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Abstract: Functional reconstruction of bone defects represents a clinical challenge in the regenerative
medicine field, which targets tissue repair following traumatic injuries and disease-related bone
deficiencies. In this regard, the optimal biomaterial should be safe, biocompatible and tailored in
order to promote the activation of host progenitor cells towards bone repair. Bioactive glasses might
be suitable biomaterials due to their composition being able to induce the host healing response and,
eventually, anti-bacterial properties. In this study we investigated whether and how an innovative
bioactive glass composition, called BGMS10, may affect cell adhesion, morphology, proliferation,
immunomodulation and osteogenic differentiation of human dental pulp stem cells (hDPSCs).
When cultured on BGMS10, hDPSCs maintained their proliferation rate and typical fibroblast-like
morphology, showing the expression of stemness markers STRO-1 and c-Kit. Moreover, the expression
of FasL, a key molecule in mediating immunomodulation effects of hDPSCs, was maintained.
BGMS10 also proved to trigger osteogenic commitment of hDPSCs, as confirmed by the activation
of bone-related transcription factors RUNX2 and Osx and the ongoing deposition of extracellular
matrix supported by the expression of OPN and OCN. Our findings suggest that BGMS10 not only
maintains the typical biological and immunomodulatory properties of hDPSCs but also favors the
osteogenic commitment.

Keywords: bioactive glass; stem cells; human dental pulp stem cells (hDPSCs); bone regeneration;
cell culture; strontium; magnesium; high crystallization temperature

1. Introduction

Biomaterials (i.e., ceramics, glasses, metals, polymers, composites) have been widely used to
repair or replace structural parts of the human body [1-4]. Biomaterials should be biocompatible,
intrinsically non-toxic, non-allergenic and non-carcinogenic. Furthermore, based on their response in
the host, biomaterials can be classified as first, second and third generation. First-generation biomaterials
do not induce or undergo chemical or biological changes once in contact with fluids and tissues;
by contrast, second-generation biomaterials can cause a reaction mechanism in biological environment
which result in new bone or tissue formation [5,6]. A further step is achieved by biomaterials of the
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third generation, which promote a specific cellular response at molecular level [7]. Such systems
are designed to gradually degrade and to be replaced by living host tissues. Among biomaterials,
bioactive glasses show the capability to stimulate cells towards a path of regeneration and self-repair,
being suitable for both bone and tissue reconstruction and repair. In the late 1960s, L.L. Hench
developed the first bioactive glass named 45S5 [8]; since then, various bioactive glass compositions
have been developed. Bioactive glasses can be classified as silicate, phosphate, and borate [8,9].
Borate-based and phosphate-based bioactive glasses are suitable for healing applications because of
their high dissolution rate [10]. On the other hand, silicate-base bioactive glasses are the main category
of glasses employed in clinical applications. The advantage of bioactive glasses is that their composition
can be easily tuned to stimulate a specific response in the host or to introduce antibacterial properties,
for example. Therefore, the main direction of investigations should be on the achievement of a better
understanding of bioactive glass compositions in terms of the effects of doping elements, to further
enhance the response in the host once implanted. However, the main drawback of bioactive glasses is
the crystallisation upon thermal treatment, which can reduce or undermine the inherent bioactivity [8].

Recently, an innovative bioactive glass composition, called BGMS10, has been proposed to
overcome the inherent limitations of the state-of-the-art materials. Such bioactive glass was designed to
achieve an ultra-high crystallisation temperature and a low tendency to devitrification, being particularly
suitable for applications that require heat treatment [11]. Moreover, the addition of therapeutic ions
such as strontium and magnesium resulted in an improved biological response [12] also compared to
4555 [13], as reported as well for other bioactive glasses containing Sr and Mg [14-20]. BGMS10 resulted
as suitable for the preparation of composites [21], dental putties [22], 3D printed scaffolds [23],
wound dressings [24,25], and antibacterial systems [26], being very promising also compared to other
bioactive glasses investigated in literature (e.g., [27-32]).

Due to the favourable combinations of properties, BGMS10 seems to be an optimal candidate for the
production of sintered products for clinical trials, such as sintered disks, scaffolds and coatings [33,34].
Before starting with costly in vivo experiments, in the present paper such bioactive glass is tested
by means of in vitro test with human dental pulp stem cells (hDPSCs) as a further investigation.
The choice of hDPSCs as cell source to study cells/materials interaction might be suitable due to
their peculiar embryological origin from neural crest, indeed neural crest stem cells migrate towards
different anatomical districts, including the tissue components of maxillofacial complex. Furthermore,
hDPSCs can be isolated easily from human dental pulp tissue through routine, low-invasive tooth
extraction procedures. After dental pulp digestion, the cells obtained are a heterogeneous cell population
containing different cell types, among which a stem cell niche can be isolated through immune-selection
against stemness markers c-Kit, the tirosin-kinase receptor of stem cells factor, and STRO-1, an antigen
present in a stromal cell population containing osteogenic precursors [35-37]. As reported in literature,
hDPSCs are characterized by a high proliferation rate, low immunogenicity and immunomodulatory
properties, but they also own the capacity to differentiate into different cytotypes such as osteogenic,
chondrogenic, adipogenic, myogenic and neural lineages [38—41]. Moreover, previous studies widely
reported the regenerative potential of hDPSCs in vivo, when applied to animal models of critical size
bone defects [42-44].

Since a potential application of BGMS10 could be the treatment of bone defects caused by trauma
or diseases, it would be interesting to evaluate the stem cells/scaffold interactions in order to predict
the outcome of a potential implant with respect to osseointegration and osteoinduction processes.

Previous studies highlighted that the homeostasis of bone tissue is influenced by Fas ligand,
a transmembrane protein that belongs to the tumor necrosis factor (TNF) family, and seems to play a key
role by inducing osteoclast apoptosis. It has been widely demonstrated by several studies conducted
in vitro and in vivo that hDPSCs can modulate immune/inflammatory response through different
mechanisms, including Fas/FasL pathway. In particular, the activation of Fas/FasL pathway occurs
following the exposure to inflammatory microenvironment which induces apoptosis in T cells [45,46].
Despite FasL expression in hDPSCs has been investigated by different research groups [38,41,46], it is
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still unknown whether different bioactive glass compositions can influence the expression of FasL
in hDPSCs.

To this end, the aim of this study was to evaluate how and whether BGMS10 surfaces
may affect hDPSCs properties, in terms of stemness, proliferation, osteogenic differentiation and
immunomodulatory abilities.

2. Materials and Methods

2.1. Bioactive Glass Preparation

The preparation of BGMS10 has been extensively described elsewhere [11] and is here briefly
summarised. The glass was obtained via a melt-quenching process, starting from SiO;, Ca3(POy),,
NapCOs3, CaCO3, K,CO3, SrCO3, Mg(OH),-5H,0 (Carlo Erba Reagenti, Rodano-Milano, Italy). The raw
powder reagents were melted at 1450 °C in a platinum crucible, in air. The molten glass was rapidly
quenched in water to obtain a frit, subsequently left to dry at 110 °C for 12 h. Glass powders were then
pressed into disks (1 cm ©); and green bodies were heat treated at the temperature of 737 °C to obtain
fully sintered samples. Both unpolished and polished disks were prepared. The polished sintered
disks were prepared by lapping and polishing processes. During lapping sandpapers with different
grain size were used; then, to obtain mirror surfaces diamond polishing slurry was used.

2.2. Bioactive Glass Characterization

First of all, the in vitro bioactivity was verified for the prepared disks. Bioactivity is often measured
as the capability of the material to form a hydroxyapatite (HA) layer once in contact with physiological
fluids [47,48]. The formation of a hydroxyapatite layer in vitro represents a good preliminary test often
used in the literature [49]. BGMS10 showed good reactivity in simulated body fluid (SBF) for tests
previously carried out on sintered samples [11] and bioactive glass granules [12]. Here, to confirm
the results obtained so far, tests were repeated on polished and unpolished disks. SBF was prepared
according to the Kokubo protocol [49] and stored at 37 °C. The pH was adjusted at 7.4 before use.
The samples were extracted from SBF at fixed time points, i.e., 1, 7 and 14 days after immersion.
The microstructure of the sample before and after SBF and the eventual hydroxyapatite layer formation
were observed using an environmental scanning electron microscope, ESEM (ESEM Quanta 200-FEI
Company, Eindhoven, The Netherlands), coupled with an energy-dispersive X-ray (EDS) microanalysis
system (INCA, Oxford Instruments, Abingdon, UK). The microscope was operated in a low-vacuum
mode with a pressure of 0.5 Torr.

Moreover, the mechanical properties of BGMS10 disks were also investigated.
The micro-indentation technique was utilised to obtain both hardness and Young’s modulus of
samples, using a depth-sensing instrumentation. Measurements were performed using Open-Platform
equipment (CSM Instruments, Peseux, Switzerland), with a Vickers indenter tip. The load was set
equal to 100 mN, with a load/unload rate of 200 mN/min. For each indentation, the load-penetration
depth curve was automatically acquired. The Young’s modulus was deduced from the unloading
part of the load-depth curve according to the Oliver and Pharr method [50]. Ten measurements were
performed for each disk and ten different disks were tested and then average values obtained.

2.3. Human Dental Pulp Stem Cells (hDPSCs) Isolation and Immune Selection

This study was carried out in compliance with the recommendations of Comitato Etico
Provinciale-Azienda Ospedaliero-Universitaria di Modena (Modena, Italy), which provided the
approval of the protocol (ref. number 3299/CE; 5 September 2017). Human dental pulp was obtained,
after routine dental extraction, from third molars of adult subjects (n = 3; 30-35 years) who gave their
written informed consent according to the Declaration of Helsinki. Cells isolation from dental pulp
was carried out as previously described [39]. Briefly, dental pulp was harvested from the teeth and
enzymatically digested by means of 3 mg/mL type I collagenase and 4 mg/mL dispase in x-MEM
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(alpha modification of minimal essential medium). A cell suspension was obtained by filtering pulp
onto 100 um Falcon Cell Strainers, then cell suspension was plated in 25 cm? culture flasks and
expanded in standard culture medium [x-MEM supplemented with 10% heat-inactivated foetal bovine
serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin] at 37 °C and 5% CO,.
Following cell expansion, hDPSCs were immune-selected by magnetic activated cell sorting (MACS),
using MACS® separation kit according to manufacturer’s instructions. Two separate sorting were
carried out by using specific antibodies against STRO-1 and c-Kit. The mouse IgM anti-STRO-1 and
rabbit IgG anti-c-Kit primary antibodies (Santa Cruz, Dallas, TX, USA) were detected by the following
magnetically labelled secondary antibodies: anti-mouse IgM and anti-rabbit IgG (Miltenyi Biotec,
Bergisch Gladbach, Germany). For each selection approximately 5 x 10° cells were used. Firstly,
heterogeneous pulp cell suspension was sorted by anti-STRO-1 antibody. STRO-1* cells were then
expanded and subsequently sorted by using anti-c-Kit antibody to obtain a STRO-1*/c-Kit* hDPSCs
population, that represents a purer stem cells population.
All the experiments were performed using STRO-1"/c-Kit* hDPSCs.

2.4. Cell Morphology and Proliferation

Undifferentiated STRO-1*/c-Kit* hDPSCs at passage 1 were seeded at a density of 2.5 x 10 cells/cm?
on BGMSI10 disks in 12-multiwell culture plates and cultured in standard conditions and maintained
in an expansion medium («-MEM, 10% FBS, 1% L-glutamine, 1% penicillin and streptomycin, all from
Sigma-Aldrich, Saint Louis, MO, USA). For each experimental time point (24 h, 4 and 7 days),
6 BGMS10 disks were used and cells were fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 15 min without dissociating them from the BGMSI10 disks. The cells were subsequently
permeabilized with 0.1% Triton X-100 in PBS for 5 min, stained with AlexaFluor546-conjugated
Phalloidin (Abcam, Cambridge, UK) and rinsed with PBS 1%. Nuclei were stained with 1 ng/mL
4’,6-diamidino-2-phenylindole (DAPI) in PBS 1%. DABCO (Sigma Aldrich, Saint Louis, MO, USA)
was used as an anti-fading mounting medium. Cell proliferation and morphology were assessed by
using confocal microscopy (Nikon Al confocal laser scanning microscope), as formerly described
by Conserva et al. [51]. Cell proliferation was evaluated by counting the DAPI-stained nuclei on
10 randomly selected fields measuring 2.85 x 10° um? for each disk by an individual blinded to the
experimental details.

2.5. Evaluation of Stemness Markers in hDPSCs Cultured on BGMS10 Disks

After 24 h and 4 days of culture on each disk, respectively, cells were fixed in 4% paraformaldehyde
in PBS for 15 min and then processed as previously described [39]. The following primary antibodies
were diluted 1:50 in bovine serum albumin 1% (BSA): mouse IgM anti-STRO-1 and rabbit IgG
anti-c-Kit (Santa Cruz, Dallas, TX, USA). Secondary antibodies (goat anti-mouse IgM AlexaFluor48§,
goat anti-rabbit AlexaFluor546) were diluted 1:200 in 1% BSA (Thermo Fisher Scientific, Waltham, MA,
USA). Nuclei were stained with 1 pg/mL DAPI in 1% PBS for 5 min, then disks were mounted
with 1,4-diazabicyclo [2.2.2] octane solution (DABCO, Sigma Aldrich, Saint Louis, MO, USA)
anti-fading medium. The multi-labelling immunofluorescence experiments were performed avoiding
cross-reactions between primary and secondary antibodies. Confocal imaging was done with a Nikon
A1 confocal laser scanning microscope. Fiji Image] software (NIH, Bethesda, MD, USA) was used in
order to process confocal serial sections and to obtain 3-dimensional projections, while image rendering
was performed by Adobe Photoshop Software (Photoshop 7.0, Adobe, San Jose, CA, USA) [52].

2.6. Evaluation of FasL Expression in hDPSCs Cultured on BGMS10 Disks

In order to investigate the maintenance of immunomodulatory properties of hDPSCs cultured on
BGMS10 the expression of FasL was investigated in cells after 24 h and 4 days of culture. Rabbit anti-FasL
(Santa Cruz, Dallas, TX, USA) primary antibody was used at dilution of 1:100 and then revealed by a
goat anti-rabbit AlexaFluor488 secondary antibody (Thermo Fisher Scientific, Waltham, MA, USA),
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diluted 1:200. Nuclei were stained with 1 ug/mL DAPI in PBS. Confocal imaging was performed as
described above.

2.7. Osteogenic Induction

In order to evaluate the ability of the BGMSI10 surfaces to influence osteogenic differentiation, cells
were seeded at approximately 2.5 x 103 cells/cm? on these disks. After one week of culture, the standard
culture medium was replaced with the osteogenic medium (x-MEM, 10% FBS, 2 mM L-glutamine,
100 U/mL penicillin, 100 mg/mL di streptomycin, 100 nM dexamethasone, 10 mM di 3-glycerophosphate,
all from Sigma-Aldrich, St. Louis, MO, USA). After 3 weeks of induction, the expression of typical
differentiation markers, such as RUNX2, osterix (Osx), osteopontin (OPN) and osteocalcin (OCN),
was investigated by immunofluorescence analyses as described above. The following primary
antibodies were used, at a 1:100 dilution: rabbit anti-RUNX2, mouse anti-OPN, mouse anti-OCN
(Abcam, Cambridge, UK) and rabbit anti-Osx (Gene-Tex, San Antonio, TX, USA).

2.8. Statistical Analysis

All the experimental evaluations were performed in triplicate. Data were expressed as mean
+ standard deviation (SD). Differences among three experimental samples were analyzed by analysis
of variance (ANOVA) followed by Tukey’s post hoc test (GraphPad Prism Software version 5 Inc.,
San Diego, CA, USA). In any case, significance was set at p < 0.05.

3. Results and Discussion

3.1. Bioactive Glass Disks Characterisation

Compact and fully sintered samples were obtained. In Figure 1, images for both unpolished and
polished disks are reported. The scanning electron microscope (SEM) images confirm the high degree of
compaction achieved during the thermal cycle. In fact, even if BGMS10 has an ultra-high crystallisation
temperature (932 °C) as previously reported [11], it is possible to sinter it at relatively low temperatures,
i.e., 737 °C. It is worth noting that 4555 is usually sintered at higher temperatures and this results
in extensive crystallization phenomena. Crystallization phenomena can reduce bioactivity [8,53].
Therefore, crystallization temperature is a critical issue for producing amorphous bioactive glasses [54];
a bioactive glass which undergoes partial or complete crystallization could provoke failure in the
structure (i.e., scaffolds, coatings) [55]. Additionally, although it is not of pivotal importance to produce
an amorphous material to have high bioactivity (which is also showed by glass-ceramics materials),
the effort of research was focused on obtaining bioactive glasses that can be easily sintered without
crystallization phenomena [56-58].

BGMSI10 is characterized by a large processing window and it can be sintered without any
crystallization phenomena [11,12]. This is of crucial importance, since crystallization inhibits or at least
reduces bioactivity [8,59], as mentioned.

In vitro bioactivity was confirmed by SBF testing of disks. SBF is an acellular solution with ion
concentration analogous to that of human blood plasma. As can be observed in Figure 2, an abundant
hydroxyapatite layer completely covered the disk’s surface. The EDS analysis confirmed that the
superficial layer had a Ca/P stoichiometric value analogous to that of hydroxyapatite (Ca/P value = 1.67).
Such precipitates of hydroxyapatite are similar to the biological apatite, which is the mineral component
of bone. The HA (precipitated) layer is able to enhance the attachment of implant materials to bone,
and to promote new bone growth. This property is known as osteoconductivity. It is likely that the
response of BGMS10 is favorable also because of the presence of ions such as strontium and magnesium,
whose biological relevance has been confirmed in the literature.
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Figure 1. Scanning electron microscopy (SEM) observation of the BGMS10 disk surface: unpolished—
low magnification (a); unpolished—high magnification (b); polished—low magnification (c);
polished—high magnification (d).

X
"fb‘ '
g

300 um b — 100 um

Figure 2. Simulated body fluid (SBF) tests: HA deposition on BGMS10 disks after 14 days of immersion
(a) and higher magnification detail (b).

The mechanical properties of BGMS10 sintered disks were investigated by means of the
micro-indentation technique. The Vickers hardness of sintered BGMS10 was 731.5 + 48.0 HV (Table 1).
It can be hypothesized that the substitution of some CaO with MgO and SrO had an effect on the
increase of hardness of the sintered bioactive glass. In fact, the comparison of these results with those
obtained in [60] for the sintered BG_Ca-Mix (564 + 47 HV) corroborates this hypothesis. Therefore,
the increase of hardness could be ascribed to the strength of metal-oxygen bond which varies as
MgO > CaO > SrO > BaO [61].
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Table 1. Mechanical properties of BGMS10 disks, as determined by depth-sensing micro-indentation:
elastic modulus and hardness.

Young’s Modulus [GPa] Hardness [Vickers]
54.51 + 3.0 731.5 +48.0

On the other hand, the elastic modulus of BGMS10 was 54.51 + 3.0 (Table 1). Such a value is
higher compared to that of 4555 Bioglass® and lower than the BG_Ca-Mix (35 GPa the former and
between 65 GPa and 122 GPa the latter [62,63]). However, even though the elastic modulus of BGMS10
was lower, BGMS10 disks were well sintered (as reported in Figure 1).

3.2. Stem Cells Morphology and Proliferation on BGMS10 Disks

In order to evaluate hDPSCs morphology, immunofluorescence analysis was performed on cells
stained with phalloidin and DAPI at three different time points: 24 h, 4 days and 7 days. As shown in
Figure 3a, as early as at 24 h of culture cells showed a round-shaped appearance which, after 4 and
7 days of culture, was shifted to the typical fibroblast morphology. These data suggest that BGMS10
composition proves to be favorable to cell attachment and to the maintenance of cell morphology.

(V)
-~

24h 4d 7d

DAPI Phalloidin

80000+
600004

40000+
20000+ T

0 . 2

< > >
o> L A

cells/cm?

Figure 3. Cell morphology (a) and proliferation (b) of human dental pulp stem cells (hDPSCs) cultured
on BGMS10 surfaces at different time points. Immunofluorescence analysis shows representative images
of hDPSCs at 24 h, 4 days and 7 days. On the right, BGMSI10 surface is shown. **p < 0.01 vs. 24 h,
**p < 0.001 7 days vs. 4 days and vs. 24 h. Scale bar: 50 um.

With regard to cell proliferation, as shown in the histograms (Figure 3b), data highlighted a
statistically significant increase in cell number after 4 and 7 days of culture (** p < 0.01 4 days vs. 24 h,
*** 1 <0.001 7 days vs. 24 h and 7 days vs. 4 days), demonstrating that BGMS10 is suitable for hDPSCs
growth through extended culture times.
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3.3. Effect of BGMS10 on hDPSCs on Stemness and Immunomodulatory Markers

hDPSCs were immune-selected against STRO-1 and c-Kit and seeded on BGMSI10 disks.
In order to evaluate the maintenance of their stemness properties, after 24 h and 4 days of culture,
immunofluorescence analysis was performed. To this purpose, the expression of STRO-1 and c-Kit,
two typical stemness markers, was investigated. As shown in Figure 4a, BGMS10 did not affect the
expression of the stemness markers STRO-1 and c-Kit, proving that the stemness properties of hDPSCs,
including the ability to proliferate and differentiate, were preserved when cultured on these surfaces.

DAPI DAPI RUNX2

. . : ;.

Figure 4. (a) Evaluation of stemness markers and FasL expression in hDPSCs cultured on BGMSI10 at
24 h and 4d. (b) Osteogenic differentiation of hDPSCs after 21 days of induction on BGMS10 surfaces.
Scale bar: 10 um.

QO
~

c-Kit

DAPI

DAPI

In parallel, as shown in Figure 4a, confocal immunofluorescence microscopy also revealed that
hDPSCs cultured for 24 h and 4 days on BGMS10 surfaces expressed FasL, a key marker related to
stem cells immunomodulatory abilities. As well known from the literature, mesenchymal stem cells
and hDPSCs as well are characterized by immunomodulatory properties that can be exerted through
different mechanisms, including the Fas/FasL pathway and soluble factors [41,45,46]. It is noteworthy
that when cultured on BGMS10, hDPSCs not only maintained the expression of stemness markers
but also were still positively labeled against FasL. To this end, when evaluating the cells/material
interactions it is primary to keep in consideration how to promote the osseointegration of the implant.
As a matter of fact, a surface capable to maintain the immunomodulatory properties of stem cells
would be suitable for the modulation of inflammatory processes often occurring post-implantation [51].

3.4. Osteogenic Induction

After 3 weeks of osteogenic induction, the expression of the osteogenic markers RUNX2, OPN,
OSX and OCN in hDPSCs seeded on BGMS10 surfaces were evaluated by fluorescence confocal
microscopy analysis. At the end of osteogenic induction, almost all hDPSCs seeded on BGMS10
disks showed the expression of RUNX2 and Osx, bone-related transcription factors, and at the same
time were positively labeled against OPN and OCN, revealing an ongoing deposition of mineralized
extracellular matrix (Figure 4b). Based on this evidence, it can be argued that BGMS10 composition is
able to trigger the osteogenic commitment of hDPSCs after shorter times of induction when compared
to previous findings reporting the ability to reach the osteogenic differentiation at later times under
standard culture conditions [64].
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4. Conclusions

As mentioned, one of the main advantages of bioactive glasses is that their composition can
be tailored, also with the addition of therapeutic ions, to induce a specific response in the host or
to introduce functionalities. Therefore, bioactive glasses can be advantageously employed for their
favourable combination of properties.

Taking advantage of the use of hDPSCs, which constitute a stem cell population with peculiar
properties related to their embryological origin and immunomodulation potential, our study provided
evidence that BGMS10 surfaces are able to preserve such stemness properties and to promote the
deposition of bone matrix-related proteins, due to the osteoconductivity of the surface. Interestingly,
the BGMS10 surface did not alter the immunomodulatory abilities of hDPSCs, which are primary for
the success of the implant and to reach osseointegration.

Therefore, our study demonstrates that BGMS10 can represent an adequate tool for future potential
application in orthopedic and dental implants.
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