenesis, | Porous scaffolds, coatings, |[52,53,
Iron shielding; enhances | bone mineralization via ion | nanoparticles for defect re- [54,55,5
porosity. release. pair. 6,57]
. o [58,59,
Enhances mineraliza- | Mn*" synergizes with calci- .
M . ) . : Coatings, scaffolds, ortho- [60,61,6
anganese |tion, skeletal strength;| um for bone bonding, tissue L
. . . pedic implants. 2,63,64
cytocompatible. stimulation. 1
Immunomodulatory, | Li* stimulates osteogenesis, | Scaffolds, polyetherether- |[65,66,
Lithium [osteogenic, antibacte- | antibacterial action, immune | ketone implants, mesopo- |67,68,6
rial; biocompatible. modulation. rous glasses. 9,70]
Antioxidant, osteo- | Ce*/Ce*" scavenges ROS, .
Ceri . . e . .| Scaffolds, coatings, nano-
erium genic, antibacterial; | promotes osteogenesis, anti- . . [71,72]
: . . particles for defect repair.
cytocompatible. bacterial action.
Antibacterial, osteo- | Ga*" disrupts bacterial iron |Scaffolds, coatings, compo-
Gallium | genic; enhances me- |metabolism, promotes osteo- | sites for infection-prone de- [[73,74]
chanical stability. blast activity. fects.
— = — —
_ _ Antioxidant, anti Se**/Se®* reduces oxidative Scaffolds, hydrogels, coat- | [75,76,
Selenium | inflammatory, osteo- | stress, promotes osteoblast . .
N ) . . ings for bone repair. 77]
genic; biocompatible. proliferation.
. - — .
. . Luminescent, ost.eo' Eu’" promotes osteogenesis, Scaffolds, imaging-guided |[78.79,
uropium | genic, antibacterial; [angiogenesis, enables materi-| = . .
o . : implants, composites. 80]
aids imaging. al tracking.
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pathways like BMP/Smad, Wnt/B-catenin, and
MAPK, ensuring balanced proliferation and differ-
entiation for bone regeneration.

Integrating Bioglass, Stem Cells, and miRNAs

Bioglass plays a multifaceted role in osteoinduction
through miRNA modulation, primarily by releasing
bioactive ions (e.g., silicon, calcium) that alter miR-
NA expression profiles in MSCs, thereby enhancing
osteogenic differentiation. The mechanism begins
with bioglass dissolution in physiological fluids,
forming a hydroxyapatite layer that facilitates ion
exchange and creates a microenvironment condu-
cive to cellular signaling. Silicon ions from bioglass
upregulate miRNAs such as miR-23a-3p, which is
delivered via small extracellular vesicles (SEVs) to
promote vascularized bone regeneration by target-
ing inhibitors of osteoblast differentiation and en-
hancing calcium accumulation and angiogenesis
(89). Similarly, strontium-doped bioglass scaffolds
stimulate miR-26a expression, which targets
GSK3p to activate Wnt/B-catenin signaling, leading
to increased Runx2 and Osterix (Osx) expression,
thereby accelerating MSC osteogenesis (82,86). Re-
cent studies (2020-2025) demonstrate that bioglass-
integrated delivery systems, such as 3D nanofiber
aerogels combining bioglass with PLGA-collagen-
gelatin, provide sustained miRNA release (e.g., miR
-26a), protecting miRNAs from degradation while
leveraging bioglass's osteoinductive properties to
enhance scaffold biocompatibility and bone repair
(86). Additionally, bioglass's porous structure ena-
bles efficient miRNA loading, as seen in mesopo-
rous bioactive glass nanoparticles that facilitate tar-
geted delivery, modulating pathways like PTEN/
PI3K/Akt and BMP/Smad to inhibit osteoclastogen-
esis and promote osteoblast proliferation (90). This
ion-mediated miRNA upregulation not only ampli-
fies osteogenic gene expression but also integrates
with mechanosensitive cues, where bioglass scaf-
fold topography influences miRNA-responsive
pathways like MAPK, fostering a synergistic effect
for effective osteoinduction in bone tissue engineer-

ing ( Figl).
5. Copper-Doped Bioglass

Copper-doped bioglass enhances osteogenesis by
releasing Cu?" ions, which upregulate miR-21 to
activate PI3K/Akt, promoting Runx2 and collagen
development (34,91). Cu* ions stimulate BMP/
Smad signaling by increasing BMP-2 expression,
driving Smad1/5/8 phosphorylation and matrix min-
eralization (35,91). Additionally, copper activates
MAPK pathways (ERK/p38), enhancing Runx2/
OCN expression, and supports angiogenesis via
VEGF upregulation, creating an osteogenic micro-
environment (36,89).

6. Silver-Doped Bioglass

Silver-doped bioglass promotes bone regeneration
through Ag* ion release, which indirectly influences
miR-26a to enhance Wnt/B-catenin signaling by tar-
geting GSK3p, upregulating Runx2 (37,86). Ag*
ions support hydroxyapatite formation, activating
BMP/Smad pathways via Smad1/5/8 phosphoryla-
tion(83). Their antibacterial action disrupts bacterial
membranes, reducing infection risks, while biome-
chanical cues from scaffolds amplify MAPK signal-
ing, promoting MSC osteoblast differentiation
(40,41).

7. Fluorine-Doped Bioglass

Fluorine-doped bioglass enhances osteogenesis via
fluoride ion release, which upregulates miR-148b to
inhibit Noggin, amplifying BMP/Smad signaling
and Runx2/ALP expression (46,87). Fluoride ions
also modulate Wnt/B-catenin signaling by stabiliz-
ing P-catenin, promoting Osterix expression(82).
Additionally, biomechanical cues from fluorine-
doped scaffolds activate MAPK (ERK) pathways,
enhancing osteogenic gene expression and reducing
inflammation for faster MSC differentiation and
bone healing (44,46).

8. Boron-Doped Bioglass

Boron-doped bioglass accelerates osteogenesis
through boron ion release, which upregulates miR-
23a-3p to promote angiogenesis and calcium accu-
mulation via VEGF and Runx2(51,89). Boron en-
hances BMP/Smad signaling by increasing BMP-2
expression, driving Smad1/5/8 phosphorylation(83).
It also activates MAPK pathways (p38/ERK), up-
regulating Runx2/OCN, while scaffold topography
amplifies integrin-mediated signaling, fostering
MSC differentiation and rapid bone regeneration
(50,52).

9. Iron-Doped Bioglass

Iron-doped bioglass supports osteogenesis through
Fe’* ion release, which indirectly upregulates miR-
21 to activate PI3K/Akt, enhancing Runx2 expres-
sion(56,84). Fe** ions stimulate BMP/Smad signal-
ing by promoting BMP-2 expression, driving
Smad1/5/8 phosphorylation(83). Magnetic proper-
ties of iron-doped scaffolds activate MAPK (ERK)
pathways, upregulating OCN, while biomechanical
cues enhance integrin signaling, promoting MSC
differentiation and bone mineralization(57,58).

10. Manganese-Doped Bioglass
Manganese-doped bioglass enhances bone regener-

ation by releasing Mn?* ions, which synergize with
calcium to upregulate miR-26a, targeting GSK3 to
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Figure 1: this is a graphical representation of the molecular pathway for bioglass-mediated bone regeneration, integrat-
ing ion release, miRNA modulation, and key signaling pathways (Wnt/p-catenin, BMP/Smad, MAPK) leading to MSC
differentiation. I've used Mermaid syntax for a flowchart, which can be pasted into tools like Mermaid.live or GitHub
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Table 2: Summary of Doped Bioglasses: Key lons, miRNAs, Pathways, and References

Dopant Key Ions miRNAs Pathways References
Strontium  |Sr?* miR-26a ‘Wnt/B-catenin, BMP/Smad [2,6,81,86]
Magnesium (Mg? miR-21 PI3K/Akt, BMP/Smad, MAPK [9,11,82,83,84]
Cobalt Co?* miR-23a-3p ‘Wnt/B-catenin, MAPK, BMP/Smad [[15,18,20,82,89]
Zinc Zn* miR-148b, miR-21 |BMP/Smad, PI3K/Akt, MAPK [22,25,26,86,90]
Copper Cu? miR-21 PI3K/Akt, BMP/Smad, MAPK [33,34,35,88,90]
Silver Ag’ miR-26a ‘Wnt/B-catenin, BMP/Smad, MAPK |[36,39,40,83,85]
Fluorine F- miR-148b BMP/Smad, Wnt/B-catenin, MAPK |[43,45,81,86]
Boron B3 miR-23a-3p BMP/Smad, MAPK [49,50,51,82,88]
Iron Fe** miR-21 PI3K/Akt, BMP/Smad, MAPK [55,56,57,82,83]
Manganese |[Mn?** miR-26a Wnt/B-catenin, BMP/Smad, MAPK |[58,60,82,85,91]
Lithium  |Li* miR-26a, miR-21 g;‘;f ﬁfgﬁ PISK/AKL, - BMPA o €6.70.83.85.90]
Cerium Ce*"/Ce** |miR-23a-3p BMP/Smad, MAPK [82,88,92,93]
Gallium Ga®* miR-148b BMP/Smad, MAPK [86,94,95]
Selenium Se#*/Se®*  |miR-23a-3p BMP/Smad, MAPK [88,96,97,98]
Europium  |Eu®* miR-26a Wnt/B-catenin, BMP/Smad, MAPK |[80,100,N7,N§]

activate Wnt/B-catenin signaling and Runx2 expres-
sion(61,86). Mn*" ions also promote BMP/Smad
signaling via BMP-2, enhancing Smad1/5/8 phos-
phorylation(83). MAPK (ERK) activation by scaf-
fold topography further upregulates OCN, support-
ing MSC osteoblast differentiation and bone bond-
ing(59,92).

11. Lithium-Doped Bioglass

Lithium-doped bioglass drives osteogenesis through
Li* ion release, which upregulates miR-26a and
miR-21, targeting GSK3p and PTEN to activate
Wnt/B-catenin and PI3K/Akt pathways, respective-
ly, boosting Runx2(67,86,91). Li* ions enhance
BMP/Smad signaling by increasing BMP-2 expres-
sion, promoting Smadl/5/8 phosphorylation(83).
Immunomodulatory effects via miRNA regulation
and MAPK activation further support MSC differ-
entiation and bone formation (70,71).

12. Cerium-Doped Bioglass

Cerium-doped bioglass promotes osteogenesis by
releasing Ce*"/Ce*" ions, which upregulate miR-23a
-3p to enhance angiogenesis and Runx2 expression
via VEGF(89,93). These ions scavenge ROS, re-
ducing oxidative stress, and activate BMP/Smad
signaling through BMP-2, driving Smad1/5/8 phos-
phorylation (83,93). MAPK (ERK) activation by
cerium-doped scaffolds further upregulates OCN,
fostering MSC differentiation and bone regenera-
tion(94).
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13. Gallium-Doped Bioglass

Gallium-doped bioglass enhances osteogenesis
through Ga** ion release, which upregulates miR-
148b to inhibit Noggin, amplifying BMP/Smad sig-
naling and Runx2/ALP expression(87,95). Ga** ions
disrupt bacterial iron metabolism, supporting an
osteogenic microenvironment, and activate MAPK
(ERK) pathways, enhancing OCN expression. Bio-
mechanical cues from scaffolds further promote in-
tegrin-mediated MSC differentiation(95,96).

14. Selenium-Doped Bioglass

Selenium-doped bioglass drives osteogenesis by
releasing Se*/Se®" ions, which upregulate miR-23a-
3p to promote angiogenesis and calcium accumula-
tion via VEGF and Runx2(89,97). Se ions reduce
oxidative stress, enhancing BMP/Smad signaling
through BMP-2 and Smad1/5/8 phosphorylation
(98). MAPK (p38) activation by scaffold topogra-
phy upregulates osteogenic genes, supporting MSC
differentiation and anti-inflammatory bone repair
(99).

15. Europium-Doped Bioglass

(100)-doped  bioglass enhances osteogenesis
through Eu** ion release, which upregulates miR-
26a to target GSK3p, activating Wnt/B-catenin sig-
naling and Runx2 expression . Eu** ions promote
BMP/Smad signaling via BMP-2, driving



Smad1/5/8 phosphorylation. Luminescent proper-
ties aid scaffold tracking, while MAPK (ERK) ac-
tivation and biomechanical cues enhance OCN ex-
pression, fostering MSC differentiation(81,101).

The synergy between bioglass, stem cells, and
miRNAs offers a promising approach to bone re-
generation. This section integrates findings from
previous sections, discussing how bioglass scaf-
folds enhance stem cell differentiation through
miRNA regulation. Recent studies (2020-2025)
show that bioglass upregulates specific miRNAs,

which modulate osteogenic pathways (90).

Challenges, such as optimizing miRNA delivery
and ensuring scaffold biocompatibility, are ad-
dressed, along with strategies like nanoparticle-

based miRNA delivery systems.

Despite significant advances, gaps remain in un-
derstanding the long-term effects of bioglass on
miRNA expression and stem cell behavior. This
section proposes future research directions, includ-
ing the development of personalized miRNA ther-
apies, advanced bioglass composites, and in vivo
studies to validate preclinical findings. The inte-
gration of bioinformatics and machine learning to
predict miRNA-target interactions is also high-
lighted as a promising avenue for optimizing thera-

peutic outcomes.

Conclusion

This narrative review highlights the critical roles
of bioglass, stem cell differentiation, and miRNAs
in advancing bone regeneration. By synthesizing
recent literature (2020-2025), we underscore the
potential of bioglass-based scaffolds and miRNA-
based therapies to revolutionize regenerative medi-

cine. Continued research is needed to translate
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these findings into clinical applications, paving the

way for innovative treatments for bone defects.
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