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ARTICLE INFO ABSTRACT

Keywords: Objectives: This study aimed to develop an innovative 3D in vitro model based on the biphasic calcium phosphate
Biphasic Calcium Phosphate (BCP) (BCP) scaffold combined with human osteoblasts (hOBs), osteoclasts (hOCs), and endothelial cells to evaluate its
Scaffold

effects on bone and vascular cells behavior.

Methods: To this end, an optimized mixture of hydroxyapatite (HA) and p-tricalcium phosphate (TCP) with a
weight ratio of 30/70 was employed to develop a BCP scaffold using the computer-aided design (CAD) approach.
The BCP scaffold was combined with primary cultures of hOBs, hOCs and human umbilical vein endothelial cells
(HUVECS).

Results: Morphometric analyses using scanning electron microscopy (SEM) and X-ray micro-computed tomog-
raphy, along with biomechanical testing, revealed that BCP scaffold exhibited a regular 3D structure with large
interconnected internal pores (700 um) and high mechanical strength. In terms of biological behavior, after 14
days of tri-culture with hOBs, hMCs and HUVECs, SEM, immunofluorescence, and histological analyses showed
that all cell types were viable and adhered well to the entire surface of the scaffold. Interestingly, SEM and
energy-dispersive X-ray spectroscopy analyses also revealed on the BCP scaffold the presence of mineralized
matrix crystals of Ca, P, O and C within a tissue-like cell layer produced by the interaction of the three cell types.
Conclusions: Data confirmed the high performance of the BCP scaffold through biomechanical studies. Notably,
for the first time, this study demonstrated the feasibility of combining BCP scaffold with hOBs, hOCs, and
HUVEC, which remained viable and maintained their native phenotypes, creating also tissue-like cell layer.
Clinical significance: Although further investigation is needed, these results underscore the potential to develop a
3D in vitro model that mimics the oral microenvironment, which could be valuable for BTE approaches in vivo

3D printing
Tissue engineering
Jawbone regeneration

studies.
1. Introduction dental elements. To date, autologous bone grafting is considered the
"gold standard" for jawbone regeneration [1-3]. However, despite its
Bone regeneration is an essential process following jawbone losses in efficacy, this approach presents a spectrum of complications. The main
volume and functionality, whether due to tumors, trauma, or loss of challenges associated with autologous bone encompass the morbidity
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linked to the donor site, potential bleeding complications, chronic pain,
and additional concerns like diminished graft vascularization and
heightened resorption rates in the post-operative phase. Addressing
these multiple issues is critical to promote advancements in the field of
bone grafting for jaw reconstruction and enhancing patient outcomes. In
this context, a crucial aspect to highlight is the employment of special-
ized scaffolds developed exploiting bone-substitute biomaterials that
include inorganic or organic, natural, or synthetic materials. Various
studies have underscored that scaffolds should not be perceived solely as
structural frameworks aimed at mechanically replacing the natural bone
extracellular matrix (ECM). Instead, they should be recognized as
indispensable tools facilitating cell adhesion, proliferation, and differ-
entiation, thereby orchestrating the subsequent development of new
bone tissue [4].

In this regard, during three decades of in-depth research on bio-
materials aiming at the creation of customized scaffolds as substitutes
for autologous bone grafts, some authors have proposed and analyzed
different materials and structural designs. Among these, the advantages
of using hydroxyapatite (HA) and p-tricalcium phosphate (TCP) in the
30/70 mixture (HA/TCP) have been widely observed [5,6]. The success
of this biomaterial fundamentally lies in its slow but reliable reabsorp-
tion, closely linked to the kinetics of the patient’s bone turnover, which
is further influenced by the mechanical stimuli received. In this context,
vessels’ spatial distribution has great impact within the bioengineered
bone substitutes [7]. Indeed, it is well known that vascularization is one
of the most crucial challenges in bone tissue engineering, as diffusion of
nutrients and oxygen, along with waste exchange, is required to support
osseointegration and osteogenesis during bone healing and regeneration
processes: if cells are >100-200 pm far from the nearest blood vessel,
they die due to lack of oxygen and nutrients [8,9]. However, to date,
efforts to create vascularized bone substitutes in vitro are not satisfac-
tory, and effective application of tissue-engineered vascularized bone
grafts in clinical cases of large bone defects is very limited [6,10,11].

Moreover, scaffold pore sizes are well known to be crucial parame-
ters for tissue ingrowth and vascularization, as high porosity (total
porosity > 50 %) and large pores may enhance bone ingrowth and
integration of the biomaterial. Based on the early investigations, the
minimum recommended pore size for a scaffold is 100 pm. However,
subsequent studies have shown that a porous sizes in the range of 300 to
400 pm could improve bone tissue formation [12-14].

In this context, we have widely shown, by in vitro and in vivo studies,
that customized HA/TCP, produced by three-dimensional (3D) printing
and with a 3D grid-like structure, is highly reminiscent of cancellous
porous structure. Moreover, we have also demonstrated that, from 5 to 6
months after grafting, it exhibits good performances both in terms of
bone regeneration and vascularization of non-critical oral bone defects
[11,15]. Our previous studies allowed also to validate novel diagnostic
tools, like the use of synchrotron phase tomography for simultaneous 3D
imaging and quantitative analyses of microvascularization and bone
microstructure [7,16,17].

However, in the case of critical (large) bone defects [18], the pres-
ence of a porous structure may be insufficient to achieve the total
vascularization of the graft; thus, the production of engineered large
vascularized 3D constructs is still a critical challenge.

Therefore, in recent years, awareness has grown of the need to
develop in vitro systems that replicate, as faithfully as possible, the
characteristics of the tissue microenvironment of the jawbone [19]. This
has a dual objective, namely an in-depth knowledge of the jaw biological
environment, associated with the development of effective therapeutic
approaches in case of large bone defects. This is a major current chal-
lenge in regenerative dentistry, especially in bone tissue engineering
(BTE) approaches aimed at repairing damaged bone tissue, caused by
either bone tumor resection, traumatic injury, or congenital malforma-
tion [20]. However, the response of the tissue microenvironment to
bone repair scaffold implantation in the defect area, is not always so
predictable. This unpredictability can be due to several reasons,
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including patient characteristics and local adverse events, such as
inflammation or infection [21]. Therefore, BTE is encouraged to
consider patient-specific and trauma-specific parameters to achieve the
production of tailored scaffolds inspired by the principle of "personal-
ized medicine", as reported in recent reviews [22-24]. Aiming at this
purpose requires careful study on how to replicate and optimize the in
vivo jawbone microenvironment using ex vivo and/or in vitro models.
Therefore, nowadays, research is defining in vitro preclinical validation
platforms where scaffolds under exam aspire to provide a 3D system
combining bone-forming cells (osteoblasts), bone-resorbing cells (oste-
oclasts), and vascular cells (endothelial cells) [25]. The main purpose of
this setup is to generate a 3D structure with a spatial organization that
replicates the cell-cell and cell-matrix interactions together with the
different biochemical signals, useful to evaluate the potential of a given
scaffold. In this respect the choice of cell source able to mimic the bone
microenvironment is therefore crucial. Bone cells isolated from different
skeletal sites (and embryonic layers) show different proliferation rate,
ability to mineral matrix deposition and, not least, angiogenic activity
(VEGF secretion) [26].

In accordance with these principles, the present study focuses on a
biphasic calcium phosphate (BCP) scaffold printed with an advanced
robocasting method. The objective is to evaluate scaffold properties and
behavior when human osteoblasts, osteoclasts, and vascular cells are
seeded on it. Indeed, BCP bioceramics, created by blending and sintering
non-resorbable HA [Ca;¢(PO4)s(OH),] with resorbable TCP [Ca3(PO4)2]
[27,28], represent highly suitable material for synthetic oral bone sub-
stitutes since HA provides a stable scaffold for new bone formation
through both its osteoconduction and osteoinduction properties. In
addition, the dissolution of B-TCP oversaturates the local environment
with Ca?" and PO3~ ions, thereby expediting the induction of bone
formation within the porous spaces of the biphasic constructs [29].

Based on these assumptions, herein we developed an innovative BCP
3D scaffold, characterized by a greater definition of macro- and micro-
scopic details as projected by computer-aided design (CAD). Interest-
ingly, the BCP scaffold structure was designed with defined micro-sized
channels and in larger interconnected pores (>300 pm) to aid and
potentially guide both the osteo- and angiogenic process [14,30]. The
innovative printing method is capable of creating curved struts, which
are expected to significantly enhance biomechanical performance. This
allows for the formation of large pores, leading to an improved biolog-
ical invasion of even structures with a greater volume. Taking these
considerations into account and aiming to mimic the characteristics of a
jaw tissue microenvironment, this study aimed to evaluate the impact of
the BCP scaffold on both bone-derived and vascular cells. The focus was
on promoting both bone tissue regeneration and new blood vessel for-
mation, which are essential in presence of a large bone defect. Therefore,
we employed a novel triculture system, previously unused, where pri-
mary human osteoblast, human monocytes (as osteoclast precursors),
and endothelial cells were seeded onto the BCP scaffold.

This study aims to investigate the influence of the BCP scaffold on the
behavior of cells from different origins. Additionally, it highlights the
advantages and limitations of a 3D in vitro bone model as a platform for
designing and testing effective oral bone tissue (BTE) approaches, as
well as for evaluating regenerative therapies in dentistry.

2. Materials and methods
2.1. BCP scaffold production

The ceramic scaffolds used in this study were fabricated by direct
rapid prototyping technique dispense-plotting (RePore, Biomed Center,
Innovation gGmbH, Bayreuth, Germany), similar to robocasting but
deploying a rheometrically defined slurry and much finer needle
diameter [31]. A virtual scaffold model was designed with a cylindrical
outer geometry by using 3D CAD software (SolidEdge, Siemens PLM
Software). The size of the model was adapted to the shrinkage of the
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ceramic material in the subsequent sintering process. The inner geom-
etry, i.e., the pathway of the material rods, was defined by custom-made
software that generates the control commands of the rapid prototyping
machine. To build up the green bodies, material rods consisting of a
paste-like aqueous ceramic slurry were extruded from a cartridge
through a nozzle and deposited using an industrial robot (GLT Pforz-
heim, Germany). A micro-stepping displacement control unit was used.
In this study, HA and TCP powders (Merck, Germany) were blended to
get a biphasic powder mixture with a HA/TCP weight ratio of 30/70.
The characteristic rheological behaviour of the aqueous biphasic
ceramic slurry was achieved by thermal treatment of the raw powder at
900 °C for 1 hour and by adding a compatible binder/dispersant system
of organic additives of 10.5 wt percentage (wt.%) relative to the mass of
ceramic powder. The rod deposition was controlled in x, y, and z di-
rections to assemble 5 mm x 5 mm x 5 mm cubic scaffolds layer by layer
on a building platform. By rotating the direction of the rod deposition by
90° from layer to layer a 3D network with an interconnected pore
structure was generated. The assemblies made of ceramic slurry were
dried at room temperature and subsequently sintered with a stepwise
heat increase to remove the organics, holding for 30 min at 420 °C, then
increasing to sinter at 1250 °C for 1 h By preparing the slurry homo-
geneously without aggregates larger than 100 um and free of air bub-
bles, a 0.22 um needle was used, allowing for exact control of the rim
and pores even in these small dimensions.

2.2. BCP scaffold imaging methods

The top and lateral sides of BCP scaffolds were studied by Tescan
VEGA3 (Tescan Company, Brno, Czech Republic) scanning electron
microscope (SEM). SEM micrographs of fractured surfaces were also
acquired after the mechanical compression test.

X-ray micro-computed tomography (XuCT) analyses were performed
by a Bruker Skyscan 1174 system (Bruker, Kontich, Belgium), to verify
the 3D structure geometrical accuracy and the presence of (eventual)
residual powder. Projections were obtained with the following experi-
mental parameters: X-ray tube voltage = 50 kV; cathode current = 800
pA; pixel size = 6.5 pm; total rotation angle = 180°; rotation step = 0.4°;
exposure time per projection = 10 s; aluminum (Al) filter thickness = 1
mm. Projections were processed in stacks of cross-sectional slices by the
SkyScan reconstruction program NRecon (v. 1.10.6.2, Bruker, Kontich,
Belgium) under the following conditions: smoothing = 3; ring artifacts
reduction = 7; beam hardening correction = 70 %. The 3D models of the
BCP scaffolds were obtained by the SkyScan CT-Vox software (v. 3.3.0,
Bruker, Kontich, Belgium).

2.3. BCP scaffold mechanical tests

The mechanical performance of the BCP scaffolds was investigated
by uniaxial compressive tests in 5 x 5 x 5 mm® samples. A SkyScan
Material Testing Stage coupled to the 1174 X-ray microtomographic
system was employed with the following characteristics: maximum
compression force of 440 N, displacement sensor accuracy of + 0.01
mm, load measurement accuracy of + 4 N (£ 1 % of the full range), and
maximum object diameter and height (in compression mode) of 20 mm
and 23 mm, respectively.

2.4. Human osteoblasts

Human osteoblasts (hOBs) were obtained from vertebral lamina
samples discarded during spinal surgery to remove the lumbar herniated
disc. Bone fragments were obtained from 3 donors (n = 3; mean age 34
years, 2 males and 1 female, Pfirrmann grade 3-4) using research pro-
tocol approved by the Ethics Committee of the S. Anna Hospital (pro-
tocol no 160,998, approved on November 17th, 2016). Briefly, bone
fragments were placed in sterile phosphate-buffered solution (PBS) at 4
°C and dissected within 16 h after removal. From each patient, with no
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comorbidity, bone chips were minced into smaller pieces, as previously
reported [32] washed twice with PBS, plated in T-25 culture flasks
(Sarstedt, Niimbrecht, Germany), and cultured in 50 % DMEM
high-glucose/50 % Ham’s F12, supplemented with 10 % FCS, 1 mM
1-Glutamine, antibiotics (penicillin 100 pg/mL and streptomycin 10
pg/mL). Upon detection of a cell colony from the bone fragments (after 7
days), the cells were expanded until confluent (passage zero, PO). The
cells were then harvested after treatment with 0.05 % trypsin ethyl-
enediamine tetraacetic acid (Sigma-Aldrich), washed, counted by
hemocytometric analysis, and used for further experiments (passage 1 to
passage 3). During the culture period, cells were incubated at 37 °Cin a
humidified atmosphere of 5 % CO,, and the medium was changed every
3 days. For osteogenic differentiation, hOBs were cultured for up to 14
days in an osteogenic medium (OM) consisting of DMEM high-glucose
10 % FCS, 10 mM p-glycerophosphate, 100 nM dexamethasone, and
100 pM ascorbate.

2.5. Human monocytes

Human monocytes (hMCs), as osteoclasts precursors were isolated
from the human peripheral blood (PB) of four healthy donors (n = 4, 2
males and 2 females, median age 46) after informed consent (protocol
no 0,110,952, approved on November 30th, 2015) by using sequential
density gradient centrifugations over Ficoll (Merck KGaA) solution.
hMCs were then cultured in basal medium (DMEM high-glucose sup-
plemented with 10 % FCS, 1 mM I-Glutamine, penicillin 100 pg/mL and
streptomycin 10 pg/mL) until seeding on BCP scaffolds.

2.6. Human umbilical vein endothelial cells

Human umbilical vein endothelial cells (HUVECs) were isolated from
umbilical cords collected immediately after delivery (36-40th gw) from
randomly selected healthy Caucasian mothers at the Hospital of Chieti
and Pescara (Italy). All procedures adhered to the ethical standards of
the Institutional Committee on Human Experimentation (Protocol no.:
1879/09COET) and with the Declaration of Helsinki Principles. Signed
informed consent was obtained from each participating subject. In
detail, after perfusion of umbilical vein cords with 1 mg/mL of Colla-
genase 1A at 37 °C, explanted HUVECs were grown in 1.5 % gelatin-
coated tissue culture plates in endothelial growth medium (EGM)
composed of DMEM/M199 (1:1) added with 1 % l-glutamine, 1 %
Penicillin-Streptomycin, 20 % FBS, 10 ug/ml heparin and 50 pg/ml
Endothelial Cell Growth Factor. For the experiments, HUVECs between
the third and fifth passages were used. For cellular visualization, 4 x 10°
HUVECs were treated with 5 mM CellTracker ™ Green CMFDA (Thermo
Fisher Scientific, Waltham, MA USA) for 30 min, trypsinized, and seeded
on a BCP scaffold. After 4 days, samples were observed under a fluo-
rescence microscope (Nikon, Optiphot-2; Nikon Corporation, Tokyo,
Japan) using the filter block for fluorescein.

2.7. BCP scaffold seeding and cell culture

Once the BCP scaffold was manufactured, bone and vascular cells
were seeded on it to study its biological behavior, following the exper-
imental plan shown in Fig. 1 and described below.

In the first experimental group (BCP+hOBs/hMCs; n = 3), hOBs and
hMCs were seeded on a BCP scaffold pre-soaked in basal medium (10
min). In detail, 5 x 10* hOBs were previously seeded, and after 24 h
(time 0), 5 x 10* hMCs were added to the scaffold. Then, hOBs and
hMCs were co-cultured in OM for up to 14 days (Fig. 1a).

In the second group (BCP+HUVECs; n = 3) only vascular cells were
employed. BCP scaffolds were pre-soaked in gelatin 1.5 % solution for
10 min (37 °C) and seeded with 2 x 10° HUVECs cultured in EGM for up
to 7 days (Fig. 1b).

For the tri-culture system (third experimental group; BCP+hOBs/
hMCs/HUVECS; n = 3), HUVECs were seeded 2 x 10° on 1.5 % gelatin-



D. Mandatori et al.

Journal of Dentistry 151 (2024) 105411

hOBs hMCs
(5x10%) (5x10%) oM
| !
l 1 1 l ] (a)
[ | | I |
L4 0 1 % 14d
% |
”
g Viability, Histology
HUVECs SEM and IF
(2x109) EGM
1 (b)
| | ]
| | |
0 1 7
[
S Viability, Histology
BCP Yo
SEM and IF
scaffolds *a
EGM EGM
HUVECs hOBs hMCs
(2x10) (5x10%) (5x10%) oM
| ! |
l ] l ; ]
C
| 1 1 | (©)
3 0 1 7 14d
|
Viability, Histology
SEM and IF

Fig. 1. Experimental plan for culturing human osteoblasts (hOBs), human monocytes (hMCs), and human umbilical vein endothelial cells (HUVECs) seeded on
biphasic calcium phosphate (BCP) scaffold. The three following experimental group were set up: a hOBs (5 x 10%) and hMCs (5 x 10*) seeded and co-cultured on BCP
scaffold for up to 14 days in osteogenic medium (OM) (BCP+hOBs/hMCs); b HUVECs (2 x 10°) seeded and cultured on BCP scaffold for up to 7 days in endothelial
growth medium (EGM) (BCP-+HUVECs); ¢ hOBs (5 x 104), hMCs (5 x 104), and HUVECs (2 x 10°) seeded and cultured on BCP scaffold for up to 14 days in OM and
EGM (BCP+hOBs/hMCs/HUVECs). Each experimental group was analyzed in biological triplicates (n = 3). Scanning electron microscopy (SEM), immunofluores-

cence (IF).

coated BCP scaffold and cultured in EGM. After 72 h, 5 x 10* hOBs were
added and EGM was changed to OM. After a further 24 h also 5 x 10*
hMCs were seeded on BCP scaffold and cultured for up to 14 days
(Fig. 1c).

Preliminary experiment has been performed to determine the best
cell seeding densities and the timeline of the co-culture system
(Fig. Supplementary 1)

2.8. Cell-engineered BCP scaffold characterization by scanning electron
microscopy (SEM)

Cell adhesion and morphology were investigated by SEM analyses.
Specifically, the BCP scaffold with cultured cells was fixed with a solu-
tion of 3.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer
(C2HeAsO; Na) and kept at a temperature of 4 °C. Afterward, samples
were post-fixed with 2 % OsO4, washed in distilled water, dehydrated
with ascending series of alcohol, and finally immersed in hexame-
thyldisilazane and dried in a desiccator to air-dry at room temperature.
Dried samples were subsequently mounted to aluminium stubs using
double-sided carbon tapes, coated with a layer of gold (150 A) using the
DSR1 desk sputter coater, and observed under the Phenom XL (Alfatest,
Cernusco sul Naviglio, Italy) microscope at various magnification.

2.9. Cell viability

Cell viability cultured on the BCP scaffold was determined by a live/
dead cell imaging protocol, as previously described [33]. After staining
with propidium iodide (PI) and Calcein-AM, cells were imaged by a
fluorescence microscope (Nikon, Optiphot-2, Nikon Corporation, Japan)
using the specific filter blocks. Dead cells were stained in red, whereas
viable ones were in green.

2.10. Histological and immunofluorescence analyses

The BCP scaffold with cultured cells was fixed with 10 % buffered
formalin (Sigma Aldrich, St Louis, Missouri, USA) and then dehydrated
in an ascending series of alcohol. Thereafter, samples were embedded in
glycol-methacrylate resin (Technovit 7200 VLC; Kulzer, Wehrheim,
Germany) and sectioned with a high-precision diamond disk at about
100 pm. The obtained slices were stained with acid fuchsin and toluidine
blue and observed using a light microscope (Laborlux S, Leitz, Wetzlar,
Germany) connected to a high-resolution video camera (3CCD, JVCKY-
F55B, JVC, Yokohama, Japan) and interfaced with a monitor connected
to a computer. Images were taken at the magnification of 40x and 100x.

Slices previously stained for histological analyses were bleached by
abrasion with sandpaper and then processed for immunofluorescence
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(IF) analyses. In detail, following a permeabilization step with a Triton
0.1 % solution, slices were incubated with the following primary anti-
bodies: anti-CD31 (EPR3094), anti-alkaline phosphatase (ALP;
PA5-47,419, ThermoFisher Scientific, Waltham, MA, United States) and
anti-TRAP (PA5-116,970, ThermoFisher Scientific, Waltham, MA,
United States). Anti-goat Alexa Fluor 488 (A11055, ThermoFisher Sci-
entific, Waltham, MA, United States) and anti-rabbit Cyanine 3
(A10520, ThermoFisher Scientific, Waltham, MA, United States) were
used as secondary antibodies.

Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI), and
images were taken using a confocal microscope (Zeiss LSM-800, Carl
Zeiss Meditec AG, Oberkochen, Germany).

2.11. Statistical analyses

The statistical analyses of the data were performed with the software
package Prism 6.0 (GraphPad Software, San Diego, CA, United States).
All data were presented as mean + standard deviation (SD). Statistical
significance in mechanical tests between Top Load and Lateral Load
groups was evaluated by Student’s t-test. Statistical significance was set
atp < 0.05.

3. Results
3.1. BCP scaffold morphometric characterization

Scaffolds were investigated by XpCT (Fig. 2, panel a), obtaining the
morphometric data listed in Fig. 2— right side. It was found that the
volume percentages of the biomaterial (Str.Vol%) and porosity (Por.Vol
%) are very similar, 46 + 11 % vs. 54 + 11 %, respectively. Indeed, also
the mean strut thickness (Str.Th) is dimensionally like the mean pore
thickness (Por. Th), 585 + 118 um vs. 719 + 49 um, respectively.
Moreover, the anisotropy degree of the biomaterial structure (Str.DA)
and the anisotropy degree of the porosity network (Por.DA) were also
evaluated. These indices measure the similarity of the biomaterial
structure or the porosity network to a uniform distribution and vary
from 0, corresponding to the perfect isotropy, to 1, indicating all struts
or pores confined to a single plane or axis. It was found that both Str.DA
and Por.DA were similar (0.328 + 0.037 vs. 0.339 + 0.021 respectively)
but not equal to 0, suggesting that a small anisotropy was present.
Furthermore, the fractal dimension of the biomaterial structure (Str.
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FrD) was also assessed. Str.FrD parameter indicates the extent to which
an irregular structure tends to fill space at different scales. We found a
very low value (2.051 + 0.017: range 2-3), suggesting that the structure
is extremely regular. Finally, the interconnectivity of struts (Str.ConnD —
mm3) and pores (Por.ConnD — mm~3) were analyzed: their high values,
1.88 + 0.14 mm ™ for Str.ConnD and 1.90 + 0.12 mm 2 for Por.ConnD.
indicated the presence of entangled struts and well-connected pores.
SEM observations and 2D cross-sectional slice from XuCT showed
that the top faces of the samples (Fig. 2, panels b and d, respectively)
have a morphology, in terms of architecture and porosity, completely
different with respect to lateral faces (Fig. 2, panels ¢ and e, respec-
tively). However, we assessed through the same techniques that adja-
cent lateral faces of scaffolds were identical from a morphological and
morphometric point of view. Thus, adjacent lateral faces were assumed
to respond with indistinguishable behaviour once submitted to the same
applied load, during the mechanical compression tests carried out.

3.2. BCP scaffold mechanical tests

Six BCP scaffolds were tested by uniaxial compressive test on the
longitudinal direction (top load), and six identical BCP scaffolds were
tested by uniaxial compressive test on the transversal one (lateral load).
For both directions, the results of compressive tests were plotted as a
stress/strain curve, from which the following parameters were extrac-
ted: (1) yield strength point (MPa), (2) ultimate strength point (MPa),
and (3) fracture point (MPa). In order to compute the stress, effective
areas of both top and lateral faces were calculated using the ImageJ
software (NIH, USA ImageJ software, public domain available at: http
://rsb.info.nih.gov/nih-image, v. 1.53q). The effective areas were ob-
tained considering the real contact surfaces, i.e., subtracting any surface
porosity in five contiguous slices obtained from the XuCT re-
constructions, in both the longitudinal and the transversal faces.

Using the same protocol tested in a previous study [5], values of
stress (MPa) and strain (%) were measured in the yield, in the ultimate,
and in the fracture points, obtained from mechanical compression test
on top and lateral sides (Fig. 3). In particular, the strength values at the
yield, ultimate, and fracture points obtained from mechanical
compression tests on the top and lateral side, were reported in Fig. 3
bottom table.

The strength values obtained in the top direction were more than
twice as high as those in the lateral direction, with always significant

Parameters Mean = SD
Str.Vol% 46+ 11 %
Por.Vol% 54+ 11 %
Str.Th 585 + 118 pm
Por.Th 719 £ 49 pm
Str.DA .328 + .037
Por.DA 339+ .021
Str.FrD 2.051 +.017
Str.ConnD 1.88 £ .14 mm™
Por.ConnD 1.90 £ .12 mm?

Fig. 2. Morphometric characterization of the BCP scaffold. a Three-dimensional (3D) model of the BCP scaffold through X-ray micro-computed tomography
(XuCT), with b-d top faces and c-e lateral faces showing different patterns; b-c SEM micrographs; d-e single slices of XuCT reconstructions; (right panel) XuCT data.
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Fig. 3. Mechanical Testing of the BCP scaffold. a Benchmark Stress-Strain curve with the considered relevant points, b Histograms of observed stress and ¢ strain
in both the top and lateral side load tests. Asterisks indicate statistically significant differences between top and lateral side groups, *p < 0.05, **p < 0.01; (bottom
table) Mechanical compression test on top and lateral sides. Values of yield strength (MPa), ultimate strength (MPa), and fracture strength (MPa) were reported as

mean + standard deviation (SD).

differences. Conversely, the strain values were similar in both loading
directions.

Afterward, the fracture areas were investigated in all 12 samples by
both XuCT and SEM: the analyses, at different magnifications, showed
that the BCP scaffolds presented fracture only in the rods and not in the
nodes. At high magnification, it was observed the presence of micro-
pores in the fracture surfaces (Fig. 4).

3.3. Bone cell (hOBs and hMCs) adhesion on BCP scaffold

Once the mechanical properties of the BCP scaffold were character-
ized, its ability to allow bone cell adhesion was examined following the
experimental set up reported in Fig. 1. Following preliminary experi-
ments to determine the best cell seeding densities and the timeline of the
co-culture system (Fig. S1), hOBs and hMCs were co-cultured at a 1:1
ratio (5 x 10* each) on the BCP scaffold for 14 days. SEM analyses
demonstrated the ability of bone cells to adhere to the scaffold surface
(Fig. 5a).

This observation was corroborated by Calcein AM/PI staining and
histological analyses, indicating that the seeded cells were viable and
effectively covered all areas of the BCP scaffold, with notable growth on
its outskirts (Fig. 5b and 5c, respectively). Furthermore, the ability of the
BCP scaffold to preserve cellular native phenotype over time was veri-
fied by IF analyses. Indeed, after 14 days of culturing in OM, cells pos-
itive for TRAP and ALP were observed, suggesting the presence of
mature and healthy osteoclasts and osteoblasts, respectively (Fig. 5d).

3.4. HUVECs adhesion on the BCP scaffold

HUVECs were seeded on the BCP scaffold to elucidate whether the
scaffold supports not only the adhesion of bone-derived cells but also the
adhesion and growth of vascular ones. Specifically, HUVECs were
seeded and cultured for up to 7 days on a BCP scaffold pre-soaked in 1.5
% gelatin. As shown in Fig. 6, cells were viable (6a) and able to maintain

their spindle shape morphology (6b). Furthermore, SEM and IF analyses
also revealed the presence of adherent HUVECs expressing the vascular-
specific marker CD31 on the BCP scaffold surface (Fig. 6¢ and d).

3.5. Tri-culture (hOBs, hMCs, and HUVECs) on the BCP scaffold

After confirming the capability of bone-derived cells (hOBs and
hMCs) and vascular cells (HUVECs) to adhere to the BCP scaffold, a 3D
human tri-culture system incorporating all three cell types was devel-
oped. The objective was to evaluate the influence of the BCP scaffold on
cell behavior within a 3D system that closely mimics the jawbone
microenvironment. Based on the previous results, HUVECs were seeded
and cultured for 72 h on a BCP scaffold coated with 1.5 % gelatin.
Following 24 and 48 h, 5 x 10* hOBs and hMCs were added, respec-
tively. After 14 days of tri-culture, BCP scaffolds were completely
covered with viable cells, apparently both in the outer and the inner
regions of the scaffold (Fig. 7a). Furthermore, HUVECs were treated
with CellTracker ™ Green CMFDA dye, enabling precise tracking of their
location on the BCP scaffold. As reported in Fig. 7b, HUVECs mainly
migrate in the scaffold porous network core, showing a tube-like
disposition. Histological analyses obtained at 14 days of tri-culture,
showed that HUVECs, hOBs, and hMCs covered one side of the scaf-
fold (as indicated by the arrows in Fig. 8a), while the opposite side
remained partially uncovered. Furthermore, at higher magnification,
cell cordons were observed within the pores, and a dense layer of cells
was noticeable.

Therefore, IF experiments were conducted to distinguish the three
cell types. Fig. 8b illustrates that differentiated osteoclasts, HUVECs, and
hOBs, stained for TRAP (red), CD31 (purple), and ALP (green) respec-
tively, adhered to the BCP scaffold, specifically colocalizing together
along the edges of the scaffold (MERGE image). It is noteworthy that
after 14 days of culture, a significant number of HUVECs were observed,
likely influenced by the presence of hOBs and hMCs. Finally, although
SEM analyses did not allow to distinguish the three cell types in the tri-
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Fig. 4. Fracture imaging. XuCT showed that fracture occurred only in the rods and not in the nodes (red arrows): a two-dimensional (2D) slice; b 3D reconstruction;
(c) Inset showing the fracture surface at higher magnification, highlighting the presence of micro-pores; c-d SEM observation of the fracture surface in a BCP scaffold

fragment after mechanical compressive test.

culture system, images captured at different magnifications (Fig. 9a-c)
unveiled substantial cell adhesion to the BCP scaffold, forming a
prominent tissue-like cellular layer through interactive connections.
Notably, SEM images also highlighted the presence of mineralized
crystals within this tissue-like cellular layer. Energy-dispersive X-ray
spectroscopy (EDX) analyses (Fig. 9d) confirmed that these crystals
contained elements typical of the bone tissue mineral matrix, including
calcium (Ca), phosphorus (P), oxygen (O), and carbon (C). This validates
that the establishment of this tri-culture system effectively mimics the
bone microenvironment.

4. Discussion

Currently, the main approach to addressing large oral bone defects
involves the use of autologous bone graft. This procedure enhances
spontaneous bone healing by providing an osteoconductive, osteoin-
ductive, and/or osteogenic environment. However, it also presents
several drawbacks, including the need for additional surgical proced-
ures, a high risk of donor site morbidity, and limited availability of graft
tissue [34,35].

For these reasons, there is growing interest in novel BTE approaches to
stimulate the regeneration of large amounts of bone for repairing critical-
sized defects. In this context, various guided bone regeneration (GBR)
techniques have encountered complications, such as disturbed wound
healing with a soft tissue dehiscence leading to a membrane exposure and
often to subsequent infection of the bone graft [36]. To mitigate these
complications and achieve sufficient regenerated bone volume, the
custom-made  computer-aided-design/computer-aided-manufacturing
(CAD/CAM) procedure has been recently introduced. This method en-
ables the production of 3D personalized scaffolds, offering clinicians
ready-to-use solutions, tailored according to specific criteria such as the
type and size of the bone defect [37]. Indeed, personalized scaffolds
featuring a porous network that mimics the ECM promote and enhance
bone tissue regeneration processes [38]. Nowadays, various scaffolds
made from biomaterials including ceramics, bioactive glass compositions,
collagen, and polymers have been tested to ensure specific mechanical
properties of substrates [39], enabling clinicians to achieve safe and
predictable short- and long-term outcomes [40]. Additionally, the use of
cell-based scaffolds has shown promising results in BTE approach, espe-
cially in the oral field [41,42].
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(d)

Fig. 5. hOBs/hMCs cultured on the BCP scaffold. a SEM images showing cell adhesion and distribution; b cell viability performed by Calcein-AM/Propidium
Iodide (PI) double staining. Green fluorescence indicates the presence of Calcein-labeled live cells, while PI-labeled dead cells - red fluorescence - are undetect-
able; ¢ Histological analyses performed by acid fuchsine and toluidine blue staining, and d expression of TRAP (red staining) and ALP (green staining) evaluated by IF

analyses. Cells nuclei were stained in blue with DAPI.

Based on this assumption, this study combined a 3D printing CAD/
CAM approach with an optimized mixture of 30 % HA and 70 % TCP,
used as a base for the slurry, to develop an innovative BCP scaffold for
regenerative purposes in dentistry. Then, to create a 3D cell model
mimicking the oral microenvironment, the BCP scaffold was combined
with primary cultures of hOBs, hMCs and HUVECs.

The slurry characteristics were improved by grinding and classing to
achieve a finer slurry, allowing for more intricate details to be realized.
As observed by both SEM and XpCT analyses, the manufacturing tech-
nique allowed the creation of regular 3D structures with large internal
interconnected pores (Por. Th. = 700 um) free from residual powder.
Indeed, as an alternative to the air-pressure controlled printers used in a
previous scaffold fabrication [5], a 3-axis robot was equipped with
direct-displacement driven syringes. This allowed for more precise
control of the geometry, resulting in an optimized 3D scaffold with re-
gard to pore structure (e.g., large and highly interconnected pores) and
physicochemical properties (e.g., surface chemistry, surface topography,
degradability, and stiffness) [43]. Indeed, relatively larger scaffold pores
(> 300 pm) favor direct osteogenesis, even on the presence of large
critical bone defects, as they facilitate for vascularization and high
oxygenation of the microenvironment [44].

The mechanical tests performed in this study demonstrated that the
application of an uniaxial compressive test on the longitudinal direction

(top load), which corresponds to the scaffold build direction, exhibited
superior mechanical resistance. This was observed not only when
compared to the lateral faces (side load) of the same samples but also in
relation to laser light stereo-lithography-printed [5] and traditionally
sintered BCP scaffolds with the same weight composition [45]. As a
consequence, the BCP scaffolds produced using the current additive
manufacturing process were shown to be highly performing, suggesting
that clinicians should consider orienting the scaffold with the build di-
rection parallel to the maximum load expected during use in service.
Another aspect explored in this research was the evaluation of the
biological behavior of the proposed BCP scaffolds. In this respect, the
potential application of BCP scaffold for oral bone regeneration raises
several issues related to the complexity of bone, which is characterized
by the simultaneous presence of different cell populations, including
osteoblasts, osteoclasts, and bone lining cells [46]. Several studies have
investigated the osteoconductive and osteoinductive properties of
ceramic scaffolds using bone and mesenchymal stem cells [47,48]. For
instance, a previous study aimed at evaluating the osteoinduction and
osteoconduction properties of a BCP scaffold demonstrated a predomi-
nant osteoinductive effect compared to osteoconduction. Indeed, it was
observed that the amount and distribution of newly formed bone
decrease from the side of the scaffold in contact with native bone toward
the bulk of the scaffold itself [49]. However, it is also essential to
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(a)

I 200 pm I l 100 pm I

Fig. 6. HUVECs cultured on the BCP scaffold. a Cell viability performed by Calcein-AM/Propidium Iodide double staining. The green fluorescence indicates the
presence of Calcein-labeled live cells, while PI-labeled dead cells - red fluorescence - are undetectable; b Histological analyses performed by acid fuchsine and
toluidine blue staining, and ¢ SEM images are reported. The square areas indicated by a dashed white line were shown at higher magnification on the right panels;
d Expression of CD31 vascular marker (red staining) evaluated by IF analyses. Cells nuclei were stained in blue with DAPIL
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Fig. 7. hOBs/hMCs/HUVECs cultured on the BCP scaffold. a Cell viability determined by Calcein-AM/PI double staining; b fluorescently labeled HUVECs
(CellTracker ™ green CMFDA) co-cultured with hOBs and hMCs and observed after 72 h. The green fluorescence indicates the presence of HUVECs on the BCP
scaffold. High-magnification images were also reported (indicated by dashed square areas).

highlight the critical relationship between osteogenesis and angiogen-
esis for the successful application of BTE. This underscores the crucial
importance of establishing a vascular network for effective bone
regeneration, creating a positive feedback loop among osteoblasts, os-
teoclasts, and endothelial cells [50]. Indeed, while osteoblasts and os-
teoclasts contribute to maintaining a healthy bone remodeling process
by balancing the production of mineralized osteoid matrix and bone
resorption, endothelial cells play a vital role in the formation of a
vascular network. This latter facilitates the exchange of nutrients, oxy-
gen, and waste within the bone, ensuring cell survival and bone ho-
meostasis [51]. Therefore, developing 3D scaffolds that effectively guide
bone tissue regeneration simultaneously promoting osteogenesis and
vasculogenesis remains a significant and challenging objective for re-
searchers. Numerous studies have focused on creating in vitro and ex vivo
systems that incorporate endothelial cell cultures [52,53]. However, to
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the best of our knowledge, no research has yet evaluated the biological
behavior of a ceramic scaffold using a tri-culture system characterized
by the simultaneous presence of osteoblasts, osteoclasts, and endothelial
cells. Thus, our study established a triple culture model where primary
hOBs, hMCs as osteoclast precursors, and HUVECs were seeded onto a
novel BCP scaffold. The addition of primary vascular cells alongside
bone-derived cells provides a significant advantage in developing a 3D
model that closely mimics the in vivo microenvironment of a regenera-
tive dentistry scenario.

In this study, the presence of viable cells and tissue-like cell layers
after 14 days of tri-culture confirmed the osteoconductive properties of
our BCP scaffold. Although SEM images did not allow us to distinguish
among the three cell types, they clearly revealed significant cell adhe-
sion to the BCP scaffold. This adhesion led to the formation of a
remarkable tissue-like cell layer through interactive connections,
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()

Fig. 8. hOBs/hMCs/HUVECs cultured on the BCP scaffold. a Acid fuchsine and toluidine blue staining evaluated through histological analysis; b the expression of
TRAP (red staining), CD31 (purple staining), and ALP (green staining), markers of osteoclasts, HUVECs, and hOBs, respectively, evaluated by IF analyses. Cells nuclei
were stained in blue with DAPI.

Element | Atomic | Weight
Symbol |[Conc. |Conc.

0 71.52| 50.12
Ca 7.32| 12.85
P 7.05 9.57
& 5.86 3.08

Fig. 9. SEM analyses the tri-culture system. a-c SEM images at different magnifications representing hOBs/hMCs/HUVECs cultured on the BCP scaffold after 14
days in OM. SEM images and d the energy-dispersive X-ray spectroscopy (EDX) analyses showed mineralized crystals released from cells.
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demonstrating the osteoconductive capabilities of the scaffold. Addi-
tionally, SEM and EDX analyses conducted on the tri-culture system
indicated the deposition of mineralized matrix crystals within this
tissue-like cellular layer, further suggesting the potential osteoinductive
properties of the BCP scaffold. Based on these findings, we hypothesize
that the combined osteoconductive and osteoinductive properties of our
BCP scaffold facilitated cellular interactions. This led to the formation of
a bone-like cell layer characterized by mineralized matrix crystals while
preserving the native phenotypes of hOBs, hMCs, and HUVECs. Indeed,
as demonstrated by IF results, all three cell types maintained the
expression of their specific osteoblastic, osteoclastic, and endothelial
markers, such as ALP, TRAP, and CD31, after 14 days of co-culture.
Notably, all experiments in our tri-culture cellular model were carried
out without the addition of exogenous stimuli such as VEGF, MCSF,
RANKL, or BMPs, thus taking advantage of the cellular physiological
ability to drive individual phenotypes. In this scenario, the choice of
hOBs derived from vertebral lamina was intentional, given their already
known greater osteogenic capabilities [54].

Regarding the localization of cells seeded on the BCP scaffold, our IF
results corroborate recent findings by Lu T. and collaborators [55],
showing that hOBs and hMCs predominantly localized and exhibited
significant growth on the BCP scaffold outskirts. This observation is
further supported by the outcomes of co-culture experiments exclusively
involving bone cells seeded on the BCP scaffold. Contrarily, when
examining the behavior of vascular cells, both in monoculture and
tri-culture experiments, we observed a predominant migration of
HUVECs toward the scaffold core, displaying an elongated morphology
(spindle shape) and forming tube-like structures. These findings align
with a recent study [56], which suggests that viable CD31-expressing
HUVECs may activate the angiogenic process after 14 days of co-culture.

The in vitro results obtained from SEM and IF were also corroborated
by histological indications, indicating that the BCP scaffold can be
considered a suitable substrate for the growth and proliferation of os-
teoblasts, osteoclasts, and endothelial cells. Indeed, the presence of cell
cordons and a dense cell layer within the pores (>300 pm) of the scaffold
suggests that cell invasion occurred in the internal portion, as observed
in other studies [57,58]. In addition, the colonization of the BCP scaffold
surface has also been demonstrated in prior research [59,60].

However, a limitation of this study is that it relies solely on obser-
vational data, as quantitative assessments of cellular activity related to
bone neoformation and neovascularization were not provided. The
activation of these processes is inferred only from the observation of
mineralized matrix crystals and tubular-like formations. This is pri-
marily because the main objective of the study was to evaluate the BCP
scaffold from morphometric and biomechanical perspectives and sub-
sequently assess its effects on cell behavior. Nevertheless, unlike previ-
ous studies that employed mono- or dual-cell cultures, this research
successfully demonstrated not only the optimal morphometry and
biomechanics of the BCP scaffold but also the effective co-cultivation of
three distinct cell types on the BCP scaffold, highlighting the biological
properties of this latter [41,55,59,60].

5. Conclusions

In conclusion, the high performance of the BCP scaffold, validated
with biomechanical studies and the preservation of osteoblast, osteo-
clast, and endothelial cell phenotypes in vitro, highlights its potential for
developing a 3D in vitro model that mimics the oral microenvironment.
This model could be valuable for the regeneration of critical jawbone
defects in BTE approaches. Therefore, researchers can more effectively
translate their findings to in vivo models and, ultimately, to clinical
applications aimed at promoting jawbone regeneration and treating
bone-related disorders. Furthermore, it is crucial to emphasize that
further studies could expand the potential applications of this scaffold
model beyond bone regeneration in the oral field to other orthopedics
sites.
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