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Development and Preliminary In Vivo Study of 3D-Printed
Bioactive Glass Scaffolds with Trabecular Architecture

Dilshat Tulyaganov, Roberta Gabrieli, Avzal Akbarov, Nigora Nigmatova, Bekhzod Khabilov,
Alessandro Schiavi, Martin Schwentenwein, Enrica Verné, and Francesco Baino*

1. Introduction

Bioactive glasses are an appealing class of biomaterials for bone
tissue engineering due to their ability both to bond to living bone

via an interfacial layer of nanocrystalline
hydroxyapatite, which forms relatively fast
(from hours to days) upon contact with
biological fluids,[1] and to stimulate the
regeneration of healthy tissue via the in
vivo release of osteostimulatory ions such
as Ca2þ, Mg2þ, and silicates.[2] “Exotic”
ions can also be incorporated in bioactive
glasses to elicit special extra-functionalities
such as promotion of angiogenesis, anti-
bacterial and anti-inflammatory effects,
and anticancer therapy.[3]

Bioactive glasses are often processed to
obtain 3D porous structures (implantable
scaffolds) that support and guide the
growth of healthy tissues while dissolving
over time.[4] Melt-derived glass particles
or colloidal suspensions in the sol-gel syn-

thesis are typically processed by a molding/shaping method to
introduce porosity, and then the resulting porous body is ther-
mally treated to remove the organics and consolidate the struc-
ture. Conventional fabrication techniques include foaming,[5]

removal of sacrificial particles,[6] and sponge replication.[7]

Over the last few years, additive manufacturing of bioactive
glasses has significantly improved the quality and geometrical
complexity of these porous bodies, allowing an accurate control
over pore size/shape, thickness of solid walls, and thermal
shrinkage to be achieved.[8] 3D-printed bioactive glass scaffolds
have been mostly fabricated by the extrusion of glass/binder
composite filaments that were deposited according to a grid-like
architecture.[9] Depending on whether a thermal treatment is
performed or not to burn off organics and sinter the glass par-
ticles, fully inorganic scaffolds[10] or porous polymer/glass com-
posites[11] can be obtained. Silicate compositions are the most
commonly used, but borate glass structures having faster reactiv-
ity with biofluids were also printed.[12] Bioprinting of cell-laden
bioactive glass/natural polymer composites was also reported by
using a robocasting-derived method.[13]

However, all these porous structures typically exhibit an
arrangement of solid rods and parallel channels that does not
properly replicate the trabecular structure of spongy bone, which
is more similar to that of a foam with open spheroidal cells.[14] In
this regard, additive manufacturing technologies based on vat
photopolymerization are more suitable to obtain scaffolds with
a 3D network of highly interconnected macropores.[15] Vat photo-
polymerization has been successfully applied to fabricate high-
quality bone substitutes made of hydroxyapatite,[16] β-tricalcium
phosphate,[17] and biphasic calcium phosphates.[18] Processing of
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The bioactive silicate glass “1d” (BG-1d), belonging to the multicomponent
CaO–MgO–Na2O–P2O5–SiO2–CaF2 system, is proved to be highly effective in
promoting alveolar bone regeneration in humans when implanted in the form of
particles. This study moves one step forward in developing BG-1d scaffolds with
trabecular architecture by digital light processing-based vat photopolymerization
to be then implanted in rabbit femora, which has never been reported so far. The
scaffolds exhibit a clear osteogenic effect in vivo and undergo gradual resorption
followed by ossification. Substantial resorption of scaffolds in favor of new bone
formation is achieved within 3 months. These in vivo results support the suit-
ability of BG-1d scaffolds for application in bone tissue engineering and, given the
reproducibility and reliability of the 3D-printed devices, show promise for
potential translation to the clinic.
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bioactive glasses by this method is highly appealing but still in its
beginning; in a couple of previous research papers, we first used
the tomographic reconstruction of a polyurethane sponge as the
input file to the vat photopolymerization printing system to fab-
ricate bioactive glass foams with pore volume ranging from 35 to
94 vol%.[19,20]

In the present work, we extended these promising results to
print 3D porous implants based on the silicate composition “1d”
(BG-1d), a multicomponent glass belonging to the CaO–MgO–
Na2O–P2O5–SiO2–CaF2 system; a comprehensive review on
the design and applications of this specific biomaterial was
recently provided elsewhere.[21] BG-1d is highly biocompatible
in vitro, stimulating the viability and proliferation of mesenchy-
mal stem cells as well as the osteogenic differentiation of cells in
a comparable way to 45S5 Bioglass (benchmark).[22] In vivo tests
both in animals (rabbits) and human patients (45 volunteers)
proved the bone-regenerative capability of BG-1d particles.[23]

The feasibility of macroporous BG-1d-derived scaffolds by using
the conventional foam replica method[24] and vat photopolyme-
rization[25] was recently reported, but these porous implants have
never been tested in vivo until now: the goal of the current study
is to bridge this gap and acquire further knowledge about the
biological response elicited by these devices. Furthermore, to
the best of the authors’ knowledge, this is also the first study
in which bioactive glass scaffolds produced by vat photopolyme-
rization have been tested in vivo.

2. Experimental Section

2.1. Fabrication of BG-1d Glass Scaffolds

BG-1d material (composition: 46.1SiO2-28.7CaO-8.8MgO-6.2P2O5-
5.7CaF2-4.5Na2O wt%[26]), produced by the melt-quenching
method, was selected for scaffold fabrication. The complete pro-
duction process of the BG-1d powder is described in a previous
work.[20]

After being sifted below 25 μm, glass powder was dispersed in
a methacrylate matrix to formulate a photocurable slurry suitable
for the additive manufacturing of the scaffolds. Specifically,
porous structures were fabricated using digital light processing-
based vat photopolymerization 3D-printing process (CeraFab
7500, Lithoz GmbH, Vienna, Austria), as previously reported;[20]

each printing job included the production of 21 scaffolds which
were thermally treated (debinding followed by sintering at 700 °C
for 1 h) in an electrically-heated oven. Two printing jobs were run
for this study (42 scaffolds produced in total) in order to have
enough samples for performing all the characterizations
described in the following sections, along some spare parts.

Porous cylindrical scaffolds (Ø 4.5 mm� h 4.5mm) were
designed from a micro-computed tomography (micro-CT)-based
CAD model of a 45-ppi commercial polyurethane sponge; the
geometry of this virtual template was uniformly scaled along
the X, Y, and Z axes to match implantation requirements in rab-
bit bone, as defined by the drill diameter. As compared to the
process reported in ref. [20] where scaffolds with very thin tra-
beculae were manufactured, a 25 μm contour offset was intro-
duced to the foam structure during the design process in

order to thicken the struts and make the mechanical strength
suitable for in vivo implantation.

2.2. Morphological and Structural Characterization

The total porosity (volume percentage) of BG-1d scaffolds was
calculated using the relation ð1� ρscaf f old=ρmaterialÞ � 100, where
ρscaf f old is the bulk density of the sample (determined as mass-to-
volume ratio) and ρmaterial is the density of the nonporous mate-
rial. The volume of each sintered scaffold was calculated from the
geometrical measurements of diameter and height through a cal-
iper. In order to assess ρmaterial, dense reference samples were
3D-printed using BG-1d material and sintered at 700 °C for
1 h (under the same processing schedule used for making the
scaffolds). Their density was measured using the Archimedes’
method, and the obtained value for the solid BG-1d was
2.845� 0.033 g cm�3. Results were expressed as average � stan-
dard deviation on 25 scaffolds.

Morphological investigations to analyze the pore-strut
architecture of BG-1d sintered scaffolds were carried out by field-
emission scanning electron microscopy (FESEM, Supra equip-
ment, Zeiss, Germany) at an accelerating voltage of 5 kV.
Scaffolds were sputtered with platinum prior to the analysis.

Quantification of structural parameters was obtained by
micro-CT imaging, which was carried out on one representative
scaffold using a custom-made setup available in the
Interdepartmental Centre “J-Tech” at Politecnico di Torino.
CT scanning parameters included a source voltage of 60 kV
and a current of 200 μA, with a source-to-object distance
(SOD) of 45mm and a source-to-detector distance (SDD) of
900mm; 800 projections were acquired at 0.45° increments with
an exposure time of 1 s. Postprocessing including the image
reconstruction and quantitative analysis was performed using
VGStudio MAX 3.3 software (Volume Graphics, Heidelberg,
Germany). An internal subvolume of the scaffold was selected
to reduce surface artifacts. Microstructural analysis was then per-
formed using the foam/powder analysis module, which enabled
the segmentation and evaluation of pore structures, including
quantification of pore diameter and wall thickness.

2.3. Mechanical Characterization

Mechanical performance of BG-1d scaffolds was evaluated
through uniaxial compression tests, where the load was applied
perpendicular to the cylinder base. The mechanical tests were
performed on 9 scaffolds by using a custom-made stress-strain
equipment built and available in the INRiM Institute in Turin
(testing machine details are described in[27]). The measured val-
ues were obtained every 0.5 s, using a 50 N load cell and applying
the load at a velocity of �0.005mm s�1. The peak compressive
strength (σ) was calculated as the ratio between the maximum
applied load during the test and the initial resistant cross-
sectional area. In addition to the compressive strength, the
Young’s modulus was determined from the initial elastic defor-
mation region of the stress–strain curve. Fracture energy per unit
volume, namely the energy needed to deform the scaffold from
the unloaded condition to the strain corresponding to the major
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peak,[28] was calculated from the area under the stress–strain
curve. Results were expressed as average � standard deviation.

2.4. In Vivo Animal Tests

The animal care and surgeries were carried out following the
ethical guidelines and rules of local Governmental bodies. The
implantation was performed at the Tashkent Pharmaceutical
Institute, Uzbekistan, while the histological analysis of the
explanted bones with the scaffolds was completed at the
Faculty of Prosthetic Dentistry, Tashkent State Dental Institute,
Uzbekistan.

The permissions for performing in vivo biocompatibility tests
were obtained by the State Unitary Enterprise “Center for
Good Practices” of the Agency for the Development of the
Pharmaceutical Industry at the Ministry of Health, Republic
of Uzbekistan; certificate under reference GLP-02:2024 issued
to the Tashkent Pharmaceutical Institute is valid from
09.08.2024 to 08.09.2027.

Healthy and completely matured (1-year-old) male rabbits
from the breed “shinshilla,” weighing 2.8–3.0 kg, were used
throughout the experimental period. Animals were properly kept
in individual cages before applying systemic anesthesia and then
identified according to the period and group. Eighteen animals
were segmented into 2 groups, namely experimental and control
(9 animals in each one), while the procedure was split into 3
stages of observation of 1, 2, and 3months according to Table 1.

Scaffolds designed according to the defect’s geometry were
sterilized in dry heat at 180 °C for 2 h and implanted in the fem-
oral diaphysis region of each animal to fill a previously drilled
hole of 4.0 mm diameter. Incision without any implantation with
drilling a hole of 4.0 mm diameter was performed as a control.

An additional observation stage with 2 experimental animals
was performed after 14 days of implantation to investigate the
dynamics of bone resorption over time. At each timepoint, the
rabbits were sacrificed by immediate decapitation. The surgeries
and animal care were undertaken in accordance with ethical
guidelines and rules of local governmental bodies. All femurs
were subsequently fixed in 10% phosphate-buffered formalin
for 72 h for histological or histomorphometrical analysis.
These femurs were decalcified in 10% formic acid formalin solu-
tion for 14 days. The bones were sectioned parallel to the long
axis of the femur through the anteromedial aspect of the defect.
The tissue blocks were sectioned and stained with hematoxylin
and eosin (H&E) and histopathologically observed by optical
microscopy.

The following histological scoring scale was applied for statis-
tical analysis, which considered the presence and intensity of
bone formation:[29,30] 1, no osteogenesis; 2, weak osteogenesis;
3, medium-low osteogenesis; 4, medium-high osteogenesis; 5,

good-low osteogenesis; 6, good-high osteogenesis; 7, perfect oste-
ogenesis. Specifically, each slide of histopathological sections
was divided into four segments to be observed in detail while
the average of the scores of the four quadrants represents the
overall score given to the slide.[29]

Since there were two groups—one was the experimental and
the other was the control, statistical analysis was performed by
using Wilcoxon–Mann–Whitney test.[29] The tests were per-
formed with a level of significance of 5%. The test involves
the calculation of a statistic, usually called U, whose distribution
under the null hypothesis is known.[31]

3. Results and Discussion

3.1. Morphology and Porous Architecture

The planned process for scaffold fabrication allowed obtaining
samples with suitable size and geometry for in vivo implantation
in rabbits, according to the surgeons’ recommendations.
Specifically, the diameter and height of sintered BG-1d porous
cylinders were 4.03� 0.04mm and 4.14� 0.01mm, respec-
tively, with percentage ratios of standard deviation to average
of 0.9% and 0.2% for these two geometrical dimensions, reveal-
ing an excellent reproducibility of the printing process for these
challenging, small-sized samples.

The total porosity of BG-1d scaffolds was 77.2� 0.6 vol%,
which falls in the typical range recommended for tissue
engineering scaffolds addressed to bone regeneration (above
50 vol%).[32]

Morphological investigations reported in Figure 1A reveal that
the 3D porous architecture of BG-1d scaffolds is actually a
faithful replica of the cellular structure of the virtual template
(CT reconstruction of a polyurethane sponge) and, in turn,
mimics the structure of trabecular bone. As shown in Figure 1B,
densification of struts is satisfactory although sporadic micro-
metric pores (pits) can be observed on the surface of scaffold
struts, probably resulting from residual interparticle voids; how-
ever, their presence is expected to be beneficial from a biological
perspective because it is well known that osteoblasts preferably
attach to micro-rough implants.[33]

Figure 2 shows representative cross-sectional views obtained
from micro-CT scan. The internal pores are segmented and
color-coded based on their equivalent diameter, allowing quanti-
tative assessment of pore morphology and size.

Pore size distribution in BG-1d scaffolds assessed by micro-
CT analysis is reported in Figure 3A. The majority of pores were
in the range of 200–800 μm, consistent with the recommenda-
tions that are generally followed for bone tissue engineering scaf-
folds (pore size below 900 μm for avoiding problems of structural
integrity and suboptimal bone ingrowth).[34] A total of 320 pores

Table 1. Protocol followed for the implantation procedure.

Observation stage Scaffold implantation (experimental) Empty hall (control)

1 month 3 animals per group with numbering in the range № 1–3 3 animals per group with numbering in the range № 4–6

2months 3 animals per group with numbering in the range № 7–9 3 animals per group with numbering in the range № 10–12

3months 3 animals per group with numbering in the range № 13–15 3 animals per group with numbering in the range № 16–18
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were measured, ranging from 70 to 910 μm, with an average
value of 517� 183 μm.

CT scanning also allowed assessing the strut thickness distri-
bution (Figure 3B), which exhibited two major peaks suggesting
a bimodal distribution. A similar profile was already reported for
scaffolds that were produced by the same 3D printing method
using bioactive glass[19] or hydroxyapatite.[35] The first peak in
Figure 3B (around 155 μm) can be attributed to the “true” diam-
eter of a single strut (supposed to be rod-shaped), while the

second peak (around 200 μm) is due to the “intersection” of
two or multiple struts of the scaffold. The average value for strut
thickness is 190� 32 μm.

3.2. Mechanical Properties

The compressive stress–strain curves for BG-1d scaffolds (an
example is displayed in Figure 4A) exhibit a multipeaked profile,

Figure 1. FESEM micrographs showing A) the 3D architecture (magnification 100�) and B) the strut surface of scaffolds (magnification 500�).

Figure 2. Micro-CT 3D reconstruction of a typical BG-1d scaffold showing internal pore segmentation within a porous structure through two orthogonal
cross-sectional views.

Figure 3. Results frommicro-CT analysis on BG-1d scaffolds: distributions of A) pore size (diameter) and B) strut thickness (the red curve is the envelope
of the distribution).
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which is typical of brittle porous materials like ceramics. This
jagged profile illustrates the sequential fracture of scaffold struts
during compression: an initial phase with a positive slope leading
up to the major peak (1.83MPa on average) is followed by a sud-
den drop in compressive stress indicating the fracture of the
strut. When, after some fluctuations, the compressive stress
returns to zero; this means that the sample is no longer in contact
with the upper plate of the testing machine being fractured.

The elastic modulus estimated from the region of the graph
before the major fracture peak was 70.3� 21.9MPa, falling close
to the lower threshold of the range which is typically considered
for human spongy bone (50–500MPa[36]).

The fracture energy of BG-1d scaffolds (calculated from the
gray area in Figure 4A) was 43� 12 kJ m�3; this value is lower
than those assessed for other bioactive glass foams (540 kJ m�3)
that, however, were significantly less porous (56 vol%) and
mechanically stronger.[37]

Figure 4B shows that the peak compressive strength is depen-
dent on the relative density ðRD ¼ ρscaf f old=ρmaterialÞ of BG-1d
scaffold: as the relative density increases, mechanical strength
increases as well. The compressive strength is in the range of
1.7–4.8MPa, which is consistent with the typical values for
human spongy bone (0.1–16MPa).[38] Figure 4B also includes
data interpolation through the Gibson–Ashby power-law model
(Equation (1)), which is commonly used to describe the mechan-
ical behavior of brittle foams[39]

σ ¼ σ0C1ðRDÞn (1)

where C1 and n are the model constants and σ0 is the compres-
sive strength of nonporous BG-1d. The fitting of experimental
data to determine the parameters C1= 0.127 and n= 2.66
(see the curve in Figure 4B) was carried out using a proper
code developed in MATLAB based on the least squares method.
The coefficient of determination R2= 0.556 suggests an accept-
able accuracy and fair predictive capability of the power-
law model for the compressive strength of 3D-printed BG-1d
scaffolds.

3.3. In Vivo Studies (Animal Model)

The rabbits exhibited ordinary behavior over the whole implan-
tation period, with no reports of adverse effects such as allergies
or other immunologic reactions, abscess formation, or rejection
of the scaffold. The following characteristic features were ana-
lyzed during the observation of tissue blocks under optical
microscopy: 1) the presence of inflammatory infiltrate, 2) the
woven bone formation in the margins of the wound, 3) the woven
bone formation in the center of the wound, and 4) the transfor-
mation of woven bone to laminar bone. Histological examination
of the rabbit femur with an implanted bioactive glass scaffold
after 1 month postimplantation revealed preservation of the bio-
active glass in the form of light-eosinophilic fine-granular con-
tent. Scaffold residues were in various-sized cellular structures
formed by maturing trabeculae of lamellar bone tissue
(Figure 5). However, under higher magnification in areas border-
ing the implant, we observed larger, basophilic fragments of an
amorphous substance surrounded by woven bone with weak
inflammatory infiltration. This is consistent with previous obser-
vations by the authors[40] as well as other research groups[41–43]

who investigated different bioactive glass compositions in vivo.
Histological examination of a rabbit femur with an implanted

bioactive glass scaffold after 2 months postimplantation revealed
considerable resorption of the scaffold with the implant pores
being replaced by woven bone tissue (Figure 6). Under higher
magnification (Figure 6B,C), scaffold material remnants are
observed in the form of fine granularity in isolated cells (e.g.,
indicated as black asterisk). Bone trabeculae are thicker and
characterized by an ordered lamellar structure formed from
concentric-parallel lamellae evidencing that woven bone was
gradually substituted by lamellar bone. Isolated bright eosino-
philic foci of calcifications are noted.

Histological examination of a rabbit femur with an implanted
bioactive glass scaffold after 3 months postimplantation revealed
substantial resorption of the implant with the replacement of the
cavities between the thickened mature beams with bone marrow
tissue (Figure 7). Apparently, dissolution of BG-1d scaffolds is

Figure 4. Results from mechanical tests: A) example of a typical stress–strain curve and B) modeling of experimental data (peak strength versus
relative density).
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more intensive than that observed in the case of BG-1d particles
implanted in rabbits of the same breed (glass residues were still
observed at 3–4months postimplantation[23]).

The dynamics of pathomorphosis of a rabbit femur prepara-
tion with an implanted bioactive glass scaffold on days 14, 30,
60, and 90 are shown in Figure 8. The areas where particles

of scaffold material remnants were clearly revealed are indicated
with black asterisks. The dynamics of pathomorphosis show
that gradual resorption of scaffold material occurred from
the first weeks of implantation (Figure 8A,B), reaching its sub-
stantial phase after 3 months postimplantation (Figure 8D).
Nevertheless, further investigations for longer periods of

Figure 5. Histological examination (H&E staining) of a rabbit femur preparation with an implanted bioactive glass scaffold after 1 month postimplanta-
tion: A) The histopathological changes are characterized by the presence of areas with more matured bone trabeculae (inset “B”), as well as peripheral
areas of woven bone tissue (inset “C”), formed around residual masses of bioactive glass (magnification 40�). B) Scaffold residues in the central areas,
surrounded by bone trabeculae, are presented in the form of light-eosinophilic fine-granular content (black asterisk) (magnification 100�). C) Scaffold
residues in the peripheral areas are in the form of larger, basophilic fragments of amorphous substance (pointed with the yellow arrowheads), surrounded
by woven bone with weak mononuclear infiltration (magnification 100�).

Figure 6. Histological examination (H&E staining) of a rabbit femur preparation with an implanted bioactive glass scaffold after 2 months postimplan-
tation. Thickened bone trabeculae are visible, between which there are spaces filled with woven bone tissue containing mononuclear cells. In single cells,
fine-grained particles of scaffold material remnants are observed (black asterisk). Magnification: A) 100� and B,C) 200�.
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implantation time are needed to better evaluate scaffold
resorption.

Delayed regeneration compared to the experimental group
was revealed in the control group (Figure 9), revealing the pres-
ence of immature connective tissue in the defect area.

One of the most important findings from the histological
examinations is that a BG-1d scaffold-implanted defect showed

a more homogenous tissue formation throughout the entire
defect when compared to the control with signs of a high level
of osteointegration and a medullary cavity occupied with bone
marrow after 3-month postimplantation.

Wilcoxon–Mann–Whitney test, which was used to perform
statistical analysis (data for calculation are shown in Table 2),
showed that U calculated ≤ U critical always, that is, the calcu-
lated U values were either equal to or lower than the critical tab-
ulated U values. Therefore, it was suggested that there is a
statistically significant difference between the intensity of bone
formation score in the control and the experimental groups with
BG-1d scaffolds at all 3 tested periods of implantation (Table 2).
Moreover, the “osteogenic effect” associated with the scaffold
implantation is statistically significant, real, and not due to
chance.

In general, the process of bone fracture healing includes first
the development of an acute inflammatory response, followed by
the recruitment of mesenchymal stem cells (MSCs), the genera-
tion of cartilaginous bony callus, the mineralization of the extra-
cellular matrix (ECM), revascularization/angiogenetic processes,
resorption of cartilaginous callus, and finally bone remodel-
ing.[44,45] Specifically, when bone tissue is injured by drilling a
defect through one cortex of the diaphysis of a young rabbit
femur, the blood vessels inside the bone defect are disrupted
and the blood enters the bone defect area, thus forming a hema-
toma. Inside the defect, macrophages and their recruited
immune cells mediate inflammatory reactions, playing the most
crucial role in this stage.[42] When the inflammatory phase is

Figure 7. Histological examination (H&E staining) of a rabbit femur prep-
aration with an implanted bioactive glass scaffold, after 3 months postim-
plantation. Substantial resorption of the bioactive glass scaffold was
observed (magnification 100�).

Figure 8. Dynamics of pathomorphosis of a rabbit femur preparation with an implanted bioactive glass scaffold on days 14, 30, 60, and 90. Hematoxylin
and eosin staining, magnification 100�. The particles of scaffold material remnants are indicated with black asterisks.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2026, 28, 2501569 2501569 (7 of 10) © 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2026, 4, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adem

.202501569 by Francesco B
aino - Politecnico D

i T
orino Sist. B

ibl D
el Polit D

i T
orino , W

iley O
nline L

ibrary on [24/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


completed, bone tissue gradually enhances the anabolic and
repair processes while cellular components involved in bone
regeneration in the granulation tissue include fibroblasts, osteo-
progenitor cells, and MSCs.[46] Fibroblasts proliferate and secrete
a fibrous matrix, gradually replacing the granulation tissue with a
fibrous tissue of enhanced mechanical strength. MSCs recruited
from the bone marrow, periosteum, adjacent soft tissues, and
peripheral circulation aggregate and proliferate.[47] They further
differentiate into chondrocytes and secrete a semi-rigid avascular
cartilage matrix, gradually transforming the fiber-rich granula-
tion tissue into a fibrocartilage- and hyaline cartilage-rich soft cal-
lus. Undifferentiated MSCs lie parallel to the fibrinous arcade, in
conjunction with vascularization. Furthermore, transformation
from undifferentiated MSCs to mesenchymal osteoblasts, with
increasing woven tissue synthesis, and eventually to surface
osteoblasts synthesizing lamellar bone on woven bone, was
revealed. Finally, remodeling of the woven bone into lamellar
bone may occur over the course of months to years and allows
for restoration of the canal and its bony properties.[45] Bone
remodeling is the last phase of bone healing and is also known
as the secondary bone formation, which includes the reconstruc-
tion of the hard callus into the lamellar bone and the change of
configuration of the cancellous bone trabeculae.[42]

Bone tissue engineering scaffolds can play a key role as 3D
templates that allow cells to attach, proliferate, differentiate,
and organize into normal, healthy bone as the scaffold degrades.
The scaffold degradation rate must be tailored to match the rate
of regeneration of new tissue.[48] The strong crystallization
tendency of two well-known commercial bioactive glasses like
45S5 and S53P4 limits their hot-working into amorphous scaf-
folds. Thus, unreacted and partially crystallized 45S5 glass has
been found several months after implantation in rabbit
femurs.[49] Similar findings were reported for clinical studies
of S53P4.[50,51] In fact, crystallization reduces the dissolution rate
compared with the parent (amorphous) bioactive glass.[52,53]

The preliminary in vivo testing results reported in the present
study support the capability of BG-1d scaffolds to act as an inher-
ently osteoinductive biomaterial stimulating bone regeneration
in noncritical-sized defects. Although a relatively fast rate of deg-
radation was revealed within 3months, further investigations are
needed to evaluate the integration of bioactive glass scaffolds
with host bone when implanted for longer periods of time.

Looking at the future, two advanced in vivo studies will
deserve to be carried out in order to 1) compare the performances
of BG-1d scaffolds with those of a reference biomaterial (having
the same 3D porous trabecular architecture) to demonstrate the
advantages of this new material over the state of the art and
2) compare the performances of at least two BG-1d scaffold
batches with different architecture, for example, foam versus
grid. In the study (1), an option might be the use of the well-
known Hench’s 45S5 glass as a control, although the fabrication
of 45S5-derived foams is challenging as this glass has a high ten-
dency to crystallize during sintering,[53] which leads to low den-
sification of struts and poor mechanical properties. The study (2)
will be key to elucidate what might be the optimal porous archi-
tecture for bone scaffolds: at present, this question is still under
debate in the scientific community and none can definitely state
that a porous arrangement of open pores is superior in stimulat-
ing bone regeneration over another configuration.[54]

Furthermore, micro-CT scanning or radiological imaging
could be useful to show the regeneration of new bone in the
defect sites without sacrificing the animals.

Figure 9. Histological examination (H&E staining) of a rabbit femur preparation in the control group after 3 months (magnification 100�).

Table 2. Bone formation scores for experimental and control groups
according to the design of the implantation procedure (Table 1) and
histological scoring scale (Section 2.4).

Observation stage
(timepoint)

Scaffold implantation
(experimental)

Empty hall
(control)

1 month № 1/score 3
№ 2/score 3
№ 3/score 3

№ 4/score 2
№ 5/score 2
№ 6/score 1

2months № 7/score 4
№ 8/score 4
№ 9/score 4

№ 10/score 3
№ 11/score 2
№ 12/score 3

3months № 13/score 5
№ 14/score 5
№ 15/score 6

№ 16/score 3
№ 17/score 4
№ 18/score 4
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4. Conclusions

3D printing via digital light processing-based vat photopolyme-
rization allowed the successful production of bioactive glass scaf-
folds with bone-like trabecular architecture. The samples,
derived from the BG-1d composition, showed high reproducibil-
ity and mechanical properties comparable to those of human
cancellous bone, making them promising for bone repair.
Histological analysis following implantation in rabbits demon-
strated that there was a statistically significant difference between
the intensity of bone formation score in the control and the
experimental groups at all 3 tested periods of implantation
(1, 2, and 3months). BG-1d scaffolds elicited an osteogenic effect
and were prone to substantial resorb within 3months postim-
plantation. New homogeneous dense tissue similar to laminar
bone, which was formed after 3months at the expense of bone
graft, demonstrated high level of osteointegration of the implant
and suggests the potential application of BG-1d scaffolds in
osteostimulatory bone healing.
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