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Bone regeneration often fails due to implants/grafts lacking vascular supply, causing necrotic tissue and poor
integration. Microsurgical techniques are used to overcome this issue, allowing the graft to anastomose. These
techniques have limitations, including severe patient morbidity and current research focuses on stimulating
angiogenesis in situ using growth factors, presenting limitations, such as a lack of control and increased costs.
Non-biological stimuli are necessary to promote angiogenesis for successful bone constructs. Recent studies have
reported that bioactive glass dissolution products, such as calcium-releasing nanoparticles, stimulate hMSCs to
promote angiogenesis and new vasculature. Moreover, the effect of 3D microporosity has also been reported to
be important for vascularisation in vivo. Therefore, we used room-temperature extrusion 3D printing with pol-
ylactic acid (PLA) and calcium phosphate (CaP) based glass scaffolds, focusing on geometry and solvent
displacement for scaffold recovery. Combining both methods enabled reproducible control of 3D structure,
porosity, and surface topography. Scaffolds maintained calcium ion release at physiological levels and supported
human mesenchymal stem cell proliferation. Scaffolds stimulated the secretion of vascular endothelial growth
factor (VEGF) after 3 days of culture. Subcutaneous implantation in vivo indicated good scaffold integration and
blood vessel infiltration as early as one week after. PLA-CaP scaffolds showed increased vessel maturation 4
weeks after implantation without vascular regression. Results show PLA/CaP-based glass scaffolds, made via
controlled 3D printing, support angiogenesis and vessel maturation, promising improved vascularization for
bone regeneration.

1. Introduction

Bone tissue can repair itself naturally through a physiological process
called bone healing, which includes inflammation, cartilaginous callus
formation, endochondral ossification, and remodeling [1]. However,
critical bone defects following large trauma, tumor resection, or
congenital diseases require external intervention [2,3]. Autografts are
the gold standard treatment due to excellent biocompatibility; however,
high patient morbidity and limited grafting volume hamper their
application. Allografts can also be used to support bone healing, but they
present a greater risk of immune rejection and infection [4,5]. On the
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other side, synthetic materials such as mega prosthesis, collagen/bone
morphogenic protein (BMP) sponges, or induced membranes (“Mas-
quelet™), have been used to fill in bone defects. However, these strategies
have significant drawbacks and limited regeneration potential. It is
therefore necessary to develop new scaffolds for improving bone
regeneration [6].

Bone comprises both a non-mineralized organic part (mainly
collagen) and a mineralized inorganic part (mainly hydroxyapatite).
Research in recent years has focussed on polymeric-based composites
doped with ceramics in order to compensate for the fragility inherent in
ceramics alone while improving biodegradability and osteoconductive
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properties [7].

Aside from the chemical composition of the bone itself, porosity has
also been considered when designing scaffolds for bone tissue engi-
neering. Macroporosity is one of the most important needed features for
3D scaffolds for a healing process in the form of an interconnected open
pore network. Porosity of >60-70 %, and macropore sizes in the
diameter range between 100 and 500 pm are essential prerequisites for
enabling cell infiltration, nutrient diffusion, and vascularization [8,9].
3D porous scaffolds increase bone ingrowth because of better deposition
of the endogenous cell-extracellular matrix [7,10]. Moreover, 3D
porosity is needed to enhance nutrient and oxygen transport, as well as
to allow vascularization, cell infiltration, and waste removal [3,10,11].
These aspects converge in the need for an appropriate vasculature to
obtain not only healing of the tissue but also efficient regeneration
leading to the mitigation or elimination of bone scar.

Additive manufacturing techniques permit the deposition of material
in a layer-by-layer manner, allowing complete control of the overall
internal and external scaffold structure. For instance, it allows the
fabrication of patient-specific scaffolds using computer-aided design
(CAD) models based on molecular resonance imaging (MRI) and
computed tomography (CT) scans [12]. Moreover, the porosity of the
scaffold can be controlled in terms of geometry, size, and inter-
connectivity, allowing the fabrication of complex scaffolds in a repro-
ducible manner [6,13], and solving problems inherent in other
manufacturing techniques [14-19]. Ceramics have been 3D printed with
the use of binders [13,20], and further processed at higher temperatures
(scaffold sintering) to harden the scaffold and eliminate any organic
residues [21]. Fused deposition modeling (FDM) has also been used to
deposit both polymer and composite materials in a complex 3D shape
[22,23]. Nevertheless, low-temperature extrusion-based 3D printed
ceramic scaffolds are mainly fabricated in combination with viscous
hydrogels, such as collagen, alginate, and gelatin, which don't have the
mechanical stability required for load-bearing bone zones [24].

Therefore, synthetic materials such as polylactic acid (PLA) have
been widely used due to their batch-to-batch reproducibility, their
biocompatibility, and the ease of adjusting their thermal properties. By
combining isomers, PLA degradability can be easily controlled to match
that of the tissue of interest. Moreover, it can be processed using a
myriad of techniques. However, PLA bioactivity is low. Hence, com-
posites have been investigated for use in bone regeneration. Specifically,
the use of calcium phosphate (CaP) based glass scaffolds could improve
PLA properties to obtain a material that matches the chemical, me-
chanical, and biological needs of bone tissue.

Previous works in our group from Oliveira et al. [25,26] showed the
fact that embedding a high Ca?*-releasing composition for nanoparticles
embedded in a 2D PLA electrospun scaffold dramatically enhanced
angiogenesis through controlled calcium release in an angiogenic
bioactive extracellular range [27-30] in a bone healing environment. In
another study, validation was carried out on a 2D microfluidic model for
chemotaxis testing in endothelial cells within a controlled microenvi-
ronment, where the same nanoparticles in the fibers stimulated
mesenchymal stem cells to express a chemotactic secretome, where, in
addition to VEGF, OPN was found an essential chemotactic contributor
to blood vessel sprouting [31].

In this study, a 3D printed extrusion-based approach has been used to
control macro- and microporosity of composite scaffolds made of PLA
and CaP-based glass scaffolds to fabricate an innovative 3D construct
with a high calcium-releasing architecture to induce a consistent
vascularization. To do this, CaP previously developed [25,26,31-33]
was combined with PLA solutions and subsequently 3D printed. The
CaP-based glass scaffolds were developed to offer different advantages
over other ceramics, such as low-temperature manufacture, physiolog-
ically relevant ion release to trigger bone bioactivity, the possibility of
ionic doping, a non-diffusion dependent mechanism of release, and
better processability. The scaffold's microporosity and geometry were
analyzed by field-emission scanning electron microscopy (FE-SEM).
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Calcium release environment pH and thermal and mechanical properties
were also assessed. Cell adhesion, toxicity, proliferation, and vascular
endothelial growth factor (VEGF) production were studied using human
bone marrow-derived stem cells (hMSCs). Finally, the angiogenic po-
tential of the scaffolds was evaluated using an ex ovo chick chorioal-
lantoic membrane (CAM) assay and a subcutaneous in vivo mouse model.

2. Materials and methods
2.1. Materials

PLA (70/30 1-Lactide/DL-Lactide copolymer) was purchased from
Corbion. Titanium (IV) tetraisopropoxide was obtained from Alfa Aesar.
Metallic calcium and metallic sodium, and hexane, were purchased from
Panreac. Absolute ethanol and paraformaldehyde (PFA) were acquired
from VWR and Electron Microscopy Sciences, respectively. 3D printer
tips and cartridges were purchased from Nordson. HyClone™ was ob-
tained from GE Healthcare. i-glutamine, penicillin-streptomycin,
oaMEM, the Quant-it™ PicoGreen™ dsDNA assay kit, and all the plates
for cell culture were purchased from Thermofisher. Human VEGF Duo-
Set® ELISA kit was purchased from R&D Systems™. The rest of the
materials and reagents were purchased from Merck.

2.2. Precursors and reagent preparation

Precursors were prepared in the laboratory as previously reported
[34]. Briefly, both metallic calcium and sodium (98 %, and 99.8 %
respectively) were refluxed in dry 2-methoxy ethanol. Phosphorous
ethoxide was synthesized by refluxing phosphorus pentoxide in absolute
ethanol. Titanium precursor was obtained by dissolving titanium (IV)
isopropoxide (97 %) dry absolute ethanol. 1,4-dioxane (1,4-Dioxane
ReagentPlus®, >99 %) was previously distilled with metallic sodium.

2.3. Calcium phosphate nanoparticle synthesis

CaP particles with a composition and percentage molar ratios of 44.5
% P20s5: 44.5 % CaO: 6 % NaO: 5 % TiO5 (named G5) were synthesized
as previously reported [25]. Briefly, calcium, sodium, and titanium
precursors were mixed in an inert atmosphere and kept in a syringe.
Then, 1,4-Dioxane (ratio volume precursor solution vs volume 1,4-
Dioxane 1:3) was added and subsequently, phosphate precursor was
introduced (1 mL/h, 4 °C). Afterward, a solution based on the amount of
titanium present (1Ti: 60 H,0: 0.3 NH3OH: 12 ethanol) was added (2.5
mL/h, 4 °C). The reaction mixture was then aged at 70 °C for four days.
The resulting solution was washed three times with absolute ethanol and
once with hexane. G5 nanoparticles were recovered by centrifugation at
20000 rpm, dried, and milled into a fine powder using an agate mortar.

G5 nanoparticles were characterized by X-ray spectroscopy (EDS)
analysis using an SEM coupled with an EDS detector (Quanta Q200, FEI
Company), and by previous carbon sputtering.

2.4. Acetone scaffold preparation

PLA (70/30 1-Lactide/DL-Lactide copolymer) 14 % w/v solutions
with and without G5 were prepared in acetone. For scaffolds containing
G5, different ratios were dispersed in acetone using an ultrasonic pro-
cessor (30 % amplitude, 1 s. pulses, 30 s.) (Table 1). PLA and G5 solu-
tions were poured into dispensing systems (3 cc) and printed using a G27
(200 pm diameter) tip at RT.

A 3D-Discovery (RegenHU) direct writing tool was used to print the
scaffolds. The volatility of acetone rose during printing, so we carried
out a controlled solvent displacement process. After being printed,
scaffolds were recovered by ex situ solvent displacement using ultrapure
water. Scaffolds were also printed under in situ continuous solvent
displacement (marked with*). To do this, the blend was directly
extruded into a well with ultrapure water, enabling acetone
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Table 1
Setup parameters to produce the different types of scaffolds. RT: Room Tem-
perature. PSI: pounds-force per square inch.

Material g5 (%w/w) Pressure Speed T*/environment
(PSI) (mm/s)

PLA 0 20-30 7 RT/air

PLAg520 20 20-30 7 RT/air

PLA* 0 20-30 10-15 RT/water

PLAg5*20 20 20-30 10-15 RT/water

PLAg5*50 50 20-30 10-15 RT/water

displacement and removal, and PLA precipitation immediately after
being extruded. The parameter settings for each type of scaffold are
specified in Table 1.

Scaffolds were freeze-dried, cut with a Harris Uni-Core™ 6 mm
punch (Whatman plc), and stored in a desiccator until further use.

2.5. Physicochemical characterization

2.5.1. Scaffold microstructure and morphological evaluation

We took advantage of the shear thinning properties of the slurries to
improve the accuracy and stability of the shapes in the 3D printed
structures, and to provide a consistent pore structure within the printed
scaffolds. To evaluate the scaffold microstructure, scaffolds were coated
with a thin layer of carbon and observed using a Nova NanoSEM 230 FEI
Ultra-High-Resolution Field Emission Scanning Electron Microscopy
(FE-SEM, FEI Company). Strut and pore widths, pore area, pore perim-
eter, and strut circularity were measured using the Image J software.
The printability index (Pr) was evaluated following Eq. (1 [35]

P (pore perimeter)? e
" 16 xPore area '
2.5.2. Scaffold macroporosity and particle distribution

Scaffold porosity was analyzed using a high-resolution 3D X-ray
Microscopy Skyscan1272 (Bruker), at 60 kV, 9 pm/pixel resolution. The
step was settled at 0.2 degrees, and an Al 0.25 filter was used. Data were
reconstructed using nRecon (v 1.7.3.0, Bruker microCT), images were
rendered with CTvox (v 3.2.0.0, Bruker microCT), and porosity was
analyzed with CTAn (v 1.16.9.0, Bruker microCT). For the reconstruc-
tion, smoothing was settled at 1, and the ring artifact correction at 9.
Beam hardening correction was not applied.

Alizarin red staining was performed to visualize the glass incorpo-
ration into the scaffolds. Samples were stained with Alizarin Red S (40
mM, pH 4.2) for 10 min, washed with water, and imaged using a Macro
Olympus MVx10 (Olympus Corporation).

2.5.3. Scaffold wettability by water contact angle

To determine material wettability, ink solutions were cast onto a
glass microscope slide and smoothed with a spatula. Then, acetone was
displaced with ultrapure water to obtain films that were freeze-dried,
and then 3 pL of ultrapure water was deposited on top of the film
before analysis. The water contact angle was assessed using an OCA15
Plus Contact Angle (DataPhysics).

2.5.4. Calcium release

Eight-layer scaffolds were immersed in 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) (pH 7.2-7.4, 10 mM in ultrapure
water; >99.5) at a 50 pL/mg scaffold ratio and incubated at 37 °C in a
humid atmosphere. At each time point (1, 3, 7, 14, and 21 days), aliquots
were collected and stored at —20 °C until further use. Calcium was
detected using the O-cresolphtalein complexone colorimetric method
[36,37]. The pH of each sample of the solution was also analyzed using a
pH&ION-Meter GLP 22+ (Crison).
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2.5.5. Scaffold thermal properties

Polymer crystallinity was determined by differential scanning calo-
rimetry (DSC-Q20, TA Instruments). Samples were submitted to two
cycles of cooling-heating from —90 °C to 200 °C at a rate of 10 °C/min.
Glass transition temperature (Tg) values were taken from the second
heating cycle measuring the small step around 60 °C. Enthalpies from
melting and crystalline states were calculated by integrating the peaks of
melting and crystallization (Tm and Tc) temperatures obtained on the
first cycle, using the TA Universal Analysis 2000 software. The crystal-
linity of the polymeric fraction was calculated using Eq. 2, where HS, is
the standard melting enthalpy for 100 % crystalline PLA (93.1 J/g) [38]

_ AH, — AH,

X = (2)
¢ AH?,

The effective glass loading on the scaffolds was evaluated by ther-
mogravimetric analysis (TGA Q5000, TA instruments). Samples were
heated from RT to 900 °C at a heating rate of 10 °C/min in air. This data
was used to recalculate the DSC polymer weight on particle-containing
samples.

2.5.6. Mechanical properties

Compression tests were performed using a uniaxial mechanical
testing machine (Zwick 0.5 N, Zwick/Roell) with a 200 N loading cell.
Samples were tested at 10 % deformation per minute, with a 0.05 N of
preloading, until reaching 50 % deformation. Scaffolds were immersed
in PBS at RT when performing the assays. For each composition, three
cylindric scaffolds (6 mm diameter, 3 mm height) were tested.

2.6. Invitro characterization

2.6.1. Cell culture

Human mesenchymal stem cells (hMSC) from bone marrow [39]
were expanded in Alpha minimum essential medium («MEM) supple-
mented with 16.5 % of foetal bovine serum HyClone™, 1 % of r-gluta-
mine (200 mM), and 1 % of penicillin-streptomycin (10,000 U/mL).
Medium was replaced every 3-4 days. Cells were incubated in a humid
atmosphere at 37 °C and 5 % CO,. Cells up to passage 6 were used.

2.6.2. Cell seeding on scaffolds: Scaffold biocompatibility

Scaffolds were sterilized using UV light, placed in a low attachment
96-well plate (Nunclon), and washed with 30 % ethanol (99.5 %) so-
lution and culture media. Next, wet scaffolds were incubated overnight
in culture medium at 37 °C, 5 % CO2, before seeding 40,000 hMSCs on
each scaffold.

hMSCs were cultured on scaffolds for 1 day and fixed with 4 %
paraformaldehyde for 10 min. Cells were permeabilized using a Triton
PBS-gly 0.1 % solution for 5 min. Actin filaments were stained using
phalloidin red (100 nM, RT) and cell nucleus using 4',6-diamidino-2-
fenilindol (DAPI) (100 nM, 1 min, RT, Abcam). After washing, scaffolds
were observed using an inverted microscope (DM IL LED microscope,
Leica Microsystems).

2.6.3. Scaffold-conditioned media

Scaffolds (20 mg/mL) were sterilized and incubated in culture media
for 5 days. Culture medium was changed every day. For each day, ali-
quots were collected and stored at —80 °C or added to cells for stimu-
lation. These media will be referred to as conditioned media.

2.6.4. Scaffold cytocompatibility

Scaffold cytocompatibility was evaluated by quantifying the lactate
dehydrogenase (LDH) release. Cells were seeded onto 96 well plates
(10,000 per well) and left to attach overnight. Then, conditioned media
from 24 and 48 h were added separately to cells for 24 h. Cell’ SN was
recovered and evaluated for LDH release (Cytotoxicity Detection Kit
PLUS (LDH), Roche), following the manufacturer's instructions.
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Absorbance was read at 492 nm with a reference wavelength of 610 nm
using a Benchmark Plus Microplate Reader (Bio-Rad).

2.6.5. Cell proliferation and VEGF production

Cells were seeded onto 48-well plates (6000 hMSCs per well) and
cultured in the presence of conditioned media for 1, 3, and 5 days.
Conditioned media were refreshed every day. Cell proliferation was
quantified by determining the dsDNA. Cells were washed with PBS and
lysed with 1 x TE buffer. Then, dsDNA was determined using the Quant-
it™ PicoGreen™ dsDNA assay kit, following the manufacturer's
instructions.

For VEGF production, supernatants were collected and stored at
—80 °C at each time point. VEGF was then quantified using the Human
VEGF DuoSet® ELISA kit, following the manufacturer's instructions.
VEGF concentrations were normalized by their corresponding dsDNA
amount.

2.6.6. Alizarin red staining

Cells were seeded onto 48-well plates (6000 hMSCs per well) and
cultured in the presence of conditioned media. Conditioned media were
refreshed every day. After 5 days, cells were fixed with 4 % para-
formaldehyde and stained with Alizarin Red S (40 mM, pH 4.2) for 20
min. Images were taken with an inverted microscope (DM IL LED mi-
croscope, Leica Microsystems). Positive control for mineralization was
also performed. Briefly, hMSCs were stimulated with bone differentia-
tion media (complete culture media supplemented with 1 nM dexa-
methasone, 10 mM beta-glycerolphosphate, and 50 pM 1-Ascorbic acid,
according to the cell provider's instructions).

2.7. In vivo subcutaneous model for biocompatibility and angiogenic
evaluation

All animal procedures were approved by the Animal Experimenta-
tion Committee (CEA) of the Government of Catalonia (project number
10728). Scaffolds were implanted in sixteen eight-week-old male CD1
mice (Charles River Laboratory). Scaffolds of 6 mm in diameter were
sterilized for 30 min with UV (15 min per each side) and soaked in
physiological serum before implantation. Subcutaneous pockets were
made on the backs of the mice, by making a 1 cm incision, into which the
scaffold was inserted. Four scaffolds were implanted in each mouse. Of
these four scaffolds, two were PLA* and two contained G5. A total of
eight animals per condition were used (Fig. 8. A). Pockets were closed by
performing four simple stitches (Silk, 4/0 stitches, Aragé lab).

After 1 and 4 weeks, four animals from each group were sacrificed by
cervical dislocation. Scaffolds and surrounding tissue were harvested
and fixed in 10 % formalin solution for 24 h. Then, specimens were
paraffin-embedded, and sections (5 pm) were stained using H&E, CD31,
and aSMA. Immunostaining and histological studies were performed at
the Histopathology Core Facility of the IRB (Barcelona).

A blinded semiquantitative study of the inflammatory reaction was
made. Briefly, a score of from 0 (none) to 5 (very intense) was assigned
by an expert pathologist to evaluate the inflammatory infiltration sur-
rounding the material. The number of multinucleated giant cells, the
degree of fibrosis, and the presence of microhemorrhage were studied.
Then, the sum of all the scores for each sample (up to 20) was used to
assign a new interval for assessing the overall inflammatory response.

Angiogenesis was evaluated by quantifying CD31+ vessels with a
lumen found inside the scaffold area using the NDP.view2 software
(Hamamatsu). The vessel number was normalized by the total area
considered. Furthermore, the same software was used to measure vessel
wall thickness on aSMA+ vessels. Two measurements per vessel wall
were performed.

2.8. Statistics

Results are represented as mean + standard deviation. One or two-
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way ANOVA was used to assess statistical differences between the
groups, with a post-hoc Tukey's test using GraphPad Prism 9.2. (San
Diego, CA, US). Results with a p-value below 0.05 (p < 0.05) were
considered statistically significant.

3. Results
3.1. Scaffold macrostructure and printability

Scaffolds with the described architecture were printed successfully
(Fig. 1). The pore was designed to be a square of 1 mm per side (1 mm?).
Scaffolds showed printability indexes around 1, resulting in high geo-
metric accuracy (Fig. 1B). Our results indicate that pore width comes
closer to the theoretical value when the percentage of particles is
increased (Table 2). Moreover, the scaffold measured from the top view
showed strut values close to the theoretical (200 pm). However, strut
circularity evaluated from the scaffold's cross-section showed values
around 0.5, indicating that the scaffold's strut was flatter than expected
(Table 2).

3.2. Scaffold microstructure

The scaffold microstructure was evaluated by FE-SEM. The scaffold
surface features were dependent on the moment at which the solvent
was displaced (Fig. 2). FE-SEM images indicate that smooth surfaces
resulted from displacing the solvent after deposition of the whole
structure, whereas the presence of pores is observed when a rapid and
constant solvent displacement was performed during the extrusion
process (Fig. 2A). Pores on G5 containing scaffolds look smaller than
PLA*(Fig. 2A).

Rapid precipitation of the PLA induced a core-shell morphology,
with a gradient of pore size ranging between larger voids on the surface
and small pores in the strut center (Fig. 2B). In addition, PLA precipi-
tated after printing had a more uniform strut, with no internal or
external porosity at all. G5-containing scaffolds showed a homogeneous
cross-section (Fig. 2B).
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Fig. 1. Scaffold design and shape fidelity. (a) Scaffold design planned to be
printed with a 200 pm tip. (b) Printability index (Pr) of the different scaffolds.
On the right, image of the printed scaffold (top) and interpretation of the Pr: Pr
values =1 define high shape fidelity, whereas Pr values over and under 1 define
closed or irregular pores [35].
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Table 2

Nominal values determined by ImageJ analysis of FE-SEM images. Statistical
differences with PLA* scaffolds are indicated with an asterisk (*). Statistical
differences with the theoretical parameters are indicated with A.

Strut (pm) Strut circularity Pore (pm)
PLA* 249.00 + 44.00 0.55 +0.07 801.16 +92.84 A
PLAG5%20 % 189.00 + 44.00* 0.50 + 0.00 886.65 + 34.67*
PLAG5*50 % 210.43 £26.99 0.60 + 0.07 974.43 + 68.12*

3.3. Scaffold microporosity, wettability, and particle distribution

Both pCT and FE-SEM analysis indicate that scaffolds had a fully
interconnected macropore structure (Fig. 3A - B). Scaffold porosities
ranged between 85 and 92 %, with pure PLA* scaffolds being slightly
more porous than G5-containing ones (Fig. 3C). Due to the resolution
limitations of the equipment, only G5 aggregates were noted. Despite
this, the presence of the particles was detected throughout all the
structures, suggesting a homogeneous distribution of the G5 on the
polymeric matrix (Fig. 3D). This observation was confirmed by staining
scaffolds with Alizarin red, showing higher intensity when the G5 per-
centage was increased (Fig. 3E).

3.4. Calcium release

Results showed that the higher the particle content, the greater the
amount of calcium released, achieving a maximal release of around
12.51 mM for PLAG5*50 scaffolds at 21 days (Fig. 4A). Calcium release
is expected to be higher at longer time points since scaffold degradation
gradually exposes the G5 embedded within scaffold-printed struts.
Indeed, as the scaffolds further degrade, more of the G5 is accessible and

?

=

ex situ
First extrusion and solvent

a) displacement afterwards.
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exposed for ion release, which increases with time. Moreover, scaffold
microporosity may also affect calcium release. This can be evidenced by
the increase in calcium release (from 2.27 to 8.07 mM) found when the
solvent is displaced from the beginning of the printing process (in situ)
(Fig. 4A, PLAG520 vs. PLAG5*20). pH was similar in all scaffolds tested
(Fig. 4B).

3.5. Scaffold thermal and mechanical properties

Scaffold thermal properties were evaluated by DSC. All the scaffolds
showed an amorphous behavior, with T, values around 60 °C (Table 3).
The addition of G5 did not affect the Tq. Scaffolds showed less G5 per-
centage than the theoretical value, which was more pronounced at
higher G5 content.

Scaffolds showed a proximate compressive elastic modulus in the
range of 6-9 MPa (Table 3), which was not affected by the addition of
G5.

3.6. Cell adhesion

Cell adhesion in the scaffolds was evaluated by staining the actin
filaments after 24 h of cell culture (Fig. 5). The images indicate that cells
attached and spread on all scaffold surfaces. No differences in cell
morphology or preferential orientation were observed between the
scaffolds.

3.7. Scaffold cytocompatibility and proliferation
hMSCs were cultured in the presence of 24- and 48-h scaffold-

conditioned media to assess their potential toxicity. According to ISO
10993-5, toxicity is considered when a minimum of 30 % cell death

In situ
Solvent displacement
while printings.

Fig. 2. Scaffold microporosity is dependent on the way the solvent is displaced at the moment of 3D printing. (a) Scaffold surface imaged by FE-SEM using different
methods of solvent displacement (scale bar is 20 pm). (b) Scaffold cross-sections (scale bar is 20 pm).
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Scaffold porosity

1004

% total porosity

PLA*PLAGS5*50
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PLAG5*20

I

CA:84.7°+ 5.8°
PLAG5*50

Fig. 3. Scaffold porosity and G5 incorporation. (a) pCT reconstruction of the scaffolds and (b) FE-SEM image to compare with pCT reconstruction (scale bar is 1 mm).
(c) Quantification of scaffold porosity. (d) Representation of the G5 distribution (blue) by pCT. (e) Alizarin red staining and the respective contact angle of the
different scaffolds. Increased staining intensity can be seen from the top (PLA*) to the bottom (PLAG5*50 %). CA is the median value for the contact angle. Data are

expressed as the mean of three replicates. *p (0.01-0.05).
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Fig. 4. Scaffold calcium release and pH variation. (a) Cumulative calcium release. (b) pH changes after 21 days in HEPES.

Table 3
Scaffold thermal and mechanical properties. Statistical differences with PLA*
scaffolds are indicated with an asterisk (*), if any.

Material Tg (°C) Remaining G5 (%) E modulus (MPa)
PLA* 60.36 + 0.39 0% 6.12 + 1.47
PLAG5%20 59.49 + 0.49 13.86 % 9.03 + 2.48
PLAG5*50 60.27 + 0.08 30.65 % 5.02 £ 0.35

occurs. Our scaffolds' maximum percentage of cell death was around 15
%; as a result, they were not considered toxic (Fig. 6A). The addition of
conditioned media resulted in increased proliferation over time for all
conditions tested; however, proliferation in the presence of scaffolds
with conditioned media containing G5 at 50 % was found to be lower
compared to PLAG5*20 and PLA* (Fig. 6B).

3.8. Alizarin red staining

Alizarin red staining was performed to assess the potential of hMSCs
for tissue calcification after being stimulated with degradation products
from the scaffolds. After five days in the presence of conditioned media,
a positive alizarin red staining was observed in all conditions (Fig. 6C).
Interestingly, higher mineralization levels could be observed when cells

were stimulated with the conditioned media obtained from PLAG5*50
scaffolds.

3.9. VEGEF release

hMSCs were cultured for five days in the presence of conditioned
media to determine the amount of VEGF released (Fig. 7). An increase in
VEGF levels may be observed on day 1 for PLAG5*50 scaffolds, reaching
the highest levels of VEGF on day 3. PLAG5*20 scaffolds also showed an
increase in VEGF levels after three days of culture. On day 5, no dif-
ferences were observed among all conditions tested.

3.10. Biocompatibility and angiogenic response in vivo

A subcutaneous in vivo mouse assay was performed to assess the
scaffold-tissue integration and the angiogenic response (Fig. 8A).

A semiquantitative histological assessment of the inflammation re-
action was made (Fig. 8B). Results showed that all scaffolds induced a
mild to moderate reaction, compatible with the process of scaffold im-
plantation. Despite that, PLAG5*50 scaffolds tended to inflame less than
the rest of the conditions.

Overall, all conditions showed blood vessel infiltration inside the
scaffold area (Fig. 9). Samples were stained with CD31, a protein
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PLAG5*50

Nucleus / Actin

Fig. 5. Images showing hMSCs attached to scaffolds at 24 h post-seeding. Cells showed their characteristic spindle-like shape and were distributed throughout the

scaffolds. Red: actin; Blue: nuclei (scale bar is 200 pm).
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Fig. 6. Scaffold-induced toxicity, proliferation, and cell differentiation. hMSCs
were cultured with scaffolds SN to assess cell behavior. (a) Percentage of
toxicity after 24 and 48 h post-stimulation. (b) Cell proliferation after five days
post-stimulation. (¢) Representative images of alizarin red staining of the cal-
cium deposits after five days of stimulation in standard media (Scale bar 200
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total dsDNA (data are expressed as the mean of four replicates). **p
(0.001-0.01), *** p (0.0001-0.001), **** p < 0.0001. For differences between
time points, #p (0.01-0.05).

expressed in the endothelial cell unions [40]. Results showed that all the
conditions presented similar vessel numbers inside the scaffold area
(Fig. 9A and Q).

The samples were later stained against «SMA to detect vessel walls.
aSMA was present in smooth muscle cells that surround endothelial cells
and help to stabilize the vessel [41,42]. Vessel walls were thinner and
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Fig. 8. Analysis of the biocompatibility on an in vivo subcutaneous model in
mice. (a) Scheme showing the implantation procedure performed. (b). Semi-
quantitative histological scores for each of the scaffolds. (c) Representative
images for week one and (d) week 4 showing H&E (scale bars are 313 pm).
Marked in yellow are inflammatory infiltrates, as well as multinucleated
giant cells.

incomplete after one week and became thicker and more stable after
four weeks for all conditions studied (Fig. 9B-C).

The vessel thickness of PLAG5*20 scaffolds increased after one and
four weeks compared to PLA* scaffolds. In addition, PLAG5*50 scaffolds
increased vessel thickness after four weeks, showing the thicker vessels
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Fig. 9. Analysis of the angiogenic potential on an in vivo subcutaneous model in
mice. (a) Quantification of CD31+ vessels inside the scaffold area. (b) Quan-
tification of the wall vessel thickness one and four weeks post-implantation. (c)
Representative images for week one) and (d) week four showing vessel matu-
ration state. Top: aSMA+ vessel walls. Arrows indicate non-complete vessels.
Bottom: CD31+ vessels. Arrows show vessels inside the scaffold area. These
images correspond to the PLAG5*50 scaffolds but were results were equivalent
for all conditions tested (scale bars are 250 pm). *p (0.01-0.05), **p
(0.001-0.01), *** p (0.0001-0.001), **** p < 0.0001.

among all conditions tested (Fig. 9B).
4. Discussion

In this study, 3D printing, and solvent displacement approaches were
combined to obtain a feasible layer-by-layer material deposition and to
control the gross structure of the construct. PLA and G5 were used to
manufacture these scaffolds. G5 are CaP-based submicrometric particles
that had previously demonstrated angiogenic properties [31], as well as
enhanced wound healing [32,33]. This combination was chosen to
match the properties of bone. As G5 is brittle, PLA ensures the replica-
tion of bone mechanical properties, whereas G5 mimics the bone inor-
ganic phase. The material, combined with the 3D printing process,
permits the manufacture of a bone ECM-mimicking scaffold with high
interconnected porosity to allow vessel infiltration.

Our results showed that our materials could be 3D printed with high
shape fidelity. The scaffold's planar structure was highly reproducible
with pore values near the theoretical design. In addition, PLA scaffolds
had smaller pores compared to scaffolds containing G5. PLA is more
flexible when G5 particles are not incorporated, so it may contract a bit
once precipitated due to increased scaffold rigidity. Printability indexes
corroborated that the scaffold pores were square as planned, with little
deformation or contraction overall. Moreover, strut values showed
similar values to the planned design. However, cross-sections revealed
that the strut was not circular. Our final height would be close to the
value calculated by multiplying the diameter of the scaffold strut by the
number of layers. However, this was not the case with our final scaffolds
(data not shown). FE-SEM images did not show any layer overlapping,
and ex-situ displacement shows more rounded struts, which suggests that
the in situ solvent displacement induced this strut deformation.

The choice of solvent and non-solvent had an impact on the final
scaffold micro-nanostructure. Acetone/water was used as the solvent/
non-solvent pair. Our results showed that the way the solvent is dis-
placed affected the scaffold microstructure. A rapid and constant
displacement (in situ) leads to a more porous surface. On the other hand,
by displacing the acetone at the end (ex situ), its partial evaporation
during the printing process results in shrinkage and compaction of the
polymer chains and, therefore, in a smoother surface. The effect of the
solvent/non-solvent interaction also affects the scaffold's inner micro-
structure. PLA scaffolds presented a homogeneous compacted strut,
whereas PLA* resulted in a core-shell-like structure, which can be
explained by the outer PLA's rapid precipitation and the water's slower
diffusion rate inside the strut [43]. This effect was attenuated when G5
was incorporated, probably due to the increase in hydrophilicity caused
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by the particles, allowing the solvent to percolate more easily through
the structure, resulting in a more homogeneous cross-section image.
Despite this, some voids could be observed in the center of the strut
rather than on the surface. These results followed the model proposed by
Smolders, in which the kinetics of liquid-liquid de-mixing determined
the formation of different microstructures on cellulose acetate films
[44]. In the same manner, acetone-water de-mixing dynamics affected
the microporosity on our scaffolds.

Following a previously published Eq. [45], the theoretical macro-
porosity for the scaffolds was calculated as 86.9 %. By analyzing
microCT images, we confirmed that adding large amounts of G5 results
in structural distortion (Table S1 in the supplementary material). Results
showed that PLA* and PLAG5*50 scaffolds presented 92.5 and 85.3 %
macroporosity, respectively. The increase in the macroporosity for the
PLA* scaffold may come from the strut shrinkage, whereas G5 may
counteract this effect. Other PLA constructs made with 3D printing also
showed this high porosity percentage, which is superior to the theoret-
ical values [46]. Indeed, the control of high levels of porosity is needed
to allow the diffusion of nutrients and oxygen into the scaffold, which
will enhance cell migration and survival [47-50]. As it was aforemen-
tioned, to achieve good necessary osteointegration, the overall scaffold
porosity should be above 60-70% [8,9,46]. Therefore, we can conclude
that our scaffolds will allow this nutrient and oxygen diffusion, enabling
the proper integration with the tissue.

Alizarin red staining confirmed the presence of the particles in our
scaffolds, and as expected, the wettability of the PLA surface increased
when G5 reached 50 % of loading. These results agree with previous
reports, in which the use of bioglass particles increased the polymer
hydrophilicity and water absorption [51,52].

Although scaffolds containing G5 released titanium, sodium, and
phosphate [32], Aguirre et al. demonstrated that calcium ions are the
major contributor to the angiogenic response [29,53]. With the instant
displacement of the solvent with water, an increase in calcium release
was achieved. This can be attributed to increased porosity, which makes
particles inside the PLA strut more readily available for degradation.
Moreover, calcium was released within the millimolar physiological
range needed to stimulate cells [54].

The G5 content of the scaffolds was lower than the theoretical, with a
maximum loading of 30.65 %. This phenomenon is attributed to the use
of water in the polymer precipitation, which may remove some G5 from
the matrix. To the best of our knowledge, there are no previous reports
describing the effect of the fabrication process on the effective ceramic
content.

In this work, PLA 70 %LL/30 %DL was chosen because of its low
degree of crystallinity [25,26,38,55]. This means that scaffolds will
degrade faster than other polymers such as polycaprolactone or crys-
talline L-PLA, which may take years to completely degrade [56]. To
study whether PLA dissolution or the 3D printing process affected its
crystallinity, the thermal properties using DSC were assessed. Results
showed that the processability of the material did not affect its intrinsic
T, value, and therefore the polymer structure was intact. As expected,
the addition of the particles neither affected the polymer structure, since
blends were used nor were there further interactions between the
polymer and the particles [57]. PLA was still amorphous at the end of
the process as the rapid precipitation with water may prevent polymer
chain rearrangement [39,58].

Scaffolds showed mechanical resistance in the range of MPa, and the
addition of the particles did not affect the mechanical properties of the
scaffolds. However, a maximum compressive modulus for the formula-
tion containing 20 % of G5 can be observed. G5 could act as a rein-
forcement for the PLA, achieving good interaction due to the high
surface area of the particles (due to their submicrometric size), as well as
to their strong electrostatic interactions (PLA being negatively charged,
and G5 positively charged) [8,59]. Despite this, increasing the number
of G5 in the formulation raises the number of interfaces, increasing the
probability of suffering cracks, which makes them less mechanically
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stable [8]. In contrast, although this design was selected to favour the
infiltration of cells, the scaffold's overall porosity can be modulated
easily to fine-tune their overall mechanical properties [45,60], sug-
gesting the possibility of achieving a scaffold upon mechanical
requirements.

Our scaffolds supported hMSCs adhesion and spreading. These re-
sults are in line with previous studies reporting similar cell interactions
with PLA surfaces [61]. Although PLA is on the limit of hydrophilicity,
all our scaffolds presented micro- and nano-porosity, which increases
both the surface area and a local tridimensional topography, promoting
the interaction with proteins and cells. In addition, the preincubation
time with culture media enhances serum protein adsorption, making it
even easier for cells to attach to the structures [62].

Our results indicate that released by-products did not affect cell
viability. Overall, the released products of these scaffolds were all
biocompatible and easily metabolized by cells [61].

All scaffolds supported the proliferation of hMSCs, although the
growth rate seems slower when increasing the concentration of particles
in the scaffolds. Since a decrease in cell proliferation is a feature of cell
differentiation [63], whether MSCs were changing into a more mature
phenotype was analyzed. Cells exposed to PLAG5*50 scaffolds showed
increased mineralization at the end of the culture period. These obser-
vations are in line with Quarles et al. who reported that MC3T3-E1 cells
entering an intermediate differentiation stage showed decreased pro-
liferation and increased ALP and mineralization deposition [63]. Notice
that PLA* control also had a good proliferative behavior. Several studies
reported it as a signaling molecule, which may affect several cellular
processes, including proliferation [64,65].

Bone is a highly vascularized tissue, and the link between angio-
genesis and bone healing has long been discussed in the bibliography
[66-68]. For instance, several studies described the impairment of bone
healing because of lack of or diminished angiogenesis [69,70]. There-
fore, different strategies regarding bone tissue engineering have focused
on promoting vascularization. Some involve the use of biological fac-
tors, such as cellular approaches using mesenchymal stem cells or
angiogenic factors and small molecules [71]. Others use microsurgical
procedures such as the Masquelet or the AV-Loop [6]. Bioglasses have
also been an object of research in the angiogenesis for BTE strategies
over the last years, although hardly ever considering calcium ions as a
proangiogenic factor [72-78]. In this study, angiogenesis in a localized
manner was stimulated using calcium/phosphate-based particles (G5)
without the use of biological factors. Our results showed that scaffolds
containing calcium-releasing particles promoted VEGF release from
hMSCs, which has been shown to act as a secondary messenger to pro-
mote chemotaxis in endothelial progenitor cells [31]. Other studies have
also reported an increase in VEGF among other factors in vitro upon
bioglass stimulation [28,31,79-81]. Although some of these do not
stress the effect of each ion, it was previously reported that calcium
elicits the angiogenic response through the calcium-sensing receptor
(CaSR) present in cells [28]. Several cations also had been reported to be
angiogenic stimulators, such as cobalt and copper [72,82-85], but
having control of the angiogenic response with one widely recognized
metabolite may be an excellent option to minimize the use of other ions,
small molecules, or growth factors whose side effects are unclear. Our
scaffolds stimulated VEGF production on BM-hMSCs during the first
three days, suggesting an early angiogenic response. Angiogenesis at the
early stages is needed in bone healing to promote cell infiltration,
oxygenation, and formation of the bony callus [86]. Therefore, trig-
gering angiogenesis in those early stages may enhance the recovery of
non-union fractures.

The angiogenic potential of the scaffolds on the CAM model was
tested. As may be observed in the supplementary information, our re-
sults showed that this model is not appropriate for checking materials
that have relevant tridimensionality. No differences could be observed
between PLA* and PLA* + VEGF. However, the VEGF concentration
showed angiogenic effects on the CAM. Other studies also showed the
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effect of similar particles on the CAM, when included in mild hydrogels
[39]. Therefore, one may assume that the 3D structure also affects
angiogenesis to some extent.

The biocompatibility response in a mouse subcutaneous model was
also assessed. Results showed that no scaffolds showed signs of necrotic
tissue at any time tested. After four weeks, the addition of glass sug-
gested a reduced inflammatory response of the tissue surrounding the
scaffold. These results may be explained by the presence of glass that
enhances the wettability of the scaffold, making them gentler to apply
than pure polymeric ones. Also, subtle changes in scaffold macro-
porosity, scaffold surface topography, and strut size may contribute to
modifying the whole degradation of the scaffold, thus, modifying cell
recruitment [87].

The scaffolds' angiogenic response tested well. Our histological re-
sults showed that all scaffolds supported blood vessel infiltration. This is
important when considering the fabrication of scaffolds for bone
regeneration. As noted before, current approaches to tackling bone
regeneration do not allow sufficient blood vessel infiltration to maintain
tissue survival and integration of the implant. In this study, better
vascularization of the constructs within a week was achieved, possibly
due to the high interconnected porosity of our scaffolds. This strategy
supports blood vessel infiltration without the need for external biolog-
ical agents, which are costly and present adverse effects such as carci-
nogenesis [78,88].

Moreover, only scaffolds containing G5 showed significantly more
developed blood vessels after four weeks of implantation. These were
featured by thicker walls, larger lumens, and better integration with the
surrounding tissues compared to those within scaffolds without G5 or at
earlier stages of development. This is an important result that suggests
that the vasculogenic stimuli evoked by the PLAG5*50 scaffolds may
result in complete and functional vasculature in the long term. This
maturation is needed to avoid haemorrhaging and inflammation, as well
as to satisfy the nutritional and functional tissue demand [89]. Previous
studies also showed that glass scaffolds with a similar composition
enhanced vessel maturation [39]. Proper vascularization within the
implant will favour the conversion of the osteochondral tissue into bone
[66], so bone regeneration will be more efficient. In addition, calcium
phosphate-based glass scaffolds have demonstrated osteogenic potential
per se [90-95]. The released by-products of calcium phosphate glass
scaffolds are responsible for osteoblast homing and activating their
proliferation and differentiation [96]. Therefore, adding calcium phos-
phate G5 particles into 3D PLA scaffolds would benefit bone regenera-
tion by favouring not only vessel infiltration, together with a hosting 3D
structure, but also vessel maturation and osteogenesis.

5. Conclusions

In this study, 3D composite scaffolds of PLA and calcium phosphate
particles (G5) were produced. The combination of the described solvent
displacement and 3D printing process allows control of the entire 3D
structure, porosity, and surface topography in a reproducible manner.
The composite scaffold showed good biocompatibility and secretion of
VEGF from hMSCs in vitro, which led to further endothelial cell
recruitment and angiogenesis. Because of its 2D image acquisition na-
ture, validation of 3D scaffolds in the CAM model was highly restricted.
Thus, new models for the validation are required. Subcutaneous im-
plantation in vivo indicated good scaffold integration and blood vessel
infiltration as early as one week after implantation. The presence of the
glass particles promoted blood vessel maturation, whereas the engi-
neered 3D-printed pores allowed cell infiltration, encouraging tissue-
scaffold integration. Hence, only scaffolds containing G5 showed more
matured vessels after 4 weeks of implantation than control. Taken
together, the combination of 3D printing technology to place the
porosity in the right way and dimension, and pro-angiogenic degrada-
tion products, like calcium ions from glass particles, opens a very
encouraging strategy for bone tissue engineering, synergically
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enhancing the resulting vascularization and, therefore, better healing
than current approaches.
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