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ARTICLE INFO ABSTRACT

Keywords: The development of biomaterials to actively support both bone formation and vascularization represents a key
BiOaCt_ive glasses challenge in regenerative medicine. Two novel bioactive glasses, Bio_MS and BGMS10, enriched with therapeutic
Stw“m{m ions such as strontium and magnesium and characterized by high thermal stability, were fabricated into porous
léﬂ:f/[neslum scaffolds using the foam replica method and compared to the conventional 45S5 Bioglass®. The materials were

evaluated for their ionic release, angiogenic potential (using the chorioallantoic membrane-CAM assay) and bone
regenerative capacity in vivo (using rabbit models with femur/tibia defects). Ion release analyses revealed
controlled and sustained release of biologically active ions (Ca, Mg, Sr, Si) from Bio_MS and BGMS10 scaffolds.
By CAM assay, both the novel scaffolds enhanced vessel density and branching, indicating a good pro-angiogenic
effect. After 60 days of implantation, SEM/X-EDS and histomorphometric analyses demonstrated extensive new
bone formation and effective osteo-scaffold coupling for all three BGs, even if Bio_MS scaffold showed the
highest affinity index. Histological observations confirmed abundant osteoblast laminae and limited osteoclastic
activity around Bio_MS, whereas BGMS10 samples showed higher osteoclast presence, possibly due to their
elevated Mg release. In summary, these results showed that all bioactive glasses show no significant differences
in terms of osteoconductive potential, although Bio_MS, having faster ionic dissolution and higher affinity index
than the others, seems in a more advanced stage of dissolution, inducing early osteogenesis, as evidenced by the
presence of abundant osteoblastic laminae close to its surface; these features make it a strong candidate for bone-
defect repair and broader regenerative medicine applications.

In vivo evaluation
Angiogenesis
Bone regeneration

1. Introduction

The aging population and the consequent increase in age-related
diseases, including osteoporosis, osteoarthrosis, and other degenera-
tive conditions, together with the rising incidence of severe trauma and
bone tumors, represent a major challenge in clinical management. The
human body's natural ability to heal and restore bone defects through

* Corresponding author.
** Corresponding author.

complex regeneration processes, involving both anatomical and physi-
ological repair, is not always sufficient to fully solve the problem. In
many cases, when bone defects occur, the intrinsic healing ability of the
body is incomplete or inadequate. The defect size is crucial among the
different factors influencing bone regeneration, beyond the patient's
overall health status. The so-called “Critical-Size Defect” (CSD), typi-
cally defined as 2.5 cm or larger defects, cannot be spontaneously
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Table 1

Composition in mol% of the BGs used.
Sample SiO, P50Os Na,O K>0 CaO MgO SrO
4585 46,1 2,6 24,4 - 26,9 - -
Bio_ MS 46,1 2,6 5 - 31,3 5 10
BGMS10 47,2 2,6 2,3 2,3 25,6 10 10

Table 2

BG scaffold (45S5, Bio_MS and BGMS10) implantation scheme in rabbits' left and
right femoral distal epiphysis (F) and tibial proximal diaphysis (T).

Rabbit 1 Rabbit 2 Rabbit 3

right F 45585 right F Bio_MS right F BGMS10
right T 4585 right T Bio_MS right T BGMS10
left F BGMS10 left F 4585 left F Bio_MS
left T BGMS10 left T 4555 left T Bio_MS
Rabbit 4 Rabbit 5 Rabbit 6

right F 4585 right F Bio_MS right F BGMS10
right T BGMS10 right T Bio_MS right T BGMS10
left F BGMS10 left F 4555 left F Bio_ MS
left T 4585 left T 4585 left T Bio_MS
Rabbit 7 Rabbit 8 Rabbit 9

right F 4585 right F Bio_MS right F BGMS10
right T 4555 right T Bio_MS right T BGMS10
left F BGMS10 left F 4585 left F Bio_MS
left T BGMS10 left T 4555 left T Bio_MS

repaired [1,2]. In such cases, surgical interventions involving autolo-
gous grafts, heterologous grafts, or synthetic biomaterials are necessary
to restore the defect [3].

Autologous grafts are considered the gold standard, as they are ob-
tained by harvesting bone tissue from the same patient and offer many
advantages like compatibility with the host tissue and the best chance of
proliferation and differentiation into osteoblasts to promote the healing
process [4]. The presence of growth factors, such as Bone Morphoge-
netic Proteins (BMPs), further enhances osteogenesis [5]; however, the
health status of the patient significantly influences the feasibility of
harvesting autologous grafts and individuals with comorbidities such as
osteoporosis, diabetes, or vascular diseases may not be suitable candi-
dates, due to their compromised healing potential [6].

In contrast, heterologous grafts, derived from human or animal do-
nors, offer the enormous advantage of eliminating donor site morbidity,
a significant concern associated with autologous grafts. Patients avoid
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the additional surgical procedures required for autologous grafts,
thereby reducing complications such as pain, infection risk, and pro-
longed recovery. Moreover, heterologous grafts provide a more abun-
dant supply of bone tissue, making them particularly beneficial in cases
that require extensive bone reconstruction [7,8]. For bone allografts and
xenografts, the principal concerns include the risk of disease trans-
mission, potential immunogenicity and host rejection, and variability in
graft incorporation and remodeling. Despite rigorous donor screening
and processing protocols that substantially reduce infectious risk, the
possibility of pathogen transmission cannot be entirely eliminated. In
addition, residual antigenicity may elicit immune responses that impair
graft integration. Furthermore, these grafts often exhibit inconsistent
biological behavior, with variability in revascularization, osteointegra-
tion, and long-term remodeling, which can ultimately affect clinical
outcomes [9].

Alternatively, synthetic biomaterials — defined as materials designed
for use in the human body - can be utilized. They are available in various
forms, ranging from nano-to macro-scales, and have been extensively
studied and applied in different skeletal regions to promote bone
regeneration and/or replace bone defects [10]. Similar to heterologous
grafts, biomaterials have certain disadvantages, such as the potential for
residual immunogenicity, foreign body reactions, delayed or incomplete
osteointegration, slow or inconsistent resorption. However, they also
offer significant advantages, particularly the ability to create custom-
izable designs [11]. This ability to adapt biomaterials to specific clinical
needs allows bone regeneration to be optimized by mimicking the
structural and functional properties of natural bone.

Among the biomaterials used as bone substitutes, bioactive glasses
(BGs) hold a prominent position due to their ability to enhance
osteointegration and induce the formation of hydroxyapatite, which is
essential for bonding to bone tissue [12]. Bioactive glasses are also used
in tissue engineering to construct three-dimensional scaffolds, porous
structures designed to replace bone defects, while providing not only
temporary mechanical support but also the release of bioactive sub-
stances that promote in situ tissue regeneration [13]. These scaffolds
facilitate colonization by osteoprogenitor cells, actively supporting new
bone growth.

The first bioactive glass, 45S5 Bioglass (composition: 46.1 mol%
SiO9, 26.9 mol% CaO, 24.4 mol% Nay0, 2.6 mol% P50s), created by
Prof. Larry Hench in the late 1960s, is the most well-established of the
BGs and is widely used in reconstructive and regenerative medicine
[14], [15], both in granular and scaffold forms; further, 45S5 releases

Fig. 1. Representative SEM images of femoral distal epiphysis (A) and tibial proximal diaphysis (B) sections corresponding to the center of the drilled hole (indicated
by red dotted line) containing the BG scaffold. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 2. XRD spectrum obtained on the Bio_MS scaffold.

Ca — Mg
=y =
g) 16 h 48 h E? 16 h 48 h
: 250 'LI g 80 Fkkk =
-9 o FhKKE o —
= 200{ T 1 . ...' T ® - sk T
= [ = =1
S 1504 T - 5 . G
©
8 8 404 5% T ek
o 100+ 8 — 1
o = . T
S i T 2
&= c
[0} | @
E 0- T T T T T E T T T T T T
[ ) SO O H © O @ 5 92 O D O O
m .\03“ 0&\ W o7 O\@ TR Y »f?.\o/ 0&’\
AR AR o AR
- Si ) Sr
= =
o o
=] 16 h 48 h E 16 h 48 h
S Fkkk 5 hudad
& 300- B —— i 250 i
FE £ 2001 T
8 2004 8 *kk Fkkk
o) o 1504 .5 1 f 1
O © [— =
s T s T T
g 100 o = c
50
= IS
[} )
o o — — T
O O O 9@ O D O O H O O
&S e R R IR
Q 2 Q,O Q Q,O Q Q,C"

Fig. 3. Assessment of Ca, Mg, Si, and Sr elemental concentrations (mg/L) of inductively coupled plasma (ICP) optical emission spectrometry of the three BGs
scaffolds after 16h and 48h.

ions that stimulate cell proliferation and bone matrix deposition production treatments, and cost considerations [20]. Among the most
[16-19]. commonly used low-cost protocols, foam replication involves impreg-

Scaffolds made from 45S5 powder can be fabricated using various nating foam with a mixture of bioactive glass powder, binder, and sol-
methods, including foam replication, and additive manufacturing; these vent, then burning it in a furnace at approximately 400-600°C. Higher
methods are selected based on the desired scaffold porosity, post- temperatures are subsequently applied to consolidate the glass particles
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Fig. 4. In (A) the photographs of the three BG scaffolds before grafting (enlarged squares x4). In (B) images taken at ED13, showing the vascular reaction triggered by
the biomaterials after 4 days of engraftment with BGs; the black arrows indicate the vessels of neoformation sprouting radially from the BGs. In (C) CAM assay results
from WimCAM software to test angiogenesis after the engraftment, i.e., vessel density, total vessel network length and total branching point. Statistical analyses were
performed employing one-way ANOVA with Tukey's correction for multiple comparisons (significance: *p < 0.05).

through sintering while preserving porosity [13,21].

However, heat treatment during scaffold production, aimed at
consolidating and imparting mechanical strength to porous scaffolds,
can induce crystallization of bioactive glasses, thereby reducing their
bioactivity and, consequently, their clinical efficacy [22-24].

This is particularly problematic for bioactive glasses such as 45S5,
which have a high content of alkaline ions like NayO, promoting crys-
tallization if cooling is not rapid enough [25]; moreover, prolonged
exposure of the bioactive glass to elevated temperatures significantly
increases the likelihood of nucleation and crystal growth [16,26,27]. In
this context, adjusting the SiO; (network former) ratio relative to
modifiers such as Na,O and CaO, or substituting some of these ions with
others, such as replacing Na,O with K»0 and CaO with MgO or SrO, can

refine the glass structure, enhancing its resistance to crystallization
during sintering [28-32]. These modifications not only increase thermal
stability but also may enhance biological responses; for example, mag-
nesium plays a crucial role in bone metabolism and can stimulate both
the differentiation and proliferation of osteoblasts, thus promoting new
bone formation [33]. On the other hand, strontium is an important
element in bone turnover; in fact, it is known to stimulate bone forma-
tion by osteoblasts while simultaneously inhibiting bone resorption by
osteoclasts. For this reason, strontium is used as the active ingredient in
medications for the treatment of osteoporosis [34,35].

In recent years, two new bioactive glasses containing strontium,
magnesium, and a low content of alkaline ions, Bio_MS and BGMS10,
have been developed [36-38]. These materials were specifically
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Fig. 5. SEM representative images of the femoral distal epiphyses implanted with the 45S5, Bio_MS, BGMS10 scaffolds. The images below are the enlargements of the
squared area above. Note, in each of the three scaffolds, the different morphological aspect with darker (*) and brighter (#) areas. Note also the black osteocyte

lacunae (circled) well visible inside the new-formed bone adjacent to the BGs.

designed to combine high thermal stability (allowing for sintering with
minimal or no crystallization) with excellent bioactivity and a favorable
biological response. Such properties make them ideal candidates for the
production of scaffolds for bone tissue engineering. These two glasses in
granule form have already been tested for in vitro and in vivo properties.
In particular, the new Sr- and Mg-enriched bioglasses BGMS10 and
Bio_MS exhibited high biocompatibility and strong pro-angiogenic ac-
tivity, effectively promoting cell adhesion, proliferation, which are
essential for orchestrating the complex cascade of tissue healing [39].
Moreover, their regenerative potential was assessed by implanting the
granules into rabbit femurs, using 45S5 as the gold-standard reference
under identical conditions. The novel BG formulations exhibited excel-
lent biocompatibility and osteoconductivity, promoting the formation of
uniformly distributed new bony trabeculae, whereas 45S5 resulted in
less uniform coarse trabeculae separated by larger soft-tissue areas [40].

It is important to underline that, in addition to biocompatibility and
osteoconductivity, a fundamental property for bone tissue engineering
applications of biomaterials is their angiogenic potential. In fact, it is
currently strongly argued that the effectiveness of a biomaterial depends
largely on its ability to induce the formation of new blood vessels,
particularly in the case of osteogenesis [41,42].

The purpose of this study is to evaluate the regenerative potential of
Bio_MS and BGMS10 scaffolds produced by the foam replica method,
compared with 45S5 scaffolds, by investigating, with different tech-
niques, the release of specific ions, the angiogenic response and the
osteoconductive potential, inducing the formation of different bone ar-
chitectures in different skeletal regions with different metabolic and
mechanical meaning/implications.

2. Materials and methods

2.1. Production of bioactive glasses and scaffold preparation and
characterization

The composition of the glasses used in the present study is reported
in Table 1. The glasses were produced by melt-quenching, following a
procedure previously described [38]. Briefly, the chemical powders
(SiOZ, Cag(PO4)2, N32C03, CaC03, K2C03, SI'COg, Mg(OH)25H20; Carlo
Erba Reagenti, Rodano-Milano, Italy) were carefully weighed, mixed for
6 h in a plastic vessel rolling on a shaker and melted in a platinum
crucible at 1450°C for 1 h. The molten glass was rapidly cast into water
at room temperature to obtain a frit, which was dried for 12 h at 110°C,
then ground in a porcelain jar for 40 min and sieved to produce a powder
(grain size < 63 pm).

To produce scaffolds using the foam replication method, the glass
powders were mixed with water and polyvinyl binder to form a slurry,
which was stirred for 30 min in a beaker under magnetic agitation.
Polyurethane sponges were used as templates to create samples with the
desired shape and porosity. The sponges were immersed in the slurry,
thoroughly impregnated, removed, and squeezed. This process was
repeated five times, after which the sponges were rapidly dried in a
stream of hot air.

Finally, the samples underwent thermal treatment to gradually
remove the sponge and simultaneously sinter the glass powders. The
thermal treatment involved a heating rate of 2 °C/min up to 500°C,
followed by 5 °C/min up to the final temperature, which was selected
based on prior studies and varied depending on the type of glass (1050°C
for 4585, 750°C for Bio_MS and BGMS10). The samples were held at the
final temperature for 3 h, then removed from the oven and allowed to
cool to room temperature.

X-ray diffraction (XRD) analysis was performed to evaluate the
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Fig. 6. SEM representative images of the tibial proximal diaphyses implanted with the 45S5, Bio_MS, BGMS10 scaffolds. The images below are the enlargements of
the squared area above. Note, in each of the three scaffolds, the different morphological aspect with darker (*) and brighter (#) areas. Note also the black osteocyte

lacunae (circled) well visible inside the new-formed bone adjacent to the BGs.

potential formation of crystalline phases within the fabricated scaffolds
as aresult of the thermal treatment. To this end, the scaffolds were finely
powdered and placed onto a sample holder in order to obtain a flat and
uniform surface. The measurements were carried out using an X-ray
diffractometer (X'Pert PRO, PANalytical, Almelo, The Netherlands)
equipped with a Cu Ka radiation source (A = 1.5406 A), operating at
40 kV and 40 mA. Diffraction patterns were recorded over a 20 range
from 10° to 70°, with a step size of 0.017°. Data acquisition was con-
ducted in continuous scanning mode using a PIXcel3D detector.

2.2. Ionic release

The ionic release from the three scaffolds immersed in Dulbecco's
Modified Eagle Medium (DMEM) (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), supplemented with 10% Fetal Bovine Serum (FBS)
(Sigma Aldrich, Darmstadt, Germany), was evaluated at 16 and 48 h
using inductively coupled plasma optical emission spectrometry (ICP-
OES). The analysis was performed with an ICP-OES 5100 — vertical dual
view instrument (Agilent Technologies, Santa Clara, CA, USA), equipped
with a OneNeb nebulizer and an autosampler. Argon was used as the
internal standard, with a reference wavelength of 420 nm. Calibration of
the measurements was carried out using calibration curves with a cor-
relation coefficient exceeding 0.999. A linear fit was applied to the
calibration, including a blank sample. The precision of the measure-
ments, expressed as the relative standard deviation (RSD) percentage,
was always below 5%. The detection limit (LOD) at the operating
wavelength was 0.01 mg L™! for Sr, 0.1 mg L™! for Si, and 1 mg L™! for
Ca and Mg. In selecting the analytical wavelength for each element, both
signal intensity and potential interferences with the medium were
considered. Prior to analysis, the samples underwent acid digestion by
adding 10% v/v phosphoric acid (H3PO4 96%) and 10% v/v hydrogen
peroxide (H2O2 30%). Calibration curves were generated within the

range of 0.01 — 100.00 pg/mL, using standards prepared in DMEM +
10% FBS and applying the same digestion procedure as used for the
samples.

2.3. CAM assay

Fertilized Isa Brown chicken eggs (sourced from Societa Agricola
Vinifera S.S., Forli, Italy) were gathered post-fertilization and placed in
an incubator (FIEM Mercurius MG244, Como, Italy) under controlled
conditions of 48% humidity and a temperature of 37.8°C. Following our
established protocol, after three days of incubation and embryonic
development (ED3), classified according to Hamburger and Hamilton's
system, 3 mL of albumen were extracted from one end of the eggshell to
facilitate the detachment of the developing CAM from the shell mem-
brane [43]. Subsequently a small opening was created in the eggshell to
assess embryo viability before being sealed with 18 x 18 mm? coverslips
and paraffin. At ED9, bioactive glass scaffolds (45S5, Bio MS and
BGMS10), which had been sterilized under UV light, were implanted
onto the CAMs. Eggs that were either opened and left intact without
grafted materials served as control groups. For each experimental con-
dition, five eggs were used, with a minimum of three independent rep-
licates performed. On the fourth day of incubation (ED13), the eggs were
opened, and images of the CAMs were captured in ovo using a Nikon
SMZ745T stereomicroscope (Nikon Instruments Europe BV,
Amstelveen, The Netherlands) equipped with a digital camera and
X-Entry software (both developed by Alexasoft, Florence, Italy). Pho-
tographs taken at ED13 were analyzed to observe vessel formation
around the BG scaffolds, with angiogenic responses assessed by
comparing grafted CAMs to control samples at 1X magnification. A
consistent circular region surrounding the implanted materials was
selected for analysis. To further assess angiogenesis, WimCAM, a dedi-
cated WIMASIS Image Software for CAM assays, was utilized. This
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Fig. 7. 4585 scaffold: representative SEM micrographs and corresponding X-ray microanalysis results. Specifically, the X-EDS map (A) shows the distribution of
Silicon, labeling both glass and silica gel (sg), and Calcium labeling hydroxyapatite (HA) (or calcium phosphate-rich phase) and newly-formed bone (nb). The SEM
micrograph (B) shows the morphology of the implanted scaffold with the labelled regions: BG, bioactive glass; sg, silica gel; HA, hydroxyapatite; nb, newly-formed
bone. Panels show the X-EDS spectra acquired at selected sites indicated by the label (nb, HA, sg, BG) which confirm the elemental composition of these regions. The
blue squares denote the EDS analysis locations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

software examines the newly formed vessels radiating from the
implanted bioactive glasses by measuring key parameters such as vessel
density, total network length, and the number of branching points.

2.4. Animal model and surgery

Two implantation sites were used in each animal leg. According to
Kanazawa et al., both the epiphysis of the distal femur and the meta-
physis of the proximal tibia were selected because they provide suffi-
cient bone volume [44]. Nine healthy New Zealand White rabbits
(Harlan Laboratories S.r.l., Correzzana, Monza, and Brianza, Italy), each
weighing between 3.5 and 4.5 kg, were used in this study. All procedures
were approved by the Bioethical Committee of the Italian National
Institute of Health and authorized by the Italian Ministry of Health
(Protocol No. 210/2013-B). Prior to surgery, animals were acclimatized
and had free access to food and water. On the day of surgery, animals
were weighed and anesthetized using an intramuscular injection of
xylazine (4 mg/kg; Sedaxylan®, Dechra Veterinary Products S.r.l,
Turin, Italy) and ketamine (30 mg/kg; Imalgene 1000®, Merial Italia S.
p-A., Milan, Italy). After induction, the surgical sites (hind limbs) were
shaved and disinfected. Cylindrical bone defects, 4 mm in diameter,
were created using a Piezosurgery® device equipped with the IM4A

insert tip (Mectron, Carasco, Genova, Italy). Each animal received four
defects: two in the distal femoral epiphysis (one per femur, 6 mm deep)
and two in the proximal tibial diaphysis (one per tibia, 4 mm deep).

Scaffolds were implanted into the defects according to the experi-
mental design outlined in Table 2. Following implantation, surgical in-
cisions were closed in layers using 4-0 glycolide/L-lactide copolymer
sutures (Vicryl®, Ethicon, Johnson & Johnson S.p.A., Pomezia, Rome,
Italy) for deep tissues, and 3-0 silk sutures (Perma-hand® Silk Suture,
Ethicon, Johnson & Johnson S.p.A., Pomezia, Rome, Italy) for skin
closure. Iodine solution was applied to the surgical sites postoperatively
to prevent infection. Postoperative care included a three-day course of
intramuscular antibiotics (enrofloxacin, 10 mg/kg; Baytril® 5%, Bayer
S.p.A., Milan, Italy) and analgesics (buprenorphine, 0.05 mg/kg; Tem-
gesic®, Indivior Italia S.r.l., Milan, Italy) for pain management. Animals
were housed individually, received veterinary care, and were provided
with nutritional support throughout the 60-day follow-up period.

At the end of the study, animals were euthanized under general
anesthesia (xylazine, 4 mg/kg, and ketamine, 30 mg/kg) using an
intravenous injection of embutramide/mebezonium iodide (0.3 mL/kg;
Tanax®, MSD Animal Health S.r.l., Segrate, Milan, Italy). The femurs
and tibias from both hind limbs were harvested and fixed in 10% neutral
buffered formalin (Bio Optica Milano S.p.A., Milan, Italy) for five days.
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4585 scaffold

Fig. 8. 4585 scaffold: SEM micrographs showing the morphology of the scaffold with pores within which newly-formed bone can be observed. Labelled regions: BG,
bioactive glass; sg, silica gel; HA, hydroxyapatite; nb, newly-formed bone. The arrows indicate the enlargements of red squared areas. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

It should be noted from the outset that not all samples have been
suitable for the histomorphometric and histological analyses described
below, as in some cases the scaffold detached and/or the embedding
procedure encountered complications.

On ex vivo samples, SEM observations, X-EDS analysis, histo-
morphometric and histological evaluations were performed.

2.5. SEM, X-EDS and histomorphometric analyses

After fixation, the specimens were dehydrated in an ascending series
of ethanol and embedded in polymethylmethacrylate. Serial sections
(300 pm thick) were obtained perpendicularly to the longitudinal axis of
both femoral distal epiphyses and tibial proximal diaphyses, with a Leica
SP 1600 cutting system (Leica SpA, Milan, Italy). For each specimen, the
section corresponding to the center of the drilled hole containing the BG
scaffold was selected under optical microscope (Eclipse Ni-E, Nikon) and
sputter-coated with an 8-10 nm gold-palladium layer (Emitech K550,
Emitech Ltd, Ashford, Kent, UK) at 25 mA for 60 s for Scanning Electron
Microscope (SEM) analysis. The selected sections were observed with a
SEM-QUANTA 200 equipped with an X-EDS detector (SEM-QUANTA
200, FEI Company, the Netherlands) under low vacuum, using the
backscatter mode and saved (Fig. 1). Local compositional analysis was
performed with energy dispersion X-ray spectroscopy (X-EDS. Inca,
Oxford Instruments, UK).

A collage image using the 100X magnification was obtained by
means of the ImageJ software to perform histomorphometry. To calcu-
late the affinity index - AI (defined as the perimeter of bone in contact
with the scaffold over the scaffold total perimeter), the scaffold perim-
eter was manually outlined with the freehand line function of ImageJ as
well as the bone perimeter in contact with the scaffold.

2.6. Light microscopy histological analysis

Histological analysis was performed under Light Microscope—LM
(Eclipse Ni-E, Nikon): the same section or one adjacent to that used
for SEM analysis (in case this was damaged during stab removal) was
glued to a microscope slide, thinned with fine grain emery papers, and
polished with alumina. A superficial staining was performed with an
alcoholic solution of toluidine blue (2 min at 60°C), then rinsed with tap

water; a few drops of HC1 0.1 N solution were added on top of the section
for 30 s and rinsed; finally, a few drops of an alcoholic solution of basic
fuchsin were added for 30 s and rinsed.

2.7. Statistical analysis

A power analysis was conducted to determine the sample size, using
Cohen's f as the effect size measure. A post hoc estimation of statistical
power based on the total number of analyzed defects (N = 36) suggests
moderate to high power (approximately 0.75-0.95), assuming inde-
pendent observations. The number of animals was determined in
accordance with the 3R principles (Reduction, Replacement, Refine-
ment), which advocate minimizing animal use while preserving scien-
tific validity. As emphasized by Moran et al. [45], preclinical in vivo
study designs should be optimized to reduce animal numbers without
compromising data quality. In this context, the use of multiple defects
per animal represents a well-established and widely accepted strategy in
bone regeneration models.

Implementing multiple defects within the same animal enables intra-
individual comparisons, thereby reducing inter-subject variability and
enhancing experimental efficiency. Previous studies have demonstrated
that such approaches can substantially decrease the number of animals
required while maintaining statistical robustness. This adopted experi-
mental design is consistent with commonly used preclinical approaches
in bone regeneration research and allows an appropriate balance be-
tween ethical considerations and methodological rigor [45,46].

Data obtained from the analysis of angiogenic responses are pre-
sented as mean values & standard deviation (SD). To determine statis-
tical significance among the different BG scaffolds, a one-way ANOVA
was performed, followed by Tukey's post-hoc test for multiple compar-
isons. These statistical analyses and graphical representations were
generated using GraphPad Prism 5 (version 5.00, San Diego, USA).

Histomorphometric data were compared among groups using the
ANOVA test, followed by Bonferroni post hoc analysis. The Student's t-
test was used to compare the Al results for each BG scaffold type be-
tween femur and tibia. All values were expressed as mean + standard
deviation. Statistical analyses were performed using Stata 11 software
(StataCorp LLC, College Station, TX).

The specific p-values indicating statistical significance (*p < 0.05,
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Fig. 9. Bio_MS scaffold: representative SEM micrographs and corresponding X-ray microanalysis results. In particular, the X-EDS map (A) shows the distribution of
Silicon labelling both glass and silica gel (sg), and Calcium labelling of hydroxyapatite (HA) (or a calcium phosphate-rich phase) and newly-formed bone (nb). The
SEM micrograph (B) shows the morphology of the implanted scaffold with the labelled regions: BG, bioactive glass; sg, silica gel; HA, hydroxyapatite; nb, newly-
formed bone. Panels show the X-EDS spectra acquired at selected sites indicated by the label (nb, HA, sg, BG) which confirm the elemental composition of these
regions. The blue squares denote the EDS analysis locations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

**p < 0.01, ***p < 0.001) are provided in the corresponding figure
legends.

3. Results
3.1. XRD analysis of scaffolds

The fabricated scaffolds were ground, and the potential formation of
crystalline phases induced by the thermal treatment was investigated by
XRD. The degree of crystallinity of the glass is known to influence its
ionic release and, more broadly, the biological response of the material.

In the case of the 45S5 scaffolds, the presence of the crystalline phase
Na4CasSicO13 was detected, in agreement with previous reports in the
literature [30]. By contrast, the BGMS10 and BioMS scaffolds were
found to be predominantly amorphous. For illustrative purposes, the
XRD pattern of the BioMS scaffold is presented in Fig. 2.

3.2. Ionic release

The ion release patterns of 45S5, Bio_MS and BGMS10 scaffolds were
analyzed following incubation of the glasses in DMEM supplemented
with 10% FBS for 16 and 48 h to compare the differences among the

three scaffolds. When evaluating their release profiles in direct culture
conditions, the calcium ion release exhibited a similar trend in both
Bio_MS and BGMS10 scaffolds, showing a time-dependent increase and a
significant release compared to the 45S5 scaffold (Fig. 3). The release of
Mg, Si, and Sr ions from Bio_MS and BGMS10 scaffolds was also evalu-
ated, revealing a significantly higher and time-dependent magnesium
ion release (which is also expected, given the higher content) in BGMS10
compared to Bio_MS. In contrast, the silicon ion release levels were
comparable between Bio_MS and BGMS10 scaffolds, but significantly
lower than 4585 scaffold release (Fig. 3). Finally, the release of stron-
tium ions was comparable in Bio_MS and BGMS10 scaffolds at 16 h,
while after 48 h, BGMS10 scaffold released significantly more ions than
Bio_MS scaffold (Fig. 3).

3.3. CAM assay

To evaluate the angiogenic ability of BG scaffolds in in vivo-like
settings, we utilized the Chorioallantoic Membrane (CAM) assay, an
ethical model that mimics physiological conditions, indicated as “in ovo”
model. At embryonic day 9 (ED9), the BG scaffolds (Fig. 4A) were
implanted onto the CAMs. As controls, we included eggs opened but did
not receive any grafted material. After four days (ED13), the vascular
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Bio_MS scaffold

Fig. 10. Bio_MS scaffold: SEM micrographs showing a scaffold region containing a rounded islet of newly-formed bone. Labelled regions: BG, bioactive glass; sg,
silica gel; HA, hydroxyapatite; nb, newly-formed bone. The arrows indicate the enlargements of red squared areas. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

reaction induced by the BG scaffolds displayed newly formed capillaries
spreading radially from the BGs in an irregular pattern (Fig. 4B).
Additionally, a significant number of these vessels exhibited dichoto-
mous branching, a hallmark of a pronounced angiogenic response,
across all analyzed BG scaffolds. Quantitative analysis of angiogenesis
demonstrated that all BG scaffolds exhibited a significantly greater pro-
angiogenic effect than the control CAMs, as evidenced by increased
vessel density and total vessel network length (Fig. 4C), where the vessel
density quantifies the proportion of tubular formations within the entire
image, expressed as a percentage, and the total vessel network length
represents the cumulative length of the tubular structures measured in
pixels. Moreover, among the three scaffolds, BGMS10 showed a signif-
icantly higher vessel density and total vessel network length compared
to 45S5; no significant differences between BGMS10 and Bio_MS scaf-
folds were observed.

3.4. SEM, X-EDS and histomorphometric analyses

Figs. 5 and 6 show SEM representative images of the femoral distal
epiphyses and tibial proximal diaphyses for each of the three BG scaf-
folds (4585, Bio_MS, BGMS10) tested in this study. At low magnification,
it is possible to observe the various morphological aspects of the three
BGs, with darker and brighter areas corresponding to differences in
chemical composition and phases, as reported in the following X-EDS
results (related to Figs. 7-12).

To evaluate scaffold/bone interactions, SEM analyses (including X-
EDS spectra and elemental maps) were performed. The results are shown
in Figs. 7-12: SEM observations of variations in grayscale brightness
allowed the identification of the implantation area and bioactive glass
residues (BG), hydrated silica gel (sg), hydroxyapatite (HA), and new
bone (nb) [47].

After 60 days, the cross-section of the 45S5 scaffold implant (Fig. 7)
revealed the presence of residual BG, which appeared bright and
exhibited a porous structure. In accordance with the known bioactivity
mechanism of BGs [48], a dissolution process was observed: hydrated
silica (sg), together with calcium- and phosphorus-rich precipitates
(from which hydroxyapatite would eventually form, according to the
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model proposed in the literature to explain the in vitro bioactivity of
BGs), appeared as a pale gray shade, while hydroxyapatite exhibited a
lighter color adjacent to sg. However, accurately identifying the
different regions remains challenging. Fig. 7 also shows that new bone
(nb) has grown close to the scaffold; this bone is characterized by
numerous osteocyte lacunae. To confirm these observations, an
elemental map (Fig. 7A) was obtained to visualize the chemical elements
present in the bone/implant area. The maps showed calcium (green)
concentrated in the regions of new bone formation and hydroxyapatite,
while silica (red) was present in the hydrated silica (sg) and residual BG
scaffold areas. Furthermore, X-EDS analyses were performed to deter-
mine the composition of each observed structure (Fig. 7).

To investigate scaffold integration within the treated bone, SEM
images at different magnifications were observed (Fig. 8). Specifically,
the three fields of Fig. 8 clearly show the newly-formed bone (nb) in
contact with the residual BG scaffold that adapts to the morphology of
the pores and, at higher magnifications, the irregular surface and mar-
gins of the residual BG structure, as well as the presence of newly-formed
bone as a result of the bioactivity and osteoconductive properties of the
45S5 bioglass. In broad terms, the various phases of the BG/bone inte-
gration can be identified by the presence of hydroxyapatite precipitates
on the bioactive glass surface, which initially appear as white aggregates
as observed by SEM. These aggregates gradually increase in size until
they form an almost continuous crystalline layer similar to biological
hydroxyapatite, which is essential for scaffold attachment to the bone.
Subsequently, the scaffold supports the growth of newly-formed bone.

Figs. 9 and 10 present the results of the Bio_MS scaffold. Like the
4585 scaffold, Bio_MS exhibits pores with similar circular morphology.
The bone/scaffold interface is highlighted in Fig. 9. Figs. 9B and 10 show
in detail the different phases of the Bio_MS bioactivity process, charac-
terized by the formation of silica gel (sg), which locally appears cracked
in accordance with several studies reported in the literature [38], and
hydroxyapatite subsequently precipitates on the sg layer. In principle,
the chemical reactions leading to the formation of HA on Bio_MS, as well
as those occurring for BGMS10, are analogous to those of 45S5; the main
difference lies in timing [30,38].

As shown in Fig. 10, new bone grows within the pores, starting from
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Fig. 11. BGMS10 scaffold: representative SEM micrographs and corresponding X-ray microanalysis results. In detail, the X-EDS map (A) shows the distribution of
Silicon, labeling both glass and silica gel (sg), and Calcium labeling hydroxyapatite (HA) (or calcium phosphate-rich phase) and newly-formed bone (nb). The SEM
micrograph (B) shows the morphology of the implanted scaffold with the labelled regions: BG, bioactive glass; sg, silica gel; HA, hydroxyapatite; nb, newly-formed
bone. Panels show the X-EDS spectra acquired at selected sites indicated by the label (nb, HA, sg, BG), which confirm the elemental composition of these regions. The
blue squares denote the EDS analysis locations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

the borders of the scaffold, indicating that colonization by mesenchymal
stem cells and osteoblasts has supported osteogenic activity. The newly
formed hydroxyapatite layer on the surface of the BG, with a composi-
tion similar to biological apatite, is therefore functional to provide a
substrate for cell adhesion. The numerous bony lacunae observed indi-
cate an active osteogenic phase. Also in this case, the chemical analysis
performed via X-EDS, together with the morphological features
observable by SEM (see Figs. 9 and 10), allows the identification of silica
gel, which adheres to the residual bioglass (clearly visible as whitish in
the backscattered electron mode) and to the neo-formed layer of hy-
droxyapatite. The HA layer, lighter in color than the sg, is also covered
by newly-formed bone, and the different regions lack sharp boundaries.
On the other hand, HA and newly-formed bone are more easily distin-
guishable from each other by the morphological viewpoint than by X-
EDS analysis about their respective composition. Additionally, these
observations are in line with literature data about variations in BSE
images, where brighter areas indicate mature highly mineralized bone
and darker areas represent less mineralized newly-formed bone [49]. In
regions close to the residual BG, traces of strontium and magnesium
released from the glass during its dissolution are also detectable. In this
regard, the presence of strontium can be beneficial, as it stimulates os-
teoblasts and inhibits osteoclasts, thereby enhancing osteogenesis [50,
51]. Thus, these data seem to confirm the bioactive and osteoconductive
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properties of Bio_MS.

With regard to the BGMS10 scaffold, the porous morphology of the
original sponge (Figs. 11 and 12) and the growth of newly-formed bone
following the scaffold architecture can be observed. The X-EDS spectra
shown in Fig. 11 allow a general identification of the different regions
corresponding to the implanted material, HA, and newly-formed bone.
However, as seen in Fig. 11, these regions do not exhibit clearly defined
boundaries. Their identification therefore also relied on microanalysis,
particularly to distinguish between HA and nb, which displayed a
similar elemental composition. SEM images at different magnifications
(Fig. 12) provided detailed views of the scaffold area and the newly-
formed bone integrated into the scaffold architecture.

It has to be underlined that, after 60 days of implantation, both
Bio_MS and BGMS10 scaffolds demonstrated significant osteogenic po-
tential, likely due to their sustained release of strontium and magne-
sium, ions with well-documented biological effects. Among the two
experimental glasses, Bio_MS appears to exhibit slightly better biological
performance, likely due to its higher calcium content. However, further
studies are needed to confirm this point.

The histomorphometric analyses were performed on the SEM images
in order to evaluate the Affinity Index (AI), as reported in Table 3 that
shows average values measured in the femoral distal epiphyses and
tibial proximal diaphyses for each of the three BG scaffolds. All values
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BGMS10 scaffold

Fig. 12. BGMS10 scaffold: SEM micrographs showing the morphology of the scaffold with newly-formed bone visible. Labelled regions: BG, bioactive glass; sg, silica
gel; HA, hydroxyapatite; nb, newly-formed bone. The arrows indicate the enlargements of red squared areas. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

Table 3
Affinity Index measured in femoral distal epiphyses and tibial proximal
diaphyses.

4585 Bio_MS BGMS10
Femur 253+£99(m=4) 340+ 48" (n=4) 154+3.6(n=5)
Tibia 21.3+83(m=5) 28.7+10.1 (n=4) 182+ 7.2(1m=5)

*p < 0.05 versus BGMS10 Anova test. All values are expressed as mean + SD.

are higher in the Bio_MS group both in femurs and tibiae and particu-
larly significant with respect to the BGMS10 one in the femurs. No sig-
nificant differences were observed between femur and tibia for each BG
scaffold type.

3.5. Light microscopy histological analysis

From a histological point of view, both at the femoral and tibial level,
each BG scaffold shows not-uniform morphology and stainability that
reflect the presence of different phases, as shown by the SEM and X-EDS
analyses (Fig. 13).

In all samples analyzed, the surface of each BG scaffold appears
surrounded by connective tissue, osteoclasts, osteoblasts and newly-
formed bone (Fig. 14). A quantitative analysis has not been performed
due to the presence of many bubbles that did not allow a clear obser-
vation of the entire sections. Nonetheless, as qualitative evaluation, the
presence of osteoclasts is more frequently detectable in the BGMS10
samples compared to the 45S5 and Bio_MS ones (in the latter, in
particular, they are rarely observable), while it is possible to observe

MS10 g

. Tibia BG

Fig. 13. LM representative images of the 45S5, Bio_MS and BGMS10 scaffolds (BG) both at the femoral and tibial level. Each BG is in contact with the newly-formed
bone (nb) stained in pink. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 14. LM representative micrographs of the 4585, Bio_MS and BGMS10 scaffolds (BG) both at the femoral and tibial level showing the morphological features of
the examined sections. Note the primary bone trabeculae with osteocyte lacunae (circles), osteoblast laminae lining the newly-formed bone (arrows) and osteoclasts
(asterisks). Note, also, the absence of cementing lines.

numerous osteoblast laminae lining the newly-formed bone, mostly in significant scaffold degradation emerged. This behavior was observed
the Bio_MS samples compared to the other BG scaffolds. The new-formed using scanning electron microscopy and X-EDS spectroscopy. Regarding
bone, with high cellularity, is primary bone; in fact, it does not show 45S5 scaffolds, SEM analysis confirmed the well-known bioactivity
cementing lines, a sign of absence of bone remodeling. mechanism, in line with the literature, that is glass network dissolution
followed by the formation of a silica-rich gel layer and hydroxyapatite
4. Discussion nucleation [52]. It is worth noting that the 45S5 scaffolds are partially
crystallized due to the sintering temperature (1050°C); on the other
This work aimed to evaluate the regenerative potential of Bio_MS hand, with the other two glasses, it was possible to obtain completely
and BGMS10 bioglasses in the form of scaffolds, in terms of angiogenic amorphous scaffolds [36,38]. The differential dissolution between the
ability, ionic release and bone regeneration of bone defects, compared to residual glassy phase and the crystalline counterpart in 4585 scaffolds
the gold standard bioglass (45S5). may result in a relatively thinner and more porous scaffold residue,
First of all, it should be emphasized that any material/device used for which may compromise the long-term stability of the scaffold archi-
regenerative purposes must have the ability to improve angiogenesis, tecture and limit the mechanical support necessary for bone regenera-
particularly for all those highly vascularized tissues such as bone. In this tion. Indeed, the 45S5 scaffolds differ from those made of BGMS10 and
regard, in the present work the CAM model was used to evaluate in ovo Bio_MS not only in terms of composition but also in crystallinity, which
the scaffold's ability in improving the angiogenesis, an essential pre- has a direct impact on the material dissolution. In this respect, although
requisite for osteogenesis to occur. Primarily, just four days after im- 4585 is intrinsically slightly more reactive than the other two glasses, it
plantation on the vascular membrane of CAM, all BG scaffolds showed becomes partially crystallized as a result of the applied heat treatment
good ability in stimulating the angiogenic effect, that is demonstrated by [30,53]. Consequently, in 45S5 scaffolds, a rapid initial ion release is
the vascular reaction in incrementing the vessel density and the total expected - corresponding to the dissolution of the amorphous phase -
amount of vessel network. In particular, the two new bioactive glasses followed by the persistence of a crystalline phase that is likely to dissolve
(Bio_MS and BGMS10) showed a positive trend with respect to the 45S5 more slowly than Bio MS and BGMS10. The latter two materials are
scaffold. On this basis we concluded that the BGs in the form of scaffold expected to exhibit superior biological performance due to their essen-
can be suitable for a regenerative approach to bone recovery. tially amorphous nature, which is preserved despite the thermal treat-
As far as BGs regenerative ability is concerned, in a previous study of ment. Furthermore, the new BGs benefit, compared to 45S5, from the
ours, Bio. MS and BGMS10 in form of granules, produced from melt- presence of specific ions known for their therapeutic effects. SEM
quenched powders, were implanted in rabbits for short-term (30 days) analysis of these scaffolds highlighted the presence of hydroxyapatite
and long-term (60 days) evaluation [40]. Based on these findings, we aggregates that lead to the formation of a continuous layer, suggestive of
concluded that these bioactive glasses could be promising candidates for mineralization. In accordance with Kokubo and Takadama [54], the
bone tissue regeneration and the development of products such as formation of hydroxyapatite aggregates, progressing to a continuous
scaffolds for biomedical applications. Therefore, in the present study, we apatite layer, is widely recognized as a marker of sustained bioactivity,
fabricated scaffolds using Bio_MS and BGMS10 powders via the foam especially when maintained over extended in vitro or in vivo periods.
replica method and implanted them in rabbit bone, choosing an exper- X-EDS maps and spectra confirmed the co-localization of calcium and
imental period of 60 days, on the basis of data from other authors [13]; phosphorus, validating HA formation [55].
these authors observed that at 30 days from implantation the bone With regard to the differences between Bio_MS and BGMSI1O, it is
regeneration is at onset, observing cell attachment, formation of a important to point out that the network connectivity (NC) of these
silica-rich gel layer and the beginning of hydroxyapatite precipitation, glasses is different [14]. NC is a very important parameter to understand
indicative of early mineralization and preliminary bone bonding. the dissolution behaviour; specifically, the higher the NC, the less
In the present work, the produced scaffolds were implanted in both reactive the BG is. If the NC is above 2.6 the glass is no longer bioactive
femur and tibia to evaluate their long-term effects; at 60 days after due to its resistance to dissolution; in particular, the NC of BGMS10 is
implantation, good evidence of osseointegration and, when present, 2.2, whereas the NC of Bio_MS is 2.1, evidencing the difference between
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the two BGs [56], and explaining the better performance of Bio_MS (see
also the text below, concerning the affinity index).

The different early-stage reaction kinetics are evident from the ion
release tests performed at 16 and 48 h. By measuring the ionic con-
centration in solutions in contact with the three BGs, while the two new
glasses continue to release Ca over time, the 45S5 releases only traces,
presumably because the Ca released by the 45S5 rapidly reprecipitates
on its surface, forming a layer rich in calcium phosphate that quickly
evolves into hydroxyapatite. Similarly, Si release from 45S5 is more
pronounced than from Bio_MS and BGMS10, further reflecting the rapid
dissolution of the residual glass network in the commercial bioglass.
Regarding Sr and Mg, their release is slightly higher from BGMS10,
which, however, inherently contains a greater amount of Mg. However,
it should be hypothesized that the in vivo reaction mechanisms - espe-
cially over long periods (up to sixty days) - are far more complex.

The X-EDS spectra also revealed the presence of strontium and
magnesium in the regions surrounding the implant, as well as in the
newly-formed bone. A potential positive effect of these ions is expected,
since they are known to promote bone formation. In particular, stron-
tium stimulates osteoblasts (bone-forming cells) and inhibits osteoclasts
(bone-resorbing cells), supporting a positive balance for bone growth;
magnesium promotes osteoblast proliferation and differentiation,
improving the quality of newly-formed bone. In a recent work, Bellucci
and coworkers [30] demonstrated that enrichment with strontium and
magnesium improved the physical, mechanical, and biological proper-
ties of bioactive glasses undergoing thermal treatments, as in the case of
the scaffolds investigated in the present study, whose production
involved a sintering step. Both of these features are important for pro-
moting bone regeneration.

The authors are currently conducting further research into the
findings presented here, specifically regarding the possible molecular
mechanisms triggered by the ions released from the scaffold as it
dissolves.

As for the bone regenerative potential in vivo, the histomorphometric
results (Table 3) showed that, in both femurs and tibiae, the Bio_MS
scaffold presents a higher osteoconductive ability (greater values of af-
finity index - AI) with respect to the other bioglasses, in particular with
respect to the BGMS10, that on the other hand always shows the lowest
Al values, even if only significant in the femur. In addition, the failure to
find differences in Al for each BG between femur and tibia, which have
different bone architectures and consequently different metabolism
(higher in femur trabecular bone, compared with tibial compact one)
[57,58], would seem to suggest that the osteogenic response does not
depend on the type of bone architecture of the implanted site but rather
on the different composition of scaffolds. This finding is partially in
contrast with what was found in our previous study with the same BGs
employed in the form of granules in rabbit femurs [40]. In fact, the AI
did not vary significantly among the three BG granules and the values
found at 60 days after implant surgery (same time interval as in this
study) were about twice as high as those found with the scaffolds. This
difference in AI might be due to the different surface to volume ratio,
that is higher in granules with respect to scaffolds, thus allowing gran-
ules to be more surrounded by bone, regardless of both composition and
ionic release.

Observing the newly-formed bone close to all BG scaffolds (histo-
logical results showed in Fig. 14) it is possible to detect the morpho-
logical features (i.e., highly cellular primary bone and the adjacent
osteoblastic laminae) of the two stages of bone formation, always
occurring in sequence during both skeletal organogenesis and bone
repair: ie., first “static” osteogenesis (so called because performed by
cords of stationary osteoblasts transforming into globous osteocytes,
entrapped in large lacunae in the same place where they differentiated,
forming highly cellular primary bone) and, then, “dynamic” osteogenesis
(so called because performed by movable osteoblastic laminae differ-
entiated along the bone surfaces of the newly-formed primary bone by
static osteogenesis) [59,60]. The presence of osteoblastic laminae
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(typical of the second phase of bone deposition, i.e. dynamic osteo-
genesis), lining the newly-formed primary bone, is particularly abun-
dant in Bio_MS specimens, thus leading to the thickening of the primitive
trabeculae formed by static osteogenesis. It can be hypothesized that the
abundance of osteoblastic laminae, indicative of a more advanced phase
of bone deposition, could be correlated in Bio_MS scaffolds to the higher
Al and consequently a higher osteoconductivity found in this type of
BG. This is also in line with the NC parameter (the higher the NC, the less
reactive the BG) explaining the better performance of Bio_MS, showing
lower NC with respect to BGMS10.

On the contrary, the low AI values recorded in BGMS10 samples
could be explained by the presence of many osteoclasts on the scaffold
surfaces that prevent the formation of bone directly in contact with the
BG. The abundance of osteoclasts could be likely explained, in turn, by
the release of Mg from BGMS10 bioglass, whose concentration in Mg is
double with respect to Bio_MS one [61]. Although it is well known that
Mg is very important in new bone deposition acting on osteoblast dif-
ferentiation and proliferation [33], it is also true and interesting that
several studies [61-64] indicate that the increase in Mg ionic concen-
tration, in experiments both in vitro and in vivo, enhances differentiation,
proliferation and osteoclast function. Moreover, increased Mg levels
would also lead to a higher survival rate of osteoclasts, while reducing
the osteoblastic surface, leading to the decreased osteoblast differenti-
ation and the reduction in osteoid surface. This evidence too is in line
with the observation that the lower the NC the more reactive the BG. It is
interesting to underline that this decrease of osteoblastic surface due to
Mg concentration increase, also shown by other authors [63], might
explain in our findings the presence of many osteoblastic laminae in
Bio_MS specimens, where the Mg amount is reduced (almost half) with
respect to BGMS10 samples. Furthermore, it is interesting to note that
magnesium is not always correlated with osteoblastic or osteoclastic
presence. This is highlighted in a recent study of ours [65] in which we
observed that, in C57BL/6J male mice fed a magnesium-deprived diet
for 8 weeks, the bone mass did not vary compared to control mice.

Another aspect to consider is the absence of cementing lines in the
newly-formed bone close to the scaffolds, regardless of the BG
employed. It is interesting to compare this situation (primary bone, i.e.,
bone that has not undergone remodeling, close to the BG scaffolds) with
the previous results published by our group in 2023 [40], using the same
BGs in the form of granules (instead of scaffolds) implanted in vivo. In the
previous experiments (using the same long-term implantation at 60
days) many cementing lines were present in the bone surrounding the
BG granules, indicating that bone remodeling was already underway,
leading to the formation of secondary bone (a more mature bone with
respect to the primary one) characterized by mainly lamellar structure
containing few ellipsoidal osteocytes. On the contrary, in this study, the
newly-formed bone adjacent to the scaffolds has not yet undergone
remodeling (in fact, no cementing lines are visible) and is therefore
primary bone, containing globous osteocytes, as mentioned above.
These differences would suggest that bioglasses in the form of granules
are more effective in stimulating bone remodeling and therefore bone
turnover. This could be explained by the greater specific surface area of
granules compared to scaffolds.

5. Conclusions

In conclusion, the results shown in the present paper strongly indi-
cate that the all three bioglasses show osteoconductive potential, mostly
without significant differences, although Bio_MS scaffold could be
considered the most promising candidate for bone defect repair in
regenerative medicine applications. In fact, having faster ionic dissolu-
tion and higher affinity index than the others, Bio_MS scaffold appears to
be at a more advanced stage of degradation, anticipating the osteo-
genesis phase, as evidenced by the presence of abundant osteoblastic
laminae close to its surfaces. Diversely, in BGMS10 scaffolds, the
sequence of events in response to the BGs appears to be slower, since
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their surfaces are still covered by various osteoclasts, whose erosive
activity precedes the osteogenic one. All these observations are in line
with the stages that temporally follow one another during the repair of
bone defects using BGs, i.e., i) bioglass dissolution by ion release, ii)
bioglass erosion by osteoclast activity, iii) formation of new primary
bone by osteoblastic lamina activity.

The authors, while aware of the need to further investigate the
mechanisms of bone recovery following the implantation of bioglasses,
nevertheless underline the ability of BG scaffolds (in particular of
Bio_MS) to promote bone healing, making them promising materials for
regenerative medicine.
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