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Abstract

Due to the aging of population, materials able to repair damaged tissues are needed.
Among others, bioactive glasses (BGs) have attracted a lot of interest due to their out-
standing properties both for hard and soft tissues. Here, for the first time, two new
BGs, which gave very promising results in preliminary in vitro-tests, were implanted in
animals in order to evaluate their regenerative potential. The new BGs, named BGMS10
and Bio_MS and containing specific therapeutic ions, were produced in granules and
implanted in rabbits' femurs for up to 60 days, to test their biocompatibility and osteo-
conduction. Additionally, granules of 45S5 Bioglass® were employed and used as a
standard reference for comparison. The results showed that, after 30 days, the two
novel BGs and 45S5 displayed a similar behavior, in terms of bone amount, thickness of
new bone trabeculae and affinity index. On the contrary, after 60 days, 45S5 granules
were mainly surrounded by wide and scattered bone trabeculae, separated by large
amounts of soft tissue, while in BGMS10 and Bio_MS the trabeculae were thin and uni-
formly distributed around the BG granules. This latter scenario could be considered as
more advantageous, since the features of the two novel BG granules allowed for the
neo-formation of a uniformly distributed bony trabeculae, predictive of more favorable
mechanical behavior, compared to the less uniform coarse trabeculae, separated by
large areas of soft tissue in 45S5 granules. Thus, BGMS10 and Bio_MS could be consid-

ered suitable products for tissue regeneration in the orthopedic and dental fields.
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1 | INTRODUCTION

Musculo-skeletal problems affect a significant amount of the aging
population; it is estimated that hundreds of millions of people all over
the world are affected by such pathologies. In this scenario, there is
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TABLE 1 Composition (mol%) of BGMS10 and Bio_MS.
Glass Na,O K,0 CaO MgO SrO P,O5 SiO,
BGMS10%4%° 2.3 2.3 25.6 10.0 10.0 2.6 47.2
Bio_MS?® 5.0 - 31.3 5.0 10.0 2.6 46.1

an increasing need for materials able to replace missing or damaged
tissues and capable of contributing to healing. Due to the inherent
limitations of autologous or heterologous implants (such as pain in the
donor site and possible transmission of pathogens), synthetic mate-
rials actually play a major role in tissue regeneration.! 3 Among others,
bioceramics and in particular bioactive glasses (BGs) have been exten-
sively used in recent years, due to their well-known biocompatibility
and regenerative potential. BGs, since their discovery by Hench in
1969, have had a disruptive effect in the field of tissue engineering,
displaying outstanding properties both for hard and soft tissues.”®
Additionally, BGs can elicit an antibacterial effect, which has been
proven to be very beneficial for bone regeneration and healing.”?

The main disadvantage associated with these materials, and in
particular with the original composition 4555 Bioglass® (from here on
referred as 45S5), is their fast tendency to crystallize at relatively low
temperatures (at ~600°C), when subjected to heat treatments
required to obtain sintered products, for example, coatings, scaffolds,
and so forth.'°712 As a matter of fact, such sintered parts are charac-
terized by a reduced bioactivity. Moreover, crystallization can be dan-
gerous, since it may lead to the instability of the implant, because the
residual glassy phase is preferentially degraded by the surrounding
biological environment. Additionally, it should be noted that the ionic
release—which is crucial for the osteogenesis and angiogenesis—might
be very slow in partially crystallized samples; it is important to stress
that the regenerative potential of BGs is markedly influenced by their
jonic release.t®14

Recently, a lot of effort has been put to design alternative formu-
lations, both to lower the tendency to crystallize and to increase the
bioactivity with respect to the original 4555 composition.*>=” In par-
ticular, some specific ions (such as copper, zinc, silver, strontium, and
magnesium) have shown favorable effects in terms of biological
response, and have been therefore named as “therapeutic ions.”1”"2°

For example, magnesium is fundamental for bone metabolism,
increases bone cell adhesion and stimulates new bone formation,?*
while strontium can be employed to stimulate osteogenesis and to
reduce bone resorption in vivo, since it is able to stimulate osteoblasts
and inhibit osteoclasts.?? Many compositions containing such ions
have been described in the literature and the effect of each single ion
was investigated.?®

Among others, the recently developed bioactive glass BGMS10
(see Table 1 for its chemical composition) showed a favorable combi-
nation of properties, that is, an extremely high crystallization tempera-
ture (~932°C) coupled with a very good bioactivity and
biocompatibility (confirmed also by means of an innovative 3D in vitro
model with human mesenchymal stem cells). This BG resulted suitable
for the preparation of a large variety of products, such as granules,

scaffolds, dental putties, wound dressings, composite systems, and

coatings.2425 Moreover, Bio_MS (Table 1), another composition con-
taining strontium and magnesium, has revealed very promising fea-
tures. In fact, such BG exhibited an outstanding biological
performance, better than 45S5, together with a very high crystalliza-
tion temperature and a large processing window, which permits to
obtain completely amorphous products despite the possible thermal

treatment.2®

The biological responsiveness of Bio_MS was evaluated
employing bone marrow mesenchymal stem cells (BM-MSCs) and bas-
ing on an innovative in vitro model, which mimicked the real operating
theater. BM-MSCs were able to colonize the material and undergo
differentiation versus bone lineage, thus demonstrating the excellent
regenerative potential of the novel BG. Bio_MS, due to its outstanding
performance, was patented (Italian patent).

In this work, for the first time, the two novel bioactive glasses
BGMS10 and Bio_MS were tested in vivo in an animal model, to
confirm the excellent behavior outlined by the aforementioned
in vitro tests. This constitutes an important step towards clinical tri-
als. Both BGs were implanted bilaterally in the rabbits' femurs. To
better evaluate the regeneration potential of these new materials,
also the gold standard 45S5 was implanted with the same

procedure.

2 | MATERIALS AND METHODS

2.1 | Bioactive glass granules preparation

The bioactive glasses BGMS10 and Bio_MS were designed and
obtained by melt-quenching techniques, as described elsewhere.?*-2¢
In summary, the raw materials (from Carlo Erba, Italy) were melted in
a platinum crucible in air at 1450°C (heating rate: 10°C/min). The mol-
ten glasses were then rapidly quenched in water and frits were
obtained. The frits were left to dry at about 110°C for 16 h. The
chemical compositions of the BGs are reported in Table 1.

The frits were then ground in alumina jars and subsequently
sieved to obtain granules with proper granulometry (granular size
between 100 and 500 um) to be directly implanted. Such granules

were sterilized by autoclave before surgery.

22 |
granules

In vitro assessment of cytocompatibility on

Preliminary to in vivo tests, BG granules were tested according to the
ISO standard 10993-5 “Biological evaluation of medical devices-Part
5: Tests for in vitro cytotoxicity,”?” to exclude any potential

cytotoxicity.
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The osteocyte-like murine long bone cell line (MLO-Y4) was
selected for cytocompatibility tests (in accordance to the ISO standard
10993-5), since this line concerns the most represented cell type of
bone, target tissue for the bioactive glasses here investigated.?82°
The cell line was cultivated in Dulbecco's modified Eagle's medium
(DMEM) (Euroclone, Milan, Italy) supplemented with 10% fetal bovine
serum (Merck Life Group, Darmstadt, Germany) and 1% antibiotics
(100 pg/mL  pen-streptomycin) (Merck Life Group, Darmstadt,
Germany). Serum-free DMEM was used as a negative control, while
latex was used as a positive control. The same amount of latex weight
(20, 40, and 60 mg) compared to granules was used for the Neutral
Red test. Similarly to MTT assay, latex extracts were obtained by
maintaining a ratio of 6 cm?/mL between the area of the material and
the culture medium, according to the ISO 10993-12 standard of the
reference sample. Since many microorganisms showed optimal growth
at 37°C, the eluate was filtered through a 0.22-um filter as an addi-
tional safety procedure to ensure the elimination of potential micro-
bial species.

Quantitative analyses for the two assays were performed with a
spectrophotometer (Multiskan RE, Thermo Labsystem, Milan, Italy) at
a wavelength of 540 nm for the Neutral Red and 570 nm for the MTT

assay,30‘33 respectively.

2.2.1 | Morphological evaluations

Observation and evaluations of direct contact between BG granules
(at different concentrations) and MLO-Y4 cells were performed after
incubation (for 24 and 72 h), under a light microscope. This assess-
ment was carried out before performing the NR uptake assay.

Microscopic observation included morphological signs that could
indicate cellular suffering such as lysis, swelling, or intracytoplasmic
thickening. Quantitative analysis by optical density (O.D.) gives a value
of the cytotoxicity induced by the material, which is compared with
the value of cells in contact with non-cytotoxic substances (DMEM
without serum as a negative control).>*

The morphology of the granules in contact with MLO-Y4 cells
was also investigated by scanning electron microscopy (SEM) using a
FEI Quanta 200 instrument (Fei Company, Eindhoven, The
Netherlands), coupled to an INCA 350 EDS apparatus (Oxford Instru-
ments, Abingdon, United Kingdom). After 24 h of incubation with the
granules, the cells were rinsed with Dulbecco's phosphate buffer solu-
tion (DPBS), fixed in glutaraldehyde 2.5% (G5882-Sigma-Merck,
Darmstadt, Germany), dehydrated with ascending ethanol scale, sput-

tered by 10 nm layer of gold and observed.®®

222 | NRuptake

Neutral Red (NR) uptake (NR solution N2889 Sigma-Merck,
Darmstadt, Germany) is a widely used test for cytotoxicity evaluation,
applied to assess the number of viable cells in a culture.*® NR is a vital

dye which accumulates in lysosomes of viable cells in culture.

Y sk WILEY-L_2

Cytotoxicity of a material is estimated as a reduction in the NR uptake
into the cell after given periods of time of direct exposure to the
material itself.

Cells (1.5 x 10°/mL DMEM) were seeded and cultured for
24 and 72 h. For each well, different concentrations of granules were
added (20, 40, and 60 mg/mL) and incubated at 37°C + 1°C, 90%
+ 5% humidity and 5.0% + 1% CO?/air. At the end of the incubation,
150 pL of NR solution was added to each well and placed in the incu-
bator for 3 h. Subsequently, the NR solution was discarded and MLO-
Y4 cells rinsed with 150 uL DPBS. Ethanol/acetic acid mixture
(150 pL) was added to each well to extract the NR dye from the cells,
which was subsequently measured with a spectrophotometer
(Multiscan RC by Thermolab, Thermo Fisher Scientific, Helsinki,
Finland) at 540 nm to quantify the extracted solution. All experiments
were replicated three times for each sample, adopting DMEM without
serum (CTRL—) and latex (CTRL+) as terms of reference.

223 | MTT assay

MTT is a widely used colorimetric assay based on the cleavage of a
yellow tetrazolium salt to form purple formazan crystals, as a conse-
quence of mitochondrial enzymes in cells which are metabolic-active.
It is utilized to estimate indirect toxicity and cell viability by spectro-
photometry. Briefly, BG granules were added to the wells containing
MLOY4 cells at a density 1 x 10* cells and incubated for 24 and 72 h.
At the end of the incubation, 10 pL per well of MTT reagent prepared
in D-PBS were then added to each well and incubated at 37°C for 4 h.
A quantity of 100 pL of Dimethyl Sulfoxide (DMSO) was added to
each well and incubated at room temperature for 20 min, then the sol-
ubilized formazan was quantified at 570 nm on an ELISA plate reader.
As previously described, DMEM without serum and latex were used
as references (CTRL— and CTRL+, respectively). The sample extract
was carried out in centrifuge tubes with a ratio between sample and
extracting solution (DMEM without fetal bovine serum) according to
ISO 10993-5.

2.3 | Invivo tests

2.3.1 | Animals and surgery

The scientific literature demonstrates that rabbits are suitable as ani-
mal models for bone implants, because they show a similar bone den-
sity to humans and a higher bone remodeling rate than humans: thus,
faster results and at a lower cost can be collected.3”*® Even if large
animal models are more similar to humans in bone healing mecha-
nisms, the European Communities Council Directive recommends
excluding large animal models (such as dog, sheep and pork) on an
ethical basis, whether a small animal can be effective for the research
purpose.®’ For these reasons, a total of 15 healthy white
New Zealand rabbits (Harlan Laboratories S.r.l, Correzzana, Monza e

Brianza, Italy), with an average body weight of 5 kg, were employed.
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Experiments were conducted in compliance with the Bioethical
Committee of the Italian National Institute of Health and licensed
with Decrees of the Italian Ministry of Health (Protocol Number:
210/2013-B). Animal maintenance, care and surgery were performed
in conformity with Italian law (D.L. No. 26/2014) and European regu-
lation (EEC No. 63/2010).

For surgery, general anesthesia was induced by a mixture of keta-
mine (30 mg/kg body weight—Imalgene 1000, Merial Italia S.p.A.,
Milano, Italy) and xylazine (4 mg/kg body weight—Sedaxylan, Dechra
Veterinary Products S.r.l, Torino, Italy). An additional sedation was
achieved whether necessary through propofol (7 mg/kg—Propovet,
Ecuphar S.r.l, Piacenza, Italy) administered in the marginal ear vein.
Shaving and antisepsis were accomplished on the lower limbs to be
operated, afterwards induction of anesthesia. A 3 cm long skin inci-
sion was accomplished to the lateral skin of the distal femur, and blunt
muscles were dissected to expose the distal femur lateral condyle.
Implant site preparations were performed using a Piezosurgery® unit
with insert tip IM4A (Mectron, Carasco, Genova, ltaly) and irrigation
with sterile saline as coolant. So, by means of this handy and precise

40-42 3 regular and repeatable hole or bone void, 5 mm in

osteotome,
diameter and 10 mm in depth (representing a “critical size defect”),
was obtained. Only one femur implant (i.e., BG material) per side was

placed in each animal as shown in Tables 2 and 3. After materials'

TABLE 2 BG granules implantation in rabbits' left and right
femurs.
Left femur (BG) Right femur (BG)

1 BGMS10 45S5

2 BGMS10 BGMS10

3 Bio_MS Bio_MS

4 Bio_MS 45S5

5 Bio_MS 45S5

6 BGMS10 45S5

Note: Short-term study group (animals sacrificed 30 days after implant
surgery).

TABLE 3 BG granules implantation in rabbits' left and right
femurs.
Left femur (BG) Right femur (BG)

1 BGMS10 4555

2 BGMS10 45S5

3 BGMS10 BGMS10

4 Bio_MS Bio_MS

5 Bio_MS Bio_MS

6 Bio_MS 45S5

7 Bio_MS 45S5

8 BGMS10 45S5

9 BGMS10 45S5

Note: Long-term study group (animals sacrificed 60 days after implant
surgery).

implantation, the surgical flaps were closed in layers and sutured by
4.0 glycolide/-lactide copolymer (Vicryl®, Ethicon, Johnson &
Johnson Spa, Pomezia, Rome, ltaly) and the skin with 3.0 silk
(Perma-hand® Silk Suture, Ethicon, Johnson & Johnson Spa, Pomezia,
Rome, Italy). The sutured area was treated with iodine to prevent
post-surgical infection. Antibiotic (Baytril®, Bayer, Italy) was adminis-
tered intramuscularly for 3 days (enrofloxacin, 10 mg/kg body
weight—Baytril® 5%, 50 mg/mL, Bayer S.p.A., Milan, Italy) and analge-
sic treatments (buprenorphine, 0.05mg/kg body weight—
Temgesic®, Indivior Italia S.r.l, Milan, Italy) were given. The animals
were housed with veterinary care and nutritional supplement in singu-
lar cages during the whole laboratory period.

Implanted rabbits were divided in two groups according to two
different times of euthanasia after the implantation surgery: at
30 days (hereinafter referred to as “short-term implantation
group”) and at 60 days (hereinafter referred to as “long-term
implantation group”). Generally, all the rabbits were eutha-
nized after surgery by intravenous injection of embutramide/
mebezonium iodide (0.3 mL/kg body weight—Tanax 50 mg, MSD
Animal Health S.r.l. Italia, Segrate M, Italy) under general anesthe-
sia with a mixture of xylazine (4 mg/kg body weight—Sedaxylan®,
Dechra Veterinary Products Srl, Turin, Italy) and ketamine (30 mg/kg
body weight—Imalgene 1000®, Merial Italia SpA, Milan, Italy). The dis-
articulated femurs were fixed in buffered formaldehyde, as specified
in the next paragraph.

2.3.2 | Short-term study (rabbits sacrificed 30 days
after implant surgery)

Six rabbits were used: considering two femurs per animal (n = 12),
four samples for each type of bioactive glass (4555, BGMS10, and
Bio_MS granules respectively) were obtained, as reported in
Table 2.

2.3.3 | Long-term study (sacrificed 60 days after
implant surgery)

Nine rabbits were used: considering two femurs per animal (n = 18),
six samples for each type of bioactive glass (4555, BGMS10, and
Bio_MS granules respectively) were considered, as reported in
Table 3.

2.4 | Histomorphometry (scanning electron
microscopy) and histology (light microscopy)

The femoral distal epiphyses were fixed in buffered formaldehyde,
pH 7.4 for 4 days. Then, they were dehydrated in a graded series of
ethanol and embedded in polymethylmethacrylate. The specimens
were serially sectioned (300 um in thickness) in a plane perpendicular

to the longitudinal axis of the femurs, with a Leica SP 1600 diamond
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FIGURE 1 (A) Detail of SEM
micrograph showing how measurements
were performed; B, bone; BG, bioactive
glass granule; ST, soft tissue. (B) Each BG
was manually outlined (red line) and filled
with white color to obtain, respectively,
its perimeter and area. (C) Bone and BGs
were selected with the threshold function
and binarized in white color, while soft
tissue resulted black. (D) The perimeter of
BGs in contact with bone was outlined
(red lines) to calculate the affinity index.

saw microtome (Leica SpA, Milan, Italy) cutting system under water
irrigation. For each specimen, the section corresponding to the center
of the drilled hole containing the BG 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)
for Scanning Electron Microscope (SEM) analysis. Samples were
observed with a SEM (SEM-QUANTA 200, FEI Company, the
Netherlands) under low vacuum, using the backscatter mode at 100x
magnification. The SEM was equipped with energy dispersion X-ray
spectroscopy (EDS, Inca, Oxford Instruments, UK) and was used also
to acquire elemental maps.

Each digital image was saved and analyzed by means of the Ima-
geJ software for histomorphometry. A square Region of Interest (ROIl)
of 2 x 2 mm? was selected and the relative area occupied by BGs
(BG area), bone (B area) and soft tissue (ST area) were calculated.
Briefly, each BG granule was manually outlined and filled with white
color to obtain its area and perimeter (Figure 1, in particular
Figure 1B). With the threshold function, the bone and the BGs were
selected and binarized in white color, while soft tissue resulted black
(Figure 1C). The affinity index (Al), defined as the perimeter of BG
granules in contact with bone over the BG total perimeter, was calcu-
lated (Figure 1D). Moreover, the trabecular thickness (Tb Th) was
evaluated manually measuring in 40 random points the thickness of

the trabeculae present in the ROL.

‘ vt W LEYJ—5

Histological analysis was performed under light microscope—LM
(Eclipse Ni-E, Nikon): the sections adjacent to that used for SEM
analysis were 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 HCl 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.

2.5 | Statistical analysis

For in vitro tests, all results were statistically treated using ANOVA
test followed by Dunnett's multiple comparison test analysis. Graph-
Pad Prism8 software for Windows was used to perform the analysis
and drawing of the graphs.

Histomorphometric data were compared among groups for the
same time point using the ANOVA test followed by Bonferroni's post
hoc analysis; comparison between the same group at 30 and 60 days
was performed with the Student's t test. All values were expressed as
the mean + standard deviation. Stata 11 (StataCorp LLC, College Sta-
tion, TX) software was used for the analysis. A p value <.05 was con-

sidered statistically significant.
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FIGURE 2 Optical microscopy images
4555 of BGMS10, Bio_MS and 4555 granules

after 24 h (A) and 72 h (B) of MLO-Y4
cells incubation in DMEM at 37°C. No
significant change in cellular morphology
(such as lysing and rounding) was
observed.
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3 | RESULTS

3.1 | Invitro tests

The morphological evaluation of MLO-Y4 cells, 24 and 72 h after
positioning BGs in culture medium, was studied by light microscopy,
as shown in Figure 2. The cells were placed in contact with different
amounts (20, 40, and 60 mg/mL) of bioactive glasses' granules to ver-
ify the dose-dependent level of cytotoxicity. There were no signs of
cellular intolerance such as lysis, intracytoplasmic thickening, or mem-
brane alterations at any of the BGs granules concentrations inside the

cell cultures. After 24 h any level of toxicity was not recorded at any

of the concentrations introduced. After 72 h the situation did not
change in terms of cytotoxicity, but an increased cell proliferation was
detected with no significant difference between the two samples
(BGMS10 and Bio_MS), at any concentration as well.

To confirm the cytocompatibility of the glasses in contact with
the cells for 24 h, SEM images were acquired and showed, in presence
of BGs, an optimal MLO-Y4 cell morphology and good cell prolifera-
tion (Figure 3). No cellular suffering state, such as lysis, swelling, or
intracytoplasmic thickening, was evidenced.

On the contrary, a positive stimulation of cell proliferation was
observed, probably related to the gradual degradation of bioactive

molecules, in particular 72 h after cell culture in presence of BG
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FIGURE 3 SEM images of BGMS10,
Bio_MS and 45S5 granules after 24 h of BG MS]_O
MLO-Y4 cells incubation in DMEM at - < >
37°C. The images at higher magnification
(right side) show representative granules
colonized/surrounded by adherent cells
(MLO-Y4). Cells show unchanged
morphology, with flat, oval nucleus and
their typical spindle-shaped cytoplasm.

granules into the well (i.e., NR uptake). The NR uptake assay indeed
evaluates the ability of viable cells to incorporate and store the neutral
red dye within their lysosomes. Due to a hypothetical toxic action of
the materials object of the assessment, alterations of the lysosomal
membrane may occur, resulting in reduced/absent intracytoplasmic
accumulation of the dye. In this process, viable cells are distinguished
from damaged or dead cells.*®

NR uptake after 24 h showed a better result of BGMS10 (60 mg)
compared to the reference material 4555 (60 mg). The test results
read after 72 h revealed a higher O.D. of BGMS10 (40 mg) with

respect to 4555 (40 mg) (Figure 4). Moreover, no significant alteration
in lysosomal activity ascribed to cytotoxic effects of the samples at all
different concentrations was noticed.

Cytocompatibility was further quantitatively assessed on elu-
ates from the samples, using International Standards Organization
(ISO) requirements for eluate preparation and cytotoxicity assess-
ment.2” The MTT assay was applied, to assess possible damage at
the mitochondrial level.#*"#¢ The MTT assay results (Figure 5)
demonstrated samples with an excellent viability performance at
24 and 72h, that is, without induction of damage to the
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FIGURE 4 (A) Cellular viability (NR uptake 24 h) of MLO-Y4 cells

after incubation with Bio_MS, BGMS10, and 45S5 at different
concentrations (20, 40, and 60 mg/mL). (B) NR uptake 72 h of MLO-
Y4 cells after incubation with Bio_MS, BGMS10, and 45S5 at
different concentrations (20, 40, and 60 mg/mL). Statistical analysis
was completed using one-way ANOVA followed by Dunnett's test
(***p <.001; **p < .01; *p < .05). The number of replicates (n) is
equal to 3.
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FIGURE 5 MTT test performed on MLO-Y4 cells after 24 and

72 h of incubation with Bio_MS, BGMS10 and 45S5 eluates.
Statistical analysis was completed using one-way ANOVA followed by
Dunnett's test (*p < .05). The number of replicates (n) is equal to 3.

mitochondrial activity of MLO-Y4 cells. In particular, Bio_MS and
BGMS10 demonstrated a better O.D. compared to 45S5 both at
24 and 72 h.

3.2 | SEM analysis and histomorphometry

The morphological appearance of sections examined under SEM
(Figure 6) is very similar among the three groups at 30 days. In fact, in
all the groups, there are numerous BG granules of various sizes and
shapes that appear largely surrounded by thin bone trabeculae. The
dark areas, representing soft tissue, seem evenly distributed among
bone and granules in all groups. At 60 days, on the contrary, only the
45S5 group shows a different morphological aspect with respect to
both the other two groups at 60 days and to all groups at 30 days; in
fact, it shows large amounts of soft tissue and few scattered BG gran-
ules, surrounded by wide bone trabeculae, that appear less abundant
compared to all other groups. The appearance of the BG granules var-
ies considerably between 30 and 60 days in all groups. In fact, while
at 30 days the granules have well-defined contours with many sharp
corners and are almost completely surrounded by a thin layer of bone,
at 60 days the morphology of granules is more heterogeneous among
the three groups, and granules appear less surrounded by bone. In
particular, only in the 45S5 group, BG granules appear less abundant
and with more rounded aspect than the other two groups, whose con-
tours are not well defined due to dark areas inside the granules that
prevent them from clearly defining their perimeters (Figure 7).

The bioactive bone-bonding mechanism and the formation of
new bone tissue were further investigated by means of X-ray micro-
analysis. Figures 8 and 9 show the results relative to some sections of
the BGMS10 and the 45S5 groups at 30 and 60 days, which are par-
ticularly representative as they show the typical reaction stages of
bioactive implants in biological environment; the results of the
Bio_MS investigation are similar to those of the BGMS10, therefore
they are not shown for the sake of brevity. As widely reported by the

literature,*”48

a common characteristic of BG granules is their time-
dependent dissolution, with concomitant formation of a biologically
active hydroxyapatite (HA) layer on their surface; HA is a mineral
phase structurally and chemically analogous to that of bone and pro-
vides the bonding interface with tissues. According to the protocol
developed by Hench and coworkers,*”*® the HA formation is pre-
ceded and accompanied by a rapid release of alkaline ions and a loss
of soluble silica from the glass surface, due to the breaking of the
Si—O—Si bonds, which leads to the formation of a silica gel layer (sg).
The formation of sg has been observed in all the investigated samples
and it is reported, as an example, in Figures 8 and 9 for BGMS10 and
45S5 glasses. In addition, while after 30 days it is possible to observe
several glass granules which have been partially dissolved by the
physiological environment (particularly for the BGMS10 and Bio_MS
group: see Figure 8A,E), after 60 days most of the glass has almost
completed the reaction process, thus transforming into HA or into
areas rich in silica gel and calcium phosphate; few isolated glass for-
mations are surrounded by sg or HA. This fact is further demonstrated
by the results of the EDS maps in Figure 8E,F, where Si is representa-
tive of both the glass and the silica gel, while Ca is representative of
both HA/calcium phosphate and bone tissue; in particular, the glass
appears lighter than the sg with the backscattered detector of SEM
(i.e., electron-opaque), while the bone has a typical morphology, very
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FIGURE 6 SEM representative
micrographs showing the morphological
aspect of sections examined for each
group (4555, BGMS10 and Bio_MS) at
30 (nh = 12) and 60 days (n = 18). Note
the similar morphological appearance in all
groups, except in the 4555-60 days
group. In fact, this group shows wider
bone trabeculae (B), large amounts of soft
tissue (ST) and less bioglass granules

(BG) with respect to all other groups,
where numerous BG granules appear of
various sizes and shapes, and largely
surrounded by thin bone trabeculae.

FIGURE 7 Detail of SEM
micrographs. (A) Morphological aspect of
a section of the 4555 group at 60 days:
note the wide bone trabeculae (B) and
bioglass granules (BG) with a rounded
outline. (B) Morphological aspect of a
section of the BGMS10 group at 60 days
(similar to Bio_MS): note the thin bone
trabeculae (B) and bioglass granules

(BG) whose aspects are not well defined
due to dark areas inside the granules that
prevent clearly defining their perimeters.
White lines highlight the contour of some
bioglass granules.

different from that of HA. Regarding the 45S5, already after 30 days
it is less frequent to observe the presence of residual glass granules,
as most of the implanted glass has been converted into silica gel and
HA, which in SEM micrographs appears as a lighter region surrounding
what remains of the granules (Figure 9).

Results from histomorphometric analysis, in line with the morpho-
logical appearance, are reported in Table 4. Regarding the bioglass
area (BG area), short-term (30 days) data show no significant differ-
ences among the 45S5, BGMS10 and Bio_MS groups, while at
60 days the average bioglass area is smaller in the 45S5 group with
respect to the two others (significant only vs. Bio_MS group). Long
term (60 days) data show that only the 45S5 group has a significantly
reduced BG area compared to 30 days, while in BGMS10 and Bio_MS
groups the values do not change significantly during time. With regard
to the bone area (B area), no significant differences were found among
the three groups at both 30 and 60 days; moreover, no significant var-
iations are present for each group between 30 and 60 days. The tra-
becular thickness (Tb Th) does not change significantly among groups
at 30 days, while increases significantly at 60 days with respect to
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30 days within each group. At 60 days in the 45S5 group the Tb Th is
higher than novel BGs (significantly only vs. the Bio_MS group). The

area of soft tissue (ST area) did not differ quantitatively among the
three groups at 30 days, while at 60 days the amount of soft tissue is
significantly higher in the 45S5 group with respect to the BGMS10
and Bio_MS groups. Long term (60 days) data show that only the
45S5 group has a significantly increased ST area compared to 30 days,
while in BGMS10 and Bio_MS groups it does not change significantly.
Regarding the affinity index (Al), no significant differences were found
among the three groups at both 30 and 60 days. On the other hand,
in each group, Al value is always significantly lower at 60 days with
respect to 30 days.

3.3 | Light microscopy (LM) analysis

In all groups of the short term study, LM observations (Figure 10)
show that the new bone trabeculae are formed by intramembranous
ossification, both inside the soft tissue and directly in contact with BG
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BGMS10 - 30 days

FIGURE 8 BGMS10 group at 30 and
60 days: representative SEM micrographs
and results of the X-ray microanalysis
(B-D). In particular, (E and F) report the
X-EDS maps showing the distribution of
Si—representative of both the glass and

S the silica gel—and Ca—representative of

both the hydroxyapatite (or the calcium

phosphate rich phase) and the bone
tissue—in the BGMS10 group. B, bone;
BG, bioactive glass; HA, hydroxyapatite;
sg, silica gel.

2 TP

— 60 days

@ = Calcium

granules. Two are the relevant features: (i) most osteocyte lacunae
inside the bone trabeculae are filled by large and roundish osteocytes,
typical of static osteogenesis (see discussion); (ii) bone surfaces are
mainly lined with osteoblastic laminae, clearly visible, involved in
deposition of the osteoid seams.

In the long term study (Figures 11 and 12), bone trabeculae sur-
rounding BG granules show signs of bone remodeling, characterized
by the presence of well-defined reversal lines, interposed between
primary and secondary bone. Relevant features are: (i) primary bone is
characterized mainly by numerous and large lacunae containing
roundish osteocytes, as observed in the short term study, while sec-
ondary bone shows small lacunae containing almond-like shaped oste-
ocytes (see discussion); (ii) numerous osteoblastic laminae are present
on the bone surfaces and some osteoclasts are detectable both close

to some bone trabeculae and BG granules.

4 | DISCUSSION

This preliminary study investigated whether and how the two novel
bioglasses (BGMS10 and Bio_MS), implanted in rabbits' femurs, can
improve and support the healing process of osseous defects, com-
pared to the gold standard bioglass (45S5).

Preliminary in vitro tests, performed to assess the cytocompatibil-
ity on new BG granules, pointed out the good cell adhesion around
the samples after only 24 h of contact. NR uptake and MTT assay
quantitative results were confirmed from a morphological point of
view by both the observations under the optical and electron scan-
ning microscope. Abiraman et al.*’ had in the same way observed
at SEM that the bioactive glasses seeded with fibroblasts (L929)
led to a change in pH following the dissolution and precipitation of

the calcium phosphate complex, which contributed to cell
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FIGURE 9 45S5 group at 30 (A) and
60 (B): representative SEM micrographs

0 days
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and X-EDS maps showing the distribution N
of Si—representative of both the glass and
the silica gel—and Ca—representative of
both the hydroxyapatite (or the calcium
phosphate rich phase) and the bone
tissue. B, bone; BG, bioactive glass; HA,

hydroxyapatite; sg, silica gel.
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TABLE 4 Area of bioglasses (BG area), area of bone (B area), trabecular thickness (Tb Th), area of soft tissue (ST area) and affinity index (Al) in
rabbits implanted with 4555, BGMS10 and Bio_MS bioglasses for 30 (n = 12) and 60 days (n = 18).

45S5

BG area 30 days 41.3+51

BG area 60 days 26.5 + 4.5* versus Bio_MS 60 days versus 4555
30 days

B area 30 days 325+45

B area 60 days 29.9+49

Tb Th 30 days 71.2+33

Tb Th 60 days 117.2 + 18.4* versus Bio_MS 60 days versus 4555
30 days

ST area 30 days 265+49

ST area 60 days 46.6 + 4.1* versus BGMS10 60 days versus Bio_MS
60 days versus 45S5 30 days

Al 30 days 88+7.6

Al 60 days 63.1 + 14.4* versus 45S5 30 days

Note: All values are expressed as mean + SD.

BGMS10 Bio_MS

384+23 45+ 6.3

37+88 415+ 11.2

241 +29 299+1.8

31.7+71 308+7.9

68.8+4 69 +26

96.2 + 16.9* versus 90.8 + 13.4* versus Bio_MS 30 days
BGMS10 30 days

284+ 6.6 254 +43

31.1+5 27.6+£5.6

748 +12.2 798+ 54

56.3 + 6.6* versus 52.1 £ 12.4* versus Bio_MS 30 days
BGMS10 30 days

*p < .05; t-test between 30 and 60 days; ANOVA test among 4555, BGMS10 and Bio_MS.

attachment and cell proliferation of fibroblasts.>® From the results
of this study, the bioactive glasses Bio_MS and BGMS10 showed
good cytocompatibility.

In short term in vivo study (30 days) the histomorphometric and
morphological results indicate that the osteoconductive properties of
the novel BGs have similar performance compared to 45S5. In fact, in
all groups, the amount of new bone and the area occupied by BG
granules, as well as the aspect and thickness of new bone trabeculae
and the affinity index, are similar (Figure 6 and Table 4).

In contrast, in long term in vivo study (60 days), various differ-
ences were observed as far as the performance of the new BGs are
concerned, compared with the gold standard. In BGMS10 and Bio_MS
groups the trabeculae are thin and uniformly distributed around many
BG granules, while in the 45S5 group few BG granules are mainly

surrounded by wide and scattered bone trabeculae, separated by large
amounts of soft tissue (Figure 6 and Table 4). It is important to under-
line that, despite the bone trabeculae being wider in the 45S5 group,
the amount of bone area is similar to all other groups, not only at
60 days but also at 30 days: what changes is the spatial distribution of
the bone trabeculae. In fact, in the 45S5 group, the redistribution of
the bone trabeculae and consequently of the soft tissue is probably
due to the reduction in the number of BG granules, due to their disso-
lution (Table 4). Moreover, on the basis of the histomorphometric
data, it is possible to hypothesize the simultaneous reabsorption of
some trabeculae (close to the site of dissolution of granules) along
with the thickening of those remaining in contact with the undis-
solved granules. In particular, at 30 days in the 45S5 group, all BG
granules are surrounded by thin trabeculae (as confirmed also by the
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FIGURE 10

LM representative micrographs showing the morphological features of sections examined for each group (4555, BGMS10 and

Bio_MS) at 30 days (n = 12). Note the new bone trabeculae (white arrows) formed by intramembranous ossification both inside the soft tissue
and directly in contact with bioglass granules (BG). Most osteocyte lacunae contain large and roundish osteocytes (white circles). Osteoblast

laminae (black arrows) are clearly visible along many bone surfaces.

FIGURE 11

high Affinity Index, Table 4), but over time (between 30 and 60 days)
some granules might be dissolved by biological liquids due to their
high solubility*® and/or be reabsorbed by osteoclast-like cells
(Figure 11—45S5). This fast disappearance of some BG granules could
prevent/decrease new osteogenesis and/or lead to the resorption of
some thin trabeculae close to them, leaving wide areas of soft tissue.
High solubility of these 45S5 granules could also explain their mostly
rounded outline compared to all other groups (Figure 7). At the same
time, the few undissolved 45S5 granules are surrounded by fewer but
thicker trabeculae with respect to those present in the other groups.
This result probably depends on the skeletal homeostasis that
responds in the most appropriate way to the mechanical load®*52 in
other words, in the 45S5 group the fewer and thicker bone trabeculae
are supposed to bear the same mechanical load as the numerous and
thinner trabeculae in the other two groups, since the value of bone

LM representative micrographs showing the morphological features of sections examined for each group (4555, BGMS10 and
Bio_MS) at 60 days (n = 18). Note the bone trabeculae showing reversal lines (white arrows). Primary bone with large and roundish osteocyte
lacunae (white circles) and secondary bone with almond-like shaped osteocyte lacunae (black oval). Osteoblast laminae (black arrows) and
osteoclasts (yellow arrows) are detectable both close to some bone trabeculae and bioglass granules (BG).

area is the same in all groups. Although these results are preliminary
and will need to be confirmed by further investigations, the condition
observed in the novel BG groups (i.e., the presence of thinner and uni-
formly distributed bone trabeculae surrounding both a wider area of
BG granules—that have not dissolved—and a lesser extent of soft tis-
sue) could be advantageous. In other words, from the mechanical
viewpoint, the features of novel BG granules allow for the neo-
formation of uniformly distributed bone trabeculae, compared to the
less uniform coarse trabeculae, separated by large areas of soft tissue,
induced by gold standard 45S5 granules.

Another point to be discussed is the fact that the trabecular bone
area does not change quantitatively between 30 and 60 days in all
groups, but it changes from the qualitative point of view. In fact, at
60 days the presence of cementing lines and the increase in trabecular
thickness (especially in the 45S5 group) clearly indicate the
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FIGURE 12 Detail of BGMS10 from section in Figure 11, as a
representative example, to better visualize the morphological aspects
of osteocytes observed in all groups at 60 days. Two reversal lines
(white arrows) separate the trabecular core (primary bone) from the
peripheral part (secondary bone). Note the different morphology of
osteocytes as reported in Figure 11. OCL, osteoclast.

occurrence of bone remodeling (Figures 11 and 12), a process that
normally allows bone maturation by bone turnover. As it is well

52-56 the process of bone remodeling renews

known in the literature,
the bone structure for life, thus allowing bone structure/mass adapta-
tion to the actual skeletal requirements: first, the osteoclasts resorb
microscopic portions of pre-existing primary bone (mostly woven
bone); then, along the erosion cavities, secondary bone (mostly lamel-
lar bone) is deposited by osteoblasts.>? Thus, the secondary bone is
always outlined by a reversal line that represents (i) the point where
cellular activity was reversed, and (ii) the demonstration that the bone
at 60 days is more mature with respect to the previously secreted pri-
mary bone at 30 days, notwithstanding the total amount of bone is
almost the same.

A further interesting point, that explains the different histologic
fields observed in 30 and 60 days, is related to the existence of two
types of osteogenesis, which imply different conditions regarding
osteocyte morphology and presence/absence of osteoblasts/osteo-
clasts. In the last two decades, several authors have highlighted that
during intramembranous ossification and bone repair, the well-known
dynamic osteogenesis (DO), performed by typical mono-stratified lam-
inae of movable osteoblasts, moving towards the vessels during pre-
osseus matrix secretion, is preceded by static osteogenesis (SO) in
which cords of stationary osteoblasts transform into osteocytes in the
same place where they differentiated.*>>”%? SO is devoted to the
building of the primary bone of trabecular's core, characterized by
woven bone and numerous big globous osteocytes. It is essential for
the subsequent DO, performed by typical movable osteoblast laminae

present on the trabecular surfaces, thus allowing first the thickening
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of the primitive trabeculae, and later the bone remodeling with sec-
ondary bone formation (after the resorption phase of primary bone by
osteoclasts). DO typically leads to the deposition of trabeculae formed
mainly by lamellar bone and containing few ovoidal/ellipsoidal osteo-
cytes. Therefore, the low cellularity and more regular collagen texture
of secondary bone (i.e., lamellar bone) makes bone more resistant
from the mechanical viewpoint with respect to the primary one.®2 4%
In this study, the histological findings at 30 days (Figure 10) reflect
what happens during the initial stages of bone formation and repair
where SO is predominant; in fact, most osteocyte lacunae inside the
bone trabeculae are filled by large and roundish osteocytes. At the
same time, bone surfaces are mainly covered by movable osteoblastic
laminae, involved in the subsequent stages of bone deposition by
DO. After 60 days, the histological findings indicate that primary bone
trabeculae (previously deposited by SO) have been remodeled: in fact,
reversal lines separate the trabecular core of primary bone (Figures 11
and 12), containing roundish osteocytes, from the trabecular periph-
eral parts (secondary bone) containing ovoidal/ellipsoidal osteocytes,
derived from typical laminae of movable osteoblasts. Moreover, also
the presence of osteoclasts, numerous close to some bone trabecular
surfaces as well as to BG granules, confirms that in our model the
bone remodeling is in progress. This process could also explain the sig-
nificantly lower values of the affinity index, which expresses the BG
granules/bone interface, measured at 60 days with respect to
30 days: it is possible that the reshaping of bone trabeculae (depend-
ing on bone remodeling) might be responsible for decreasing the con-
tact with the BG granules.

It is also important to point out that this study should be consid-
ered preliminary, and that further tests would be necessary. In fact,
more samples would be needed, and longer times should be investi-
gated (beyond 60 days) to have a complete long-term study. How-
ever, it is worth noting that, for animal studies, the European
Commission has adopted the principles already exposed in 1959 when
“the three Rs” have been established as the fundamental pillars of ani-
mal experimentation. In particular, “Reduction” states that the number
of animals involved in studies must be the lowest necessary to
achieve scientific evidence.®”*® So, the small number of animals
employed in this study is coherent with the “Reduction” principle and
goes in that direction.

Long-term results suggest that resorption of novel BG granules
appears to be slower than 45S5 ones; therefore, to better under-
stand the behavior of new BGs, longer experimental times (90 and
120 days after surgery) should be investigated.®~"? It is important
to emphasize that, since BGMS10 and Bio_MS have been recently
developed, no data on their dissolution times are available in the
literature. Anyways, even if preliminary, this study can be consid-
ered as an important indication of the promising in vivo behavior
of the novel BGMS10 and Bio_MS. Future work should also
include the in vivo investigation of sintered products from these
two compositions, such as scaffolds or coatings; in this latter case,
residual stresses due to the mismatch of coefficients of thermal
expansion between the glass and the substrate should be

analyzed.”>”3
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5 | CONCLUSIONS
In the present work, two novel bioactive glasses, namely BGMS10
and Bio_MS, were implanted in rabbits to test their potential regener-
ative abilities in bone tissue. Whilst after 30 days such BGs have simi-
lar performance to 45S5, after 60 days their behavior was quite
different. In fact, 45S5 granules were mainly surrounded by wide and
scattered bone trabeculae, separated by large amounts of soft tissue;
on the contrary, even if the amount of bone was similar, in BGMS10
and Bio_MS the trabeculae were thin and uniformly distributed
around the BG granules. Altogether, the novel BG granules have
shown to have a good biocompatibility and osteoconductivity.
Although these results are preliminary and further investigations will
be necessary, the situation observed in BGMS10 and Bio_MS may be
considered as more advantageous: indeed, the two novel BG granules
allowed for the neo-formation of uniformly distributed bony trabecu-
lae, compared to the less uniform coarse trabeculae, separated by
large areas of soft tissue, in 4555 granules.

These findings suggest that BGMS10 and Bio_MS are promising
candidate materials for tissue regeneration, for example, for the reali-
zation of products such as coatings and scaffolds for the orthopedic

and dental fields.
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