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ABSTRACT

Tissue engineering and regenerative medicine have shown invaluable promises for the repair, recovery or
replacement of diseased tissues and organs. Merging the paradigms of these disciplines with additive
manufacturing technologies has recently yielded the advent of bioprinting, i.e. the layer-by-layer production of
tissue-like porous scaffolds incorporating living cells. While soft biocompatible hydrogels are the ideal matrix for
hosting and preserving cells during the printing process, small amounts of additional ingredients (organic or
inorganic) can be incorporated in the bioinks to stimulate cell activity and impart extra-functionalities to the
overall bio-printed construct. In this regard, bioactive glasses promote cell-matrix interaction and cell biology
pathways through the local release of biologically active ions and are also able to elicit a local antibacterial effect
which is key to combat post-surgical infections at the bioimplant site. This review aims to provide an up-to-date
overview of the use of silicate, borate and phosphate glasses as valuable additives to bioinks for bioprinting
applications. Opportunities for further research are highlighted and the challenges that must be tackled to
advance this emerging field are discussed.

Statement of Significance: The biofabrication of a truly functional living tissue or organ in the lab for implantation
in the body is one of the grand challenges of regenerative medicine. This hope has materialized with the advent
of bioprinting, which allows the incorporation of living cells in a soft supportive matrix by applying additive
manufacturing technologies. This review summarizes the state-of-the-art of bioprinting with bioactive glass
particles incorporated in the printable ink. The current limitations and the latest evolutions in this exciting field
of research are critically examined, and the roles of design parameters (e.g. composition, concentration and size
of the bioactive phase) as well as the rheological, mechanical, biological and overall functional performance of
such special types of bioinks are detailed. Existing results and new horizons are discussed for providing a
comprehensive picture that may be useful for both experienced and early-stage researchers in the biomaterials
community.

1. Introduction

Scaffolds made from engineered biomaterials play a central role in
TE, being designed to support cell attachment, proliferation and tissue

Tissue engineering (TE) is an interdisciplinary field that integrates
biological knowledge with advanced material design to restore or
regenerate damaged tissues [1-4]. TE usually requires 3D structures
(scaffolds) that provide support for the attachment and proliferation of
target cells as well as the growth of newly-formed tissue, thus promoting
tissue healing and regeneration [5].

* Corresponding authors.

regeneration. Apart from the basic requirement of biocompatibility, an
ideal scaffold must exhibit a combination of properties tailored to its
specific application, including sufficient mechanical strength to support
physiological loads as well as high (typically >60-70%) and inter-
connected porosity to facilitate cell infiltration and nutrient transport to
ensure integration with host tissue [5-7]. Another requirement is
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controlled dissolution/biodegradability, so that the scaffold can be
gradually resorbed post-implantation leaving space to newly-formed
tissue [5,6,8]. Depending on the anatomical location and mechanical
demands of the target tissue, scaffolds should meet additional re-
quirements such as shape adaptability, surface properties (e.g. topology,
micro-/nano-roughness) and mechanical rigidity or flexibility [9-12].

Both the fabrication technologies and the (bio)materials used for
making scaffolds continue to be areas of intensive research worldwide
[13-15]. Additive manufacturing (AM), which covers a range of tech-
nologies including 3D printing, has emerged as a transformative
approach in TE, enabling the precise fabrication of complex and bio-
logically relevant 3D structures [16,17]. This technology allows pro-
ducing scaffolds with highly controlled internal architectures and shows
great promise in implant customization using patient-specific models
[18,19]. Since Chuck Hull first introduced the idea of AM in 1986
through stereolithography (SLA), this class of advanced fabrication
strategies has found applications in many common-life and high-tech
fields. Recent advances in 3D printing methods have enabled the evo-
lution of the technology in the biomedical field [20] from
material-centered prototyping to the biofabrication concept, which in-
volves the direct incorporation of living cells into printable hydrogels
(bioinks) [21,22]. 3D bioprinting, as a popular approach in the bio-
fabrication field, enables the fabrication of cell-laden constructs with
controlled mechanical properties, biological functionality and complex
tissue-mimicking 3D architecture [23,24], thereby ultimately support-
ing a more effective tissue regeneration [25,26].

A key aspect of 3D bioprinting concerns the selection and design of
bioinks, which must balance printability, mechanical strength, and
biocompatibility to support cell viability during printing and tissue
maturation after bioprinting. Despite the significant progress in 3D
bioprinting [27-29] in terms of bioink design and technologies, there
are still challenges in optimizing bioprinting resolution, mechanical
stability, and long-term cell viability/overall functionality of the bio-
printed constructs [30,31]. Therefore, significant research efforts are
being devoted to this field, with research aiming to refine the design and
formulations of bioinks and improve printing technologies [32,33].
While various “soft” organic materials such as synthetic thermoplastics
(e.g., polycaprolactone (PCL)) and decellularized matrices (dECM) can
be utilized in bioprinting as components of the bioink, hydrogels are the
most promising matrix due to multiple reasons. In fact, hydrogels offer a
unique combination of high permeability and a hydrated environment
that support cell viability [22,34]. Furthermore, when incorporating
bioactive inclusions such as ceramic or glass particles, hydrogels serve as
a critical rheological controller, providing the necessary viscosity to
maintain inorganic particles in suspension while enabling precise
deposition during the printing process of the composite bioink [29,
35-37]. In this context, addition of inorganic biodegradable or bio-
reactive fillers, such as bioactive glasses (BGs), has gained attention
recently [38]. This review summarizes the current state of the art in this
specific area of multimaterial hydrogel-based bioink development, dis-
cussing the different BG compositions explored, their cell biology impact
and the properties of the obtained 3D-printed structures for applications
in TE and in the development of 3D tissue models.

2. Fundamentals of BGs and bioprinting
2.1. Synthesis of BGs

BGs are among the most useful materials for TE applications due to
their outstanding properties, including great compositional versatility,
broad-spectrum bioactivity and potential for multiple therapies (e.g.
simultaneous stimulation of target cells, angiogenesis, antibacterial and
immunomodulatory response) [39-41]. The first BG, having the
composition 45Si0;-24.5Ca0-24.5Nay0-6P205 (wt.%) (“45S5 Bio-
glass™), was reported by Hench in 1971 [42] and has been mostly
considered for orthopedic and bone tissue applications.
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BGs are typically produced by melt-quenching or sol-gel synthesis.
While sol-gel synthesis allows fabrication at lower temperatures, pro-
vides more control over the glass composition and carries the option of
having mesopores inside the material; melt-quenching requires rapid
cooling from high temperatures (typically 1200-1500°C) to obtain
amorphous (non-crystalline) products. The latter method is typically
faster than sol-gel synthesis to obtain the final material (half a day vs.
several days [43]) and has a significantly higher yield in terms of mass of
material produced per working cycle. On the other hand, nano-sized BG
particles can be directly obtained by sol-gel method without any further
processing. While sol-gel synthesis follows a “bottom-up” approach
allowing for precise control over nanoparticle diameter during chemical
gelation, melt-quenching is inherently a “top-down” process. In order to
obtain fine particles from a melt-derived glass frit, intensive mechanical
post-processing is required, e.g. long-term milling procedures [44].
More recently, an alternative method based on the flame spraying
technique has been also proposed to directly synthesize BG particles in
the nanoscale size range [45]. In terms of textural features, mesoporous
sol-gel BGs have a larger specific surface area compared to melt-derived
BGs, which makes the ion release and hydroxyapatite (HA) formation
faster, which is important for bone TE applications since both can
improve the bone-bonding and osteogenic effect of the scaffolds [46].

2.2. Bioactivity and cellular interactions of BGs

BGs demonstrate surface bioactivity by creating a layer of nano-
crystalline HA when in contact with body fluids, which is of fundamental
importance to improve osseointegration of an implant to the host living
bone [47]. Several variants of the 45S5 BG parent composition or even
totally new BG systems have been proposed and characterized over the
years to provide customized properties, like better mechanical properties,
targeted degradation rates or extra-functionalities like antibacterial ac-
tivity and angiogenic effects [48-50]. In this regard, BGs allow the in-situ
release of biologically active ions, depending on the specific material
formulation. The emerging field of ionic medicine, specifically ion assis-
ted TE, uses these ions therapeutically to promote and guide healing,
thereby carrying an invaluable potential for advancing regenerative
medicine [51,52]. In this context, not only silicate BGs are developed and
applied but also bioactive systems based on phosphate and borate glasses.
Because of their capability to form bonds with both hard and soft tissues,
over the last decade BGs have been proposed in emerging fields of
regenerative medicine and TE (e.g. soft tissue repair) beyond their
traditional applications in contact with bone and teeth [53,54]. For
example, one commercial product based on the borate 13-93B3 glass
composition (53B303-6Nay0-12K,0-5Mg0-20Ca0-4P20s5, wt.%) (Mir-
ragen®, ETS Engineered Tissue Solutions, USA) has been cleared by U.S.
Food and Drug Administration for use as fibrous mats in wound healing
and skin repair [55].

When cells are encapsulated within a 3D hydrogel matrix, they reside
in an environment that mimics native tissue through the hydrogel high
water content and network permeability, which are essential for
nutrient exchange and cell migration [56]. By incorporating BG particles
into this system, the hydrogel is transformed into a localized ionic
microenvironment. Within this hydrated architecture, the glass phase
slowly dissolves and releases therapeutic ions, which can trigger specific
cellular responses (osteogenesis, angiogenesis, etc.) or provide cross-
linking agents [41]. These ions mediate intracellular signaling pathways
in diverse cell types, triggering specific pathways for new tissue for-
mation and blood vessel growth without the need for expensive external
growth factors. From a translational perspective, the choice of a cell
model is crucial when evaluating BG-based bioinks. While immortalized
cell lines (e.g., MC3T3-E1) are frequently used to provide reproducible
data for printability and cytotoxicity studies [57,58], they may not fully
capture the complex biological responses of primary human tissues. To
address translational relevance, bone marrow-derived mesenchymal
stem cells (BMSCs) and adipose-derived stem cells (ASCs) are the most
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promising candidates. In particular, ASCs offer relative ease of isolation
and a pro-angiogenic synergy with BGs [59,60], while BMSCs remain
the standard for bone-specific regeneration [61,62].

Nevertheless, a major challenge in biopriting remains the funda-
mental trade-off between biological stimulation and cellular stress.
While ion release is necessary for tissue repair, it must be carefully
controlled to avoid pH instability and cytotoxic effects. Therefore, the
key to successful bioink formulation lies in identifying an optimal BG
concentration that maximizes its benefits to ensure safe and effective
bioink formulations for tissue regeneration [38,63].

2.3. BGs into printing platforms

Glass powder obtained from glass frit milling or sol-gel processes
(which can range from the nanoscale to microparticles and granules) can
be used as a starting material for making scaffolds. BG scaffolds can be
fabricated using a variety of methods, either conventional (e.g. sponge
replication [64] and sol-gel foaming [65]) or based on electrospinning
[66] and AM technologies, such as selective laser sintering [67] and
extrusion-based fabrication [68-70].

In addition to scaffolds made purely from BGs, BG particles have also
been incorporated into hybrid biomaterials and composites such as cell-
laden hydrogels and microcapsules to enhance biological properties. For
example, Sarker et al [71] and Reakasame et al [72] developed algina-
te-keratin and alginate dialdehyde-keratin microcapsules containing
45S5 BG particles using a pressure-driven extrusion technique to
encapsulate MG-63 cells, achieving positively improved bioactivity and
sustained cell viability over 21 days. Similarly, Rahimnejad et al [73]
encapsulated L929 fibroblasts within chitosan-based microbeads con-
taining BG particles, reporting metabolic activity and early HA forma-
tion on the bead surfaces.

Extrusion-based methods are commonly used in bioprinting, which
usually involves the 3D printing of cell-laden hydrogels [38]. The pro-
cess relies on the continuous deposition of cell-laden strands extruded
through a micro-nozzle, driven by pneumatic or mechanical pressure
[741, a simple scheme of this approach is displayed in Fig. 1. A critical
requirement for this process is non-Newtonian shear-thinning behavior
of the bioink, e.g. the bioink must decrease in viscosity under the high
shear rates found inside the nozzle to allow for smooth flow, and then
rapidly recover its viscosity upon deposition to maintain the shape fi-
delity of the printed 3D construct [75]. In extrusion-based bioprinting,
the fundamental challenge is thus achieving a balance between
low-pressure extrudability and high shape fidelity. While basic hydro-
gels often lack the structural integrity to maintain 3D architecture

-
)
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post-deposition, the incorporation of BGs act as a critical rheological
modifier. Representative examples of this strategy include reinforcing
natural-derived matrices such as gelatin methacryloyl (GelMA) and
alginate dialdehyde-gelatin (ADA-GEL) with BG nanoparticles for me-
chanical stability, often integrated with biological signals such as
growth factors (for example, bone morphogenetic proteins (BMPs)) as
well as engineered DNA-based bioinks [76-78]. Additionally, advanced
methods like multiport chaotic bioprinting offer a way to fabricate
complex, multilayered BG containing hydrogel architectures with the
high spatial organization required for functional, vascularized tissue
models [37]. Indeed, the fabrication and characterization of cell-laden
scaffolds that satisfy the structural, mechanical and biological needs of
target tissues is at the center of biofabrication efforts worldwide [31,
79-81].

Studies dealing with the addition of BGs in particulate form, mainly
melt-derived dense or gel-derived mesoporous nanoparticles, to bio-
printable inks are increasingly emerging. Given the potential of the
synergies at the interface of biomaterials science, advanced
manufacturing, chemistry and biology, an explorative review of the
literature focusing on these emerging applications and challenges
thereof appear both timely and important. This review thus updates and
expands previous work [82] on the topic of BG-containing bioinks.
While most studies have focused on applications in bone TE, recent re-
ports have also indicated emerging applications of BG-containing bio-
inks in other TE and biofabrication branches, including the development
of tissue mimicking 3D models, which will be discussed in the present
work.

3. Bioprinting using pure silica nanoparticles (as borderline
case of BGs)

Among inorganic fillers used in bioinks, silica nanoparticles have
been analyzed as a promising biomaterial inclusion for improving the
mechanical and biological properties of bioprinted scaffolds. Amor-
phous pure-silica materials can be considered a borderline case of sili-
cate glasses entirely constituted by SiO,. According to the seminal study
by Wilson et al [83], who fixed the “bioactivity threshold” at 60 mol.%
of SiO,, pure silica systems should not be inherently bioactive in the
traditional sense, meaning that they do not spontaneously form a HA
layer when in contact with physiological fluids, e.g. simulated body fluid
(SBF); however, their interaction with SBF ions can still lead to HA
formation under certain conditions. This “indirect” bioactivity is espe-
cially observable in mesoporous silica materials, where ultra-high sur-
face area and pore volume facilitate ion exchange and surface reactions

3D bioprinted scaffold

Pi@'@\
@t@ N, Extrusion-based 3D bioprinter
Q BG particles \g\polymer @ biofactors @ cells

Fig. 1. Concept of bioprinting using BG (nano)particles as bioreactive additive in bioinks for producing cell-laden scaffolds.
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in contact with physiological fluids [84,85]. The presence of surface
silanol (Si—-OH) groups serves an important function as these sites can
adsorb calcium and phosphate ions from biological fluids through
hydrogen bonding, thereby initiating nucleation and growth of HA [86].
At present, just a few publications have been found in the literature
about the incorporation of silica nanoparticles, in very low amounts, in
printable bioinks, as discussed in this section.

For example, Sun et al [77] incorporated mesoporous silica nano-
particles (MSNs) in a concentration of 0.4-0.8% w/v into bioinks
leveraging their open-pore structures and optimal pore sizes for
entrapping biomolecules and, specifically, exploiting the MSNs capacity
to load BMPs in order to ensure continuous release within the scaffold
[87,88]. The slurry created for 3D-bioprinting consisted of gelatin,
gelatin methacryloyl (GelMA), four-arm poly(ethylene glycol) (PEG)
acrylate, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as a
photoinitiator and MSNs loaded with BMP-4. Additionally, two types of
cells were incorporated: BMSCs from rats (180-200 g) and RAW264.7
cells (cell line isolated from a mouse tumor). The resulting bioink was
used to fabricate scaffolds through an extrusion-based method with a
3D-Bioplotter. MSNs had an average particle size of 139.7 nm and a
mesopore size of 8.9 nm, making them suitable for loading BMPs [89].
The overall porosity of the scaffolds was not affected by the presence of
the silica inclusions, as a very small amount of MSNs was used. On the
other hand, the addition of silica nanoparticles influenced the viscosity
of the bioink, which became higher with increasing MSN concentration
(Fig. 2a). Furthermore, higher MSN content improved print resolution,
shear-thinning behavior and compressive strength (Fig. 2b).
Post-printing cell viability was assessed using the Live/Dead and Cell
Counting Kit-8 (CCK-8) assays, revealing that over 90% of cells survived
after 24 hours with robust proliferation (Fig. 2c). In vivo studies in rat
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calvarial defect models further demonstrated significantly enhanced
bone regeneration in the BMSC/RAW/BMP-4 group, which contained
BMP-4-loaded MSNs. Micro-CT analysis performed after two months
included quantitative evaluation of bone volume fraction and bone
mineral density, revealing markedly higher values in the
MSN-containing group compared to BMSC, BMSC/BMP-4, and
BMSC/RAW controls (Fig. 2d). These findings indicate that BMP-4
released from MSNs effectively induced BMSCs differentiation and
promoted macrophage polarization, enhancing both osteogenesis and
angiogenesis. The study thus convincingly demonstrated the essential
contribution of MSN addition to the success of the bioprinting approach.

Lee et al [63] utilized commercially-available silica nanoparticles
(SiNPs), modifying them into aminopropyl-functionalized silica nano-
particles (AmMPs), at low concentrations to achieve a negative zeta
potential (cationic). The bioink was formulated using anionic polymers
and cationic AmMPs in order to enhance print fidelity and mechanical
strength. Specifically, the bioink comprised alginate (3% w/v) and
gellan (3.5% w/v), AmNPs and bovine chondrocytes isolated from
bovine knee articular cartilage. The cell suspension (1x108 cells/mL)
was incorporated into the ink at 1:9 (v/v) ratio. It was shown that the
inclusion of silica nanoparticles increased the zero-shear viscosity of the
bioink by 1062% compared to the control ink without nanoparticles
(Fig. 3a). Additionally, at low nanoparticle concentration (2 wt.%), no
significant change in the storage modulus was observed; however,
beyond 4 wt.% a marked increase was noticed (Fig. 3b). The formulated
slurry was then extruded using a 3D printer. A comparison between the
bioink with and without silica nanoparticles revealed that the former
exhibited partial pore closure during and after the printing process,
whereas the latter maintained open pores upon the addition of AmPNs
(Fig. 3c). A cell viability assay demonstrated ~90% viability after four
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Fig. 2. Summary of results on 3D bioprinted scaffolds based on GelMa, gelatin and PEG containing MSNs: (a) viscosity as a function of shear rate at 20°C; (b)
compressive stress-strain curves; (c) cell viability percentage of scaffolds from different groups with loading of RAW macrophages and/or BMSC; (d) 3D recon-
struction of micro-CT images; the scaffolds were implanted in the right side. Reproduced from Ref.[77] with permission from Elsevier on behalf of KeAi Commu-

nications Co., Ltd.
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days, regardless of the presence of AmNPs (Fig. 3d).

Tavares et al [90] developed photocrosslinkable GelMA-based bio-
inks incorporating MSNs functionalized with calcium, phosphate and
dexamethasone (MSNCaPDex) [91]. These nanocomposite bioinks,
laden with human bone marrow-derived mesenchymal stem cells
(hBM-MSCs), were successfully processed into structurally stable
3D-bioprinted constructs, achieving uniform nanoparticle dispersion
throughout the hydrogel matrix. In this work, hBM-MSCs, cultured in
basal medium, were suspended in GelMA solutions at a final cell density
of 4 x 10° cells/mL. The bioink formulation, comprising 10% GelMA,
0.5% MSNCaPDex, and 0.1% Irgacure 2959, was prepared at 37 °C and
cooled on ice to optimize viscosity prior to printing. Bioprinting was
conducted at room temperature under varying pressures, with the
printhead temperature maintained in the range 20-21 °C. Cell viability
was assessed through live/dead staining at 1, 7 and 14 days
post-printing, revealing high levels of viable, well-distributed cells
throughout the constructs, and sustained cell viability across the entire
culture period.

The studies considered above confirmed the potential of using silica
nanoparticles in bioprinting, with different target applications. For
example, Lee et al [63] and Tavares et al [90] focused on improving the
printability and mechanical stability of bioinks, while Sun et al [77]
explored the biofunctional role of MSNs (as growth factor delivery ve-
hicles) in tissue regeneration. These findings collectively indicate that
silica nanoparticle-modified hydrogels can serve the dual function of
enhancing mechanical and rheological properties of bioinks as well as
their biological activity, thereby broadening the scope of
MSN-containing bioinks for bioprinting applications in cartilage and
bone TE.

4. Bioprinting using multicomponent glasses
4.1. Bioprinting with silicate BGs

Bioprinting with multicomponent silica-based BGs has emerged as a
promising approach for developing bioinks that can enhance the me-
chanical integrity of the scaffold, as well as the cell viability and
bioactivity. Specifically, BG nanoparticles have demonstrated a great
potential in promoting osteogenesis, facilitating biomineralization and
improving scaffold osteo-integration [38]. Among them, mesoporous
BGs (MBGs) are highly appealing as, exhibiting an inherent nanoporous
texture, they can uptake and release growth factors and drugs besides
delivering bioactive ions, thus synergistically potentiating the overall
therapeutic effect [92,93].

In an early study, Gao et al [94] used commercial 45S5 BG (particle
size 20 pm) and HA (particle size < 200 nm) with bone marrow-derived
human mesenchymal stem cells (hMSCs) incorporated into a poly
(ethylene glycol) dimethacrylate (PEGDMA) hydrogel scaffold fabri-
cated via thermal inkjet printing. While BG incorporation reduced hMSC
viability compared to HA, it enhanced early osteogenic marker expres-
sion (RUNX2), indicating strong osteoinductive potential. In contrast,
HA supported higher cell viability and promoted extracellular matrix
formation and osteogenic differentiation, which was consistent with an
elevated alkaline phosphatase (ALP) activity and collagen production. In
summary, this study showed that PEG-based hydrogels containing
bioactive ceramic particles can be bioprinted to create constructs for the
regeneration of the osteochondral interface.

Several studies have also explored the use of sol-gel derived BG
nanoparticles (BGNPs) doped with various ions to enhance osteogenic
potential. Extrusion-based bioprinting with sol-gel BG nanoparticles was
first explored by Leite et al [95] who investigated the incorporation of
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strontium (Sr), a well-known anti-resorption agent for bone tissue as well
as a stimulator of osteogenesis and in vitro bone formation [96]. In this
study, BGNPs were synthetized in a Sr-free composition (55%SiO2-40%
Ca0-5%P205 mol.%), while Sr-doped nanoparticles (Sr-BGNPs) had a
modified composition of 55Si0,-30Ca0-5P305-10SrO (mol.%). The
particle size of BGNPs ranged from 40 to 100 nm. In order to ensure
biocompatibility, low toxicity and cost-effectiveness, the bioinks were
formulated using a multimodal alginate dialdehyde gelatin hydrogel
(ADA-GEL), into which BGNPs or Sr-BGNPs were incorporated at low
concentrations (0.1% and 0.5% w/v). MG-63 osteoblast-like cells were
also embedded in the bioink. Results demonstrated that the bioink
increased its viscosity with the increment in BGNP concentration. In vitro
testing further revealed that, after soaking the scaffolds in SBF, a calcium
phosphate (CaP) layer began to form on the material surface. Elemental
analysis on the material showed an increase in calcium (Ca) and phos-
phorus (P) content along with a decrease in silicon (Si), indicating the
concurrent formation of the CaP layer and the dissolution of BGNPs [97].
Additionally, EDS analysis and SEM micrographs performed on the con-
structs soaked in SBF showed that the intensity of Ca and P peaks
increased with higher BGNP concentrations (Fig. 4a). Cell viability was
assessed 24 hours post-printing, revealing that the number of viable cells
was comparable to that in scaffolds without BGNPs. The results thus
revealed that the presence of BGNPs in the printable hydrogel did not
negatively affect cell survival (Fig. 4b) but promoted the local formation
of a CaP phase on the bioprinted scaffolds.

Guduric et al [98] modified a MBG network by substituting calcium
(Ca) with zinc (Zn), leveraging the osteoblastogenic and antimicrobial
effect of zinc. MBG particles with a basic molar ratio of Si/P/Ca =
80:5:15 (mol.%), sieved to a size below 45 pm, were Zn-modified (5, 10
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and 15 mol.%) and incorporated into a bioink formulation. The bioink
included also a blend of alginate (alg), methylcellulose (MC) and human
mesenchymal stem cells (MSCs) with a density of 1x10° cells per
milliliter. In order to assess rheological properties, bioinks with different
Zn-doped MBG concentrations (0, 3, 5, 7 and 10%) were prepared using
two different alg-MC blends, i.e. 3-6 (3 wt.% alg and 6 wt.% MC) and 3-9
(3 wt.% alg and 9 wt.% MC). The results indicated that the increment of
MBG concentration led to an increase in hydrogel viscosity. The optimal
composition for mixing, rheology and printability was identified as 7%
MBG (Fig. 5a). The bioinks were printed by using an extrusion-based 3D
bioprinter. It was observed that inks with no or low amount of MBG
particles were insufficiently viscous to maintain stable macropores
during printing. The best print quality was achieved using 3-9 alg-MC
blends incorporating 7% of Zn-doped MBG particles (Fig. 5b), indi-
cating that a higher amount of MBG particle and a lower Zn concen-
tration in the particles yielded the most structurally stable scaffolds.
Post-printing cell viability in MBG-containing scaffolds was analyzed.
Immediately after printing, Zn-modified scaffolds exhibited slightly
reduced cell number compared to the MBG-free control. However, cell
proliferation increased over three days, suggesting that MBG particle
incorporation had a positive effect on cellular behavior. MBGs, like
those studied in the paper, provide a customizable system for controlled
ion release, enabling the sustained delivery of therapeutic agents such as
antibacterial ions (e.g. silver, copper, zinc) or osteoinductive ions (e.g.
calcium ions and silicon(IV) species), and bioactive molecules, e.g.
growth factors or antibiotics.

Wang et al [99] also explored the use of BGNPs, employing particles
with a size of 55 nm and a three-component BG with molar ratio Si:Ca:P
= 66:27:7 (mol.%) in combination with an alginate and gelatin blend. In
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Fig. 4. Results on the characterization of ADA-GEL-BGNP composite bioink: (a) schematic representation of the in vitro bioactivity studies and characterization of
the chemical elements using EDS supported by SEM micrographs of the constructs soaked in SBF solution during 0, 3 and 7 days. (b) Normalized viability of MG-63
cells after incubation for 24 h. Reproduced from Ref.[95] with permission from IOP Publishing Ltd.
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Fig. 5. Results obtained on 3D printed alginate-based scaffolds containing Zn-MBG particles: (a) development of number of MSC in bioprinted composite scaffolds
during 21 days of culture examined by quantification of DNA extracted from cells encapsulated in bioprinted constructs; (b) fluorescence-microscopic images of
Vibrant DiD pre-labeled MSC within bioprinted composite scaffolds during 21 days of culture. All images are taken at crossings of printed strands. White markings
show the borders of printed strands and pores. Scale bar corresponds to 200 um and the cells appear as violet spots. Reproduced from Ref.[98] under the Creative

Commons Attribution (CC BY 4.0) license (MDPI).

this study, human osteosarcoma cells (SaOS-2) were incorporated in the
bioink that was printed in a computer-controlled 3D printer.
Post-printing elemental analysis indicated the accumulation of oxygen
(0), phosphorus (P), calcium (Ca), and carbon (C), suggesting mineral
deposition (hydroxycarbonate apatite formation). Additionally, the
bioprinted cells exhibited increased proliferation and mineralization
ability, further supporting the role of BGNPs as an effective, osteosti-
mulatory filler material in bioprinting. Ojansivu et al [100] incorporated
BG microparticles (composition: 47.12Si05-6.73B203-6.77Ca0-22.66-
Nay0-1.72P505-5MgO0-10SrO, mol.%) with a particle size of 13-50 pm
into gelatin—-alginate bioinks, containing human osteoblast-like cells
(Saos-2 cells), to provide osteogenic effects. The addition of BG and
cellulose nanofibrils (CNF) improved the rheological behavior and
printability of the bioink, although higher viscosity was associated with
reduced cell viability. Human bone marrow-derived stem cells

demonstrated better survival and osteogenic activity than human
osteoblast-like cells after printing, indicating that the bioink viscosity
and shear stress during printing had significantly affected the cellular
response.

Research has further demonstrated that BG-based bioinks can serve
as bioactive templates that not only provide structural support but also
actively promote bone tissue regeneration through controlled ion
release and enhanced cellular interactions. For example, Wang et al
[101] investigated the use of mesoporous bioactive glass nanoparticles
(MBGNSs) (80%Si02-15%Ca0-5%P20s, molar composition) as a drug
delivery system, loading the nanoparticles with doxycycline (DOX).
DOX had a twofold role acting as a broad-spectrum antibiotic and gene
expression regulator that enhances BMP-2 production, promoting oste-
ogenic differentiation of stem cells. This bioink formulation included
DOX, MBGNSs and polycaprolactone in a mass ratio of 2:10:88, along
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with 5% GelMA, 1% HAMA (methacrylated Hyaluronic Acid), 0.5% LAP
and murine mesenchymal stem cells (C3H10T1/2) at a concentration of
1x107 cells/mL. The cell-loaded bioink was printed using an extrusion
3D printer. Cell viability was assessed using cell counting Kit-8 (CCK-8),
revealing a nearly fivefold increase in cell proliferation after 21 days
post-printing. In vivo experiments demonstrated ectopic osteogenesis in
the scaffolds, further confirming the osteoinductive potential of the
DOX-loaded MBGNs. Although this study primarily focused on
DOX-controlled BMP2-expressing cells, it provided valuable insights
into how bioinks can be engineered for dual functionality, combining
osteogenic stimulation and antimicrobial properties.

Miao et al [32] examined the use BG microspheres (BGMs) with a
molar composition of 60% SiO3, 36% CaO and 4% P,0s, to develop a
scaffold suitable for periodontal tissue regeneration. BGMs at 5% w/v
were incorporated into an ink composed of 15% w/v gelatin meth-
acryloyl (GelMA), 10% w/v sodium alginate (SA) and 0.5% w/v pho-
toinitiator (PI 2959). Bone marrow mesenchymal stem cells at a density
of 1x107 cells/mL were included in the bioink, along with BMP2 and
platelet-derived growth factor (PDGF), utilizing the multidirectional
differentiation of stem cells. The bioink was printed layer by layer using
an extrusion-based 3D printer. SEM analysis of the scaffold soaked in
SBF for 3 days revealed the formation of HA exclusively in
BGM-containing scaffolds (Fig. 6a); however, by the 7th day, HA
deposition was also observed in BGM-free scaffolds, although in the form
a thinner layer compared to the BGM containing counterpart. This trend
was further confirmed by XRD analysis (Fig. 6b), demonstrating that the
presence of BGM accelerated the in vitro bioactivity kinetics. Moreover,
cell viability was assessed using a live/dead assay and CCK-8 analysis
(Fig. 6¢), both of which indicated improved cell proliferation in scaffolds
containing BGMs. In vivo tests were conducted by transplanting the
cell-containing scaffolds into beagle dog’s periodontal defects, yielding
promising results in terms of bone regeneration. These findings
demonstrate significant regeneration of periodontal tissue, with a
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complete periodontal structure reconstructed at treated sites after just 8
weeks, which confirmed the scaffold efficacy in both soft and hard tissue
repair.

The ADA-GEL hydrogel system has been intensively investigated in
recent years as a printable matrix for incorporating different types of BG
nanoparticles [82,102,103]. The concept has been the investigation of
the effect of bioreactive fillers on the printability of the bioinks and the
resultant properties of the bioprinted constructs. Heid et al [104]
developed a bioink based on ADA-GEL and bioactive inorganic fillers
(BIF), namely SiO»-CaO submicrometric particles (150-400 nm), with
the aim of improving printability and biocompatibility for soft TE ap-
plications. Composites with 0.1% BIF and ADA-GEL hydrogels (2.5%
ADA-3.75% GEL, w/v) were used. NIH/3T3 fibroblasts were encapsu-
lated in the bioink at a density of 1x10° cells/mL. The bioinks were
loaded into cartridges and printed using an extrusion printer with a
cooled printhead (23°C) at 5 mm/s. The constructs (15x15 mm? grids)
revelead that strand resolution and morphology were affected by BIF
content: higher BIF concentrations increased viscosity and mass flow,
enabling finer strand formation at early gelation stages but leading to
irregularities over time. At 30 min post-fabrication, ADA-GEL-BIF
(A19GBO) scaffolds demonstrated optimal resolution (<0.5 mm), while
higher BIF content (A19GB5) required increased extrusion pressures and
resulted in more irregular strand deposition. Cell viability and behavior
were assessed over 14 days using metabolic and live/dead assays, as well
as phalloidin/DAPI staining (Fig. 7a). On day 1, all constructs showed
high cell viability, with fibroblasts retaining a rounded shape. By days
2-3, cell spreading began, particularly in hydrogels with higher degree
of ADA oxidation, which degraded faster and exhibited increased
microporosity. Higher BIF concentrations, while stabilizing the hydrogel
and increasing Ca** release, also raised pH and slowed degradation,
reducing cell elongation. Pure ADA-GEL hydrogels without BIF
degraded rapidly and lost structural integrity within one day of incu-
bation. The study was important to demostrate the complex effect of ion
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Fig. 6. Results on GelMA/SA and GelMA/SA/BGM bioprinted scaffolds with mBMSC cells: (a) SEM images (scale bars 200 nm) and (b) XRD patterns of GelMA/SA
and GelMA/SA/BGM after immersing in SBF for 3 and 7 days. (c) Cell proliferation viability after culturing with GelMA/SA and GelMA/SA/BGM. Reproduced and
adapted from Ref.[32] under the Creative Commons Attribution (CC BY 4.0) license (MDPI).
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Fig. 7. Assessment of bioprinted ADA-GEL/BIF (SiO»-CaO particles): (A) live/dead staining showing cell viability over 14 days (all scale bars correspond to 100 pm);
(B) mitochondrial activity via WST-8 assay; (C) cytoskeletal organization on days 7 and 14 (all scale bars correspond to 50 um); (D) cell distribution post-printing
(scale bars on the left side 1000 um, scale bars on the right side 100 um); (E) 3D printed grid structures with high shape fidelity (scale bars: top left 200 pm, bottom
left 500 um, top center 2000 um, center 200 pm, top right 2000 um, bottom right 1000 pm). Adapted and reproduced from Ref.[104] with permission from Elsevier.

(Ca)-releasing BIF on both printability and long term degradation
behaviour of the printed constructs in addition to the biological influ-
ence of local Ca and Si release from the included BIF (Figs. 7b-e).
More recently, Lu et al [105], tested ADA-GEL-based composite
hydrogels for their suitability for 3D bioprinting of C2C12 skeletal
muscle cells. The bioinks incorporated various calcium-silicate and
zinc-doped MBGNs as BIF. MBGNs of the following compositions were
used: 80SiO,-20Ca0, 80Si02-18Ca0-2Zn0, 80Si0,-15Ca0-5Zn0O and

80Si0,-10Ca0-10Zn0O (mol%). Five bioink formulations resulted:
ADA-GEL, ADA-GEL-8020, ADA-GEL-2Zn, ADA-GEL-5Zn and
ADA-GEL-10Zn. Bioprinting parameters, including nozzle dimensions
and extrusion pressure, were optimized to minimize shear stress and
preserve cell viability. Mitochondrial activity assessed via WST-8 assay
over 1, 3, and 7 days revealed enhanced metabolic activity in
BIF-containing bioinks compared to pure ADA-GEL, with ADA-GEL-5Zn
showing the highest absorbance. Live/Dead and cytoskeletal staining
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(Fig. 8) confirmed good cell distribution and viability across all formu-
lations. Notably, cells displayed greater elongation and alignment in the
BIF-containing constructs, particularly in ADA-GEL-8020 and
ADA-GEL-2Zn, suggesting that BIF incorporation promotes cytoskeletal
organization and orientation along the printing direction [106].

Cell alignment improvements were attributed to both the shear-
induced orientation during extrusion and potential ionic interactions,
particularly from calcium and zinc ions released from the MBGNs [107].
Although the exact contribution of each ion type remained unclear due
to their low relative concentrations, the presence of dopants like Zn was
associated with enhanced cell behavior without inducing cytotoxic ef-
fects, indicating that ion-releasing nanoparticles are promising to
enhance the cellular response in such bioprinted structures intended for
applications in muscle TE.

Another study highlighting the antibacterial potential of zinc in bone
tissue engineering bioprinted scaffolds is the recent work of Loukelis et
al [108], who developed an extrusion-based bioink composed of gellan
gum (GG) and poly(vinyl alcohol) (PVA) incorporating zinc-doped BG
microparticles (ICIE16 composition: 49.46% SiO,, 33.27% CaO, 1.07%
P,0s, 6.6% K50, 6.6% Nas0, 3% ZnO; mol.%). The addition of 2.5% w/v
Zn-BG microparticles improved printing accuracy while maintaining
favorable rheological behavior, suitable for stable multilayer extrusion
(Figs. 9a, b). Adipose-derived stromal cells (ADSCs) were homoge-
neously incorporated into the ink at a concentration of 5x10° cells/mL

Acta Biomaterialia 217 (2026) 1-20

prior to printing. In vitro, Zn-BG showed a mild antibacterial effect,
reducing S. aureus viability by ~11-13% within 6-24 h and a delayed
response against E. coli after 48 h, consistent with differences in
Gram-positive and Gram-negative cell wall resistance. Zn-BG also
enhanced osteogenic and chondrogenic differentiation of ADSCs, evi-
denced by increased ALP activity (days 7 and 14) and the formation of a
dense aggrecan (ACAN) network by day 56 (Figs. 9c, d). In vivo im-
plantation of the 3D-bioprinted constructs in C57BL/6 mice further
confirmed their excellent biocompatibility: neither Zn-BG nor control
scaffolds induced inflammation, foreign-body response, macrophage
fusion, or fibrous encapsulation after 14 days. These outcomes are
consistent with the established non-immunogenicity of PVA and the
favorable tissue response to GG hydrogels. Moreover, the immuno-
modulatory role of BG, especially Zn-doped compositions, supported
osteochondral regeneration by upregulating anti-inflammatory cyto-
kines and downregulating pro-inflammatory mediators such as TNF-a
and IL-1p.

In light-based bioprinting (LBB), light is used to solidify photosen-
sitive hydrogels into 3D structures [109]. These hydrogel bioinks pro-
vide both mechanical support and a favorable environment for cell
growth, which is the reason why the choice of LBB is so appealing. In a
recent work of Sanchez-Rodriguez et al [110], a cost-effective laser--
based printer was used to fabricate GelMA scaffolds with and without
MBGNs in order to evaluate the method resolution, print fidelity and
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Fig. 8. Results on ADA-GEL/Zn-containing BIF bioinks. Live/Dead staining of bioprinted C2C12 cells after 7 days in (a) ADA-GEL, (b-e) ADA-GEL with increasing Zn-
or 8020-BIF content (all scale bars correspond to 500 pm); (f) cell proliferation assessed by WST-8 assay over 7 days. Green = live cells; red = dead cells. Reproduced

from Ref.[105] under the terms of the Creative Commons CC-BY license.
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Fig. 9. Results on PVA-GG/Zn-BG containing scaffolds: a) SEM of 3Zn-BG particles (scale bar 30 um); b) macroscopic top and lateral images of 3D bioprinted
constructs and bending test; ¢) confocal images showing ALP (green) and cell nuclei (blue) after 7 and 14 days (scale bars 100 um); d) ACAN (red) and cell nuclei
(blue) after 56 days with zoomed regions (scale bars 100 um); e) Sirius Red-stained collagen after 28 and 56 days (scale bars 100 um); f) glycosaminoglycan for-
mation assessed via DMMB (scale bars 100 um). Adapted from Ref.[108] with permission from Wiley-VCH GmbH.

suitability for musculoskeletal microtissues. Optical microscopy
revealed the formation of thin hydrogel membranes in GelMA-MBGN
constructs, likely influenced by the refractive properties of the nano-
particles. Although unintended, these membranes sustained the culture
of C2C12 myoblasts, which showed improved proliferation, particularly
at the scaffold edges. Notably, C2C12 cells attached and spread within
12 hours post-printing in both pristine GelMA and GelMA-MBGN con-
structs, a faster response compared with conventional extrusion or inkjet
strategies. Fluorescence staining confirmed cell elongation, multi-
nucleation and alignment in both groups, with higher cell density
observed in GelMA-MBGN scaffolds (Fig. 10). This enhancement was
attributed to the release of silicon and calcium ions from the MBGNSs,
which promoted cellular metabolism and myogenic differentiation
[111], indicating the potential of MBGN-modified GelMA bioinks for
muscle TE applications (Fig. 10).

4.2. Bioprinting with borate BGs

Borate-based BGs, which are typically characterized by a more rapid
ion release and conversion to HA in physiological conditions with
respect to their silicate counterparts [112], can be incorporated into
printable polymer matrices to create scaffolds with controlled degra-
dation rates and ion delivery [111,113]. To the best of our knowledge,
the fabrication of hydrogel/bioactive borate glass composite scaffolds
using 3D bioprinting technology has been investigated by only one
research group, integrating adipose-derived stem cells within the

hydrogel/BG construct to evaluate cellular viability, osteogenic prop-
erties and pro-angiogenic potential. Specifically, borate-based BG mi-
croparticles (13-93B3, composition: 53%B203-20%Ca0-12%K-0-6%
Naz20-5%Mg0-4%P20s (wt.%); particle size <20 pm (dso ~3 pm)) were
incorporated in alginate-gelatin (AG) hydrogels for producing bioinks
containing human ASCs [60,114]. The hydrogel was formulated by first
dissolving 3% w/v gelatin in DMEM at 40°C under stirring, followed by
addition of 3% w/v sodium alginate. The BG microparticles were
incorporated into the gelatin solution prior to alginate addition at con-
centrations of 0.075%, 0.15%, 0.3%, and 0.6% w/v, corresponding to
1.25%, 2.5%, 5%, and 10% of the total polymer weight, referred to as
1.25G, 2.5G, 5G, and 10G, respectively. ASCs (1x10° cells/mL) were
encapsulated in the bioink and printed into six-layered, 15x15x1 mm?®
scaffolds. A critical objective of this work was to assess the cyto-
compatibility of borate glass microparticles within the 3D constructs,
given the fast dissolution kinetics and the risk of borate BGs to release
potentially cytotoxic concentrations of ions [115]. In the bioprinted
constructs, lattice-like AG, 1.25G, and 2.5G scaffolds were fabricated
and cultured for 7 days under dynamic conditions. Live/dead staining
(Fig. 11) confirmed high ASC viability in all constructs, although a
slightly elevated number of dead cells was observed at scaffold pore
edges, likely due to calcium chloride crosslinking. Importantly, while
AG scaffolds initially showed a higher viability than 2.5G constructs, this
difference was not statistically significant by day 7, indicating that low
concentrations of borate BG particles (1.25-2.5%) can be used without
eliciting long-term adverse effects on cell survival.
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Fig. 10. Results on GelMA-based constructs (control and enriched with MBGNs): (a) images of bright-field microscopy of MBGNs-enriched GelMA construct after 15
days of culture (scale bars from top left to bottom: 500 pm, 200 pm, 200 pm); (b) bright-field image and fluorescence detail showing the deformation of a skeletal
muscle GelMA-based construct (not added with MBGNSs) after 15 days of culture (scale bars from top to bottom: 200 pm, 200 pm); (c) nuclei counting in GelMA-based
constructs loaded with musculoskeletal cells without MBGNs (black bar) and with MBGNs (gray bar) after 20 days of culture. Reproduced from Ref.[110] under the

Creative Commons Attribution (CC BY 4.0) license (AccScience Publishing).
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Fig. 11. a) Live/dead assay images of bioprinted AG, 1.25G, and 2.5G scaffolds cultured in dynamic conditions for up to 7 days (all scale bars correspond to 1 mm);
b) ASCs viability in AG, 1.25G, and 2.5G bioprinted scaffolds cultured in dynamic condition. Reproduced from Ref.[60] with permission from AccScience Publishing

under the Creative Commons Attribution (CC BY 4.0) license.

Overall, the results of the studies [60,114,115] highlighted the po-
tential of borate-based BGs in micro-particulate form to act as a func-
tional additive for AG hydrogels for 3D bioprinting of stem-cell-laden
constructs. However, the application of borate-containig BGs is highly
concentration-dependent, with low levels (<0.15% w/v) supporting
ASC viability and higher concentrations (>0.3% w/v) resulting in
cytotoxicity due to pH shifts and ionic imbalance.

12

4.3. Bioprinting with phosphosilicate BGs

Phosphosilicate BGs (PSBGs), containing SiO2, CaO, and P2Os, are
known for their ability to form a HA layer under physiological condi-
tions [116-118]. According to the literature, the inclusion of small
amounts of phosphorus (up to 5 mol.%) in silicate-based BGs can
enhance the glass reactivity and accelerate HA formation [119] on the
surface when in contact with biological fluids. The use of silicate MBGs



M.E. Pianou et al.

containing small amounts of P305 (<5 mol.%) for bioprinting has been
reviewed in section 4.1 already; however, only one study [120] has
reported the use of phosphosilicate glasses with high content of P,O5 in
3D bioprinting, highlighting a significant gap in research in this specific
field. In this study [120], PSBG particles (10.8%P20s-54.2%Si02-35.0%
Ca0, mol%) in micrometric size (<30 pm) [121,122] were incorporated
into alginate/gelatin-methacrylate (Alg/GM) hydrogels to create bio-
inks for 3D bioprinting of full-thickness skin substitutes. The Alg/GM
hydrogels were prepared using 0-5 wt.% sodium alginate and GelMA
dissolved in 0.9% saline. PSBG powder was added at concentrations of 0,
1, 5, and 10 mg/mL. For bioprinting, two bioinks were used: 2Alg15Gel
as the epidermis layer, and 2Alg3GM with or without incorporated glass
as the dermis, each loaded with HUVECs and MSCs at 2x10° and 1x10°
cells/mL, respectively. The dermal bioink was printed at 10°C, and the
epidermal bioink at 37°C. Constructs were printed forming 10-layered
cylindrical skin substitutes (15 mm diameter). CD31 immunostaining
on day 1 (Fig. 12) showed that 5 mg/mL PSBG particles significantly
enhanced CD31 expression and promoted endothelial cell migration.
qPCR and in vivo analyses demonstrated that adding 5 mg/mL PSBGs
enhanced angiogenesis, promoted M2 macrophage polarization,
collagen remodeling and neovascularization, confirming the high po-
tential of incorporating PSBGs into printable cell-laden hydrogels for
skin TE through 3D bioprinting.

5. Discussion

Integrating BGs in bioinks for 3D bioprinting is an auspicious strat-
egy for TE and for developing 3D testbeds for investigating the effect of
biologically active ions on cellular response. BGs are known for their
outstanding properties, like osteoconductivity, osteoinductivity, pro-
angiogenic, antibacterial and immunomodulatory effects. However,
when inserting BGs (usually in particulate form) in cell-laden bioinks,
there are several challenges regarding printability and mechanical
properties that must be further investigated [37]. Analyzing the litera-
ture, it becomes clear that there is a paucity of studies about this very
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specific topic (a summary of key available publications is presented in
Table 1) and future research will be required to generate more relevant
data that will enable designing advanced 3D bioprinting strategies
incorporating BG micro- and nanoparticles into printable hydrogels.

From a methodological viewpoint, it cannot be ignored that a sys-
tematic and reliable comparison among the studies collected in Table 1
is not possible due to the lack of standardized experimental conditions:
in fact, there is a quite broad variability in terms of BG compositions, BG
particle size distribution (which is in turn associated to the method of BG
production), hydrogel matrix (i.e., the chemical composition and nature
of the polymeric component(s)), BG concentration in the bioink, scaffold
geometry and size, and type of cells used, just to name a few parameters
of interest. In addition, the complexity of this scenario is increased by
the fact that a single parameter can be related to multiple effects rele-
vant to both printing technology and functional properties of the bio-
inks; for example, BG particle size plays a role in bioink viscosity/
printability as well as on BG dissolution/ion release kinetics and bio-
logical effects on cells. Nevertheless, some general indications and
suggestions can be proposed to stimulate discussion and further
research, as discussed next.

5.1. Concentration and compositional limits

The concentration of particulate silicate BGs incorporated in bioinks
varies in the range of 0.1 to 10 wt.% [63], while borate-based compo-
sitions usually require a much narrower therapeutic window (0.3 wt.%)
[60]. Indeed, such a relatively low percentage of rigid bioactive in-
clusions is desired for allowing adequate printability of the ink and a
homogenous dispersion of the particles in the hydrogel, as well as for
minimizing possible physico-mechanical damage to living cells associ-
ated with their contact with the surface of the glass particles. Despite
these low weight fractions, the addition of BG particles, particularly
nanoparticles in mesoporous form, significantly improves the construct's
functionality. The high specific surface area and ordered mesoporous
architecture of MBGNs serve as reservoirs for therapeutic ions and

Fig. 12. Histomorphological evaluation of angiogenesis in wounds. Images of immunohistochemistry staining for (a) CD31 (brown) and a-SMA (brown) of wound
beds treated with the printed full-thickness skin substitutes (+ Cells + PSC), the printed 2A1g3GM5PSC hydrogels (+PSC), and the printed 2A1g3GM hydrogels
(hydrogel) at day 14 post-surgery (scale bars 100 pm). (b) Image of printed epidermis (red) and dermis (green) layer (scale bars 5 mm). Reproduced from Ref.[120]

with permission from Elsevier under a CC BY-NC-ND license.
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Table 1
Summary of existing studies about bioprinting with BGs (including also pure silica). In all cases bioprinting was carried out by extrusion methods.

Bioactive glass type BG Hydrogel matrix Cell type Cell density Bioprinter type Size of scaffold  Biological evaluation Application Reference,
particle publication
size year

0.4% and 0.8% (w/v) MSNs loaded with BMP-4 139.7 3% gelatin, 5% BMSCs and 1x107 cells/ Pneumatic Live/Dead (24 h), CCK-8, Bone defects [771, 2021
nm GelMA, 2% PEG, macrophages mL (both extrusion (3D - macrophage polarization (rats with

0.2% LAP (RAW264.7) BMSCs and Bioplotter) diabetes
RAW cells) mellitus)
6 wt.% SiNPs and aminopropyl-modified SiNPs 37.6- 3% alginate, 3.5% Bovine 1x10°® cells/ Pneumatic Large-scale Live/Dead, Col I/IL Cartilage [63], 2018
(AmMPs) 108 nm gellan (w/v) chondrocytes mL extrusion construct (cm- immunostaining
isolated from (Cellink scale)
bovine knee INKREDIBLE)
articular
cartilage
0.5% MSNCaPDex (MSN functionalized with Ca and 63+8 10% w/v GelMA hBM-MSCs 4x10° cells/ Pneumatic Disks (2 20 Live/Dead, alamarBlue, DNA Bone [90], 2021
P ions and loaded with dexamethasone) nm (0.6 g methacrylic mL extrusion mm) quant., BMP expression, HA
anhydride /g (Cellink Fluorescence Staining, Alizarin
gelatin) INKREDIBLE+) Red Staining
3-10% MBGs, (80Si-5P-15Ca/Zn, wt.%) <45 pm alginate and Human 1x10° cells/ Extrusion (GeSiM  Square shape DNA quant. Bone [98], 2021
methylcellulose mesenchymal mL BioScaffolder
blend (3:6%wt stem cells (MSC) 3.1)
and 3:9%wt)
0.1% and 0.5% (w/v) BGNPs ~30-40 5%w,/v ADA and Osteoblast-like - Extrusion (GeSiM Square shape Live/Dead, cell counting Bone [95], 2016
(558i05-40Ca0-5P,0s5, mol.%), and BGNPsSr um 5%w/v GEL MG-63 cells BioScaffolder (7.75x7.75
(558i02,-30Ca0-5P,05-10SrO, mol.%) 2.1) mm)
BGNPs (66Si-27Ca-7P mol.%) 55 nm alginate and Human - Extrusion (3D- Disks (2 13 MTT cell viability assay, Bone [99], 2014
gelatin blend osteogenic Bioplotter, mm) Alizarin Red Staining,
sarcoma cells Envisiontec)
(Sa0S-2)
10 wt.% MBG (80Si02-15Ca0-5P20s, mol%) loaded - 5% GelMA, 1% Murine 1x107 cells/ Extrusion (3D- - CCK-8 assay, ALP Activity, Bone [101], 2021
with DOX HAMA, 0.5% LAP mesenchymal mL Bioplotter, Alizarin Red Staining
(w/v) stem cells Envisiontec)
(C3H10T1/2)
5%(w/v) BG microspheres (60Si02-36Ca0-4P,05) - 15% GelMA, 10% BMSCs 1x107 cells/ Extrusion (Bio- (10 x 10 x 5 Live/Dead, CCK-8 assay, ALP Periodontal [32], 2023
soldium alginate, mL Architect ®WS) mm) activity, Alizarin Red Staining,  tissue
0.5% expression of osteogenesis-
photoinitiator (w/ related genes, in vivo (beagles)
v)
0.1% bioactive inorganic filler (80Si0>-20Ca0, mol 150-400 2,5% ADA-3.75% NIH/3T3 1x10° cells/ Extrusion (BioX Grid Live/Dead, Phalloidin/ DAPI Soft TE [104], 2022
%) nm GEL fibroblasts mL printer Celllnk) structure (15 x Staining
15 mm)
0.1% MBGN (80Si0,-20Ca0, 80Si0,-18Ca0-2Zn0, 110-184 2.5%ADA-3.75% Skeletal muscle 2x10° cells/ Extrusion (BioX Grid structure Live/Dead, Phalloidin/ Skeletal muscle [105], 2025
80Si0,-15Ca0-5Zn0, 80Si0,-10Ca0-10Zn0, mol nm GEL C2C12 cells mL printer CellInk) (15 x15x1 DAPI Staining tissues
%) mm)

(continued on next page)
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Table 1 (continued)

Bioactive glass type BG Hydrogel matrix Cell type Cell density Bioprinter type Size of scaffold  Biological evaluation Application Reference,
particle publication
size year

2.5% and 3% (w/v) BG (49.46Si0,-33.27Ca0- <38 ym 10% PVA, 4% ASCs 5x10° cells/ Pneumatic Grid structure Cell viability, ALP activity, Osteochondral [108], 2026

1.07P505-6.6K20-6.6Na,0-3Zn0, mol%) gellan gum (w/v) mL extrusion (1.4cmx0.2 Aggrecan tissue
(Cellink cm®) visualization, Real Time PCR,
INKREDIBLE+) histology (H&E), in vivo
(C57BL/6 mice)
0.5% MBGNSs (70Si0,-30Ca0 mol.%) 159 + GelMA Skeletal muscle 4%10° cells/ LBB (Anycubic 3.6 mm Live/Dead, Phalloidin/DAPI Skeletal muscle [110], 2024
29 nm C2C12 cells mL Photon Mono 4K %X 3.6 mm x staining tissues
3D printer 0.8 mm
cutomized)
0.075, 0.15, 0.3, <20 um 3%Alginate-3% ASCs 1x10° cells/ Extrusion based Grid structure Live/Dead Bone [60], 2024
0.6% (w/v) 13-93B3 glass Gelatin mL custom-modified (15 x15x1
(53B203-20Ca0-12K,0-6Na;0-5Mg0-4P,05 wt. cartesian 3D mm3)
%) printer
0.075 and 1wt.% PSBG - 2%Alginate - 15% HUVECs, MSCs 2x10°¢cells/ Extrusion (SIA Cylindrical Live/Dead, Q-PCR, Phalloidin/ Skin [120], 2024
(10.8P205-54.25i02-35.0Ca0 mol.%) Gelatin, mL (HUVECs) PRO) construct of 15 DAPI Staining,
Alginate-GelMA 1x10° cells/ mm in Immunofluorescence,
mL (MSCs) diameter, with histology (H&E),
ten layers in Immunohistochemistry,

height

Masson’s trichrome Staining,
in vivo
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biomolecules, which can be released locally to effectively interact with
cells. Beyond drug loading, these nanoparticles act as critical rheological
modifiers; their surface charge and nanosize enable the formation of
multifunctional electrostatic networks within the bioink, significantly
enhancing shear-thinning behavior and the structural fidelity of the
printed construct [123].

However, the binding capacity that makes BGs ideal for drug de-
livery also can create a paradox during in vitro validation. It was
observed that BGs can function as 'fluorescent sinks', non-specifically
adsorbing common assay reagents, such as calcein and cellular compo-
nents released after lysis. This sequestration can lead to the misinter-
pretation of cell viability and differentiation data, as the nanoparticles
may mask or mimic vital cellular signals [124]. While the studies re-
ported in Table 1 did not exhibit any apparent cytotoxicity at the BG
concentrations tested, this analytical interference suggests that assessing
cytotoxicity limits and thresholds deserves more in-depth, dedicated,
and standardized studies in the future.

5.2. Ion signaling and therapeutic bioactivity

It is well known that cells can “sense” the presence of biologically
active ions released from BGs into the extracellular environment [125],
especially if the glass particles are produced in a highly reactive meso-
porous nanometric form, having an ultrahigh specific surface area that
accelerates their dissolution kinetics. Consequently, the incorporation of
ion-releasing BG (nano)particles into printable hydrogels offers a very
convenient approach to investigate accurately (in 3D) the biological
effects of such ions on a variety of cell types. The release of ionic
dissolution products from BG nanoparticles, like calcium, silicate and
phosphate ions, is responsible for the main biological effects when BGs
are used in bioinks. The cellular activity is affected by the concentration
of such ions leading to stimulation of osteogenesis/angiogenesis,
immunomodulation and other cellular effects [126,127]. In addition, BG
particles can be designed and fabricated with multiple compositions, i.e.
doped with biologically active metallic ions, which can be released in-
side the bioink to have specific effects on the laden cells [128]. In this
regard, ionic medicine and particularly ion-assisted tissue regeneration
strategies are emerging as promising and fascinating approaches in the
field of tissue engineering, offering a potentially simpler and more
affordable alternative to conventional drug- or biomolecule (growth
factor)-based therapies. In addition, ion release can be an effective
(antibiotic drug free) antimicrobial approach to tackle the problem of
bacterial resistance, which is correlated to the extensive use of
antibiotics.

When BGs incorporated in bioinks are synthesized in a mesoporous
form, a synergistic therapeutic mechanism can be exploited via the
simultaneous release of (i) biologically active ions as the material dis-
solves and (ii) drugs or growth factors incorporated in the nano-sized
pores of MBGs particles [93]. Finding the dosage thresholds (uptake
and release) for both ions and biomolecules in order to ensure a sus-
tained and ideally synergistic therapeutic effect is one of the grand
challenges of MBG-based tissue engineering strategies, which indeed
must be considered also in the field of bioprinting with BGs.

5.3. Bioink rheology and printability

In general, the mechanical, rheological and biological properties of
cell-laden 3D-printed scaffolds are highly impacted by the addition of
BG particles. One challenge is that their addition often increases vis-
cosity and bioink heterogeneity, which can compromise printability,
reduce extrusion consistency, and lead to excessive stiffening [123,129].
At the same time, it has been frequently reported that the higher vis-
cosity, although requiring greater pressure and slower printing speeds,
provides an improved shape fidelity [124]. While the diversity in par-
ticle sizes and BG types complicates the identification of a single optimal
concentration, a loading of 1-5 w/v% is generally effective for
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enhancing shear-thinning. However, using a lower threshold of <1 w/v
% is often preferred to ensure smooth extrusion without clogging and to
protect cell integrity by minimizing the shear stress generated during
extrusion. Thus, although the addition of BG particles alters the rheo-
logical profile of bioinks, the resulting shear-thinning behavior is actu-
ally beneficial for extrusion-based bioprinting [130,131]. In this
context, nanosilicates such as halloysite deserve to be mentioned, as
their unique “house-of-cards” structure can further improve printability
[63].

When designing BG-containing bioinks, volume fraction is a more
appropriate metric than weight concentration, since sol-gel-derived
MBGs have a lower density and therefore occupy a larger volume at
equal mass compared to melt-derived BGs. Particle size and their shape
also play a critical role: while direct studies on BG microparticles are
limited, nanosized inorganic fillers in general have been shown to
reinforce bioink mechanical properties [132,133] avoiding or mini-
mizing the risk of nozzle clogging in extrusion-based processes. Exten-
sive work has been carried out using nanosilicates as nanofillers in
extrusion-based bioprinting, demonstrating how nanoscale inorganic
phases can modulate rheology and printability. For example, Chimene et
al [134] reported that nanosilicates form weak, reversible electrostatic
interactions with GelMA and «x-carrageenan, generating a dynamic
network that imparts pronounced shear-thinning behavior and rapid
viscosity recovery, two essential features for smooth extrusion and shape
fidelity. Similarly, other study [135] has shown that incorporating
nanosilicates at concentrations around 6 wt% can increase the
compressive modulus by approximately 2.5-fold, achieving stiffness
levels comparable to those of load-bearing tissues such as cartilage. The
size of inorganic fillers has also a functional effect on the ionic release
kinetics and, thus, on cellular signaling pathways activated by ionic
dissolution products. Clearly, the smaller the particle size, the larger the
specific surface area, the faster the BG solubility and ultimately the ion
release kinetics.

5.4. Biological performance and challenges for clinical translation

Printing cells directly in the “optimal” ink has undeniable advan-
tages as compared to post-printing cell seeding onto scaffolds, including
the shortage of implant fabrication time, more homogeneous distribu-
tion of cells throughout the volume of the implantable construct, as well
as lower cost and use of resources [136]. In addition, extrusion-based
bioprinting has the capacity to deposit high cell densities, reaching
physiological levels, thereby enhancing the functional relevance of the
target tissue. With regard to the key aspects of bioink printability and
cell survival during the printing process, BG particle size and surface
chemistry should be controlled for uniform dispersion and smooth
extrusion without compromising cell viability. Furthermore, the con-
centration of BG particles within the bioink must be carefully tuned to
achieve a fine balance between mechanical integrity and favorable
cellular responses.

Regarding the type of cells to be incorporated in the bioink, it should
be consistent with the target tissue to be regenerated. As shown in
Table 1, stem cells or immortalized cell lines have been typically
incorporated in BG containing bioinks instead of primary cells that,
although being immediately able to produce newly-formed tissue, are
more delicate with a restricted proliferation rate compared to the other
options. Moving from resilient cell lines to the use of patient-specific
primary cells within bioactive inks, remains one of the most signifi-
cant challenges for the clinical translation of this technology.

Recent reviews [128,137] have considered the different mechanisms
by which silica and BG nanoparticles can be internalized by cells and
have described the fate of the (bioreactive) nanoparticles upon cell
internalization. Smaller BG particles (e.g. MBGNs) are easier for cells to
detect and internalize; however, further research is needed to determine
if there is an optimum size threshold [91,137]. Importantly, while ion
release from MBGs is beneficial for triggering biological responses,
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excessive concentrations can be detrimental. Therefore, the particle
loading within the hydrogel must be carefully optimized to avoid
cytotoxic effects. For instance, Kolan et al [60] demonstrated that
borate-based BG particles become toxic when they are incorporated
above 0.3 wt% in hydrogel formulations. Finally, a major challenge in
bioprinting remains minimizing cell damage during the entire fabrica-
tion pipeline (bioink preparation, extrusion process, hydrogel cross-
linking) while maintaining satisfactory cell viability, appropriate cell
phenotype, and desired cell functions in the post-printing culture envi-
ronment in vitro or, even more crucially, after in vivo implantation.

6. Conclusions and future perspectives

The emerging field of 3D bioprinting with bioinks incorporating BG
particulate is a very promising approach in regenerative medicine as
revealed by the research works reviewed in this paper. However, there
are still numerous aspects that remain to be investigated. At present,
almost all the research in this specific field is focused on silicate BG
particles, including MBGNs, with very little attention paid to other glass
systems like borate or phosphate compositions. Having more insight on
how such bioreactive ion-releasing BGs can behave in bioinks will help
obtain not only improved bioprinting results but also better post-
printing scaffold performance. As this cross-study analysis demon-
strates, the search for an optimal bioink transcends glass chemistry and
requires a “synchronization” between the volumetric occupancy of the
particles, the controlled ion-release kinetics from the BG and the me-
chanical resilience of the chosen cell type.

The studies reviewed here collectively highlight the growing po-
tential of integrating BG particles into printable hydrogels to enhance
both the biological and mechanical performance of bioprinted con-
structs. From silica-based systems, which enhance print fidelity and
osteoinduction, to borate and phosphosilicate BGs that accelerate
degradation and ion release, BGs offer remarkable versatility in tailoring
scaffold functionalities. Their incorporation in hydrogels improves
rheological properties and ion-mediated cell signaling, without
compromising cell viability in most systems with controlled BG con-
centrations. In addition to specific tissue-targeted approaches, bioinks
incorporating ion-releasing BG particles can be exploited to generate
precise testbeds (3D in vitro systems) to enable the study of biologically
active ion-cell interactions in 3D. Moreover, beyond conventional
extrusion approaches, emerging techniques such as multimaterial
chaotic printing enable the spatial organization of BG-containing phases
within hydrogels, creating microarchitectured constructs that resemble
the natural complexity of tissue environments [37,138].

Despite encouraging in vitro and in vivo findings, particularly in
bone regeneration, systematic investigations remain limited. Direct
comparisons between bioprinted and cell-laden constructs using stan-
dardized architectures, identical cell types and consistent material for-
mulations are still lacking in the literature. Overall, the integration of
BGs into bioinks represents a promising strategy to bridge material
functionality with biological performance in the next generation of
tissue-engineered constructs.
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